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Department of Energy
Clinch River Breeder Reactor

Plant Project Office
P.O. Box U
Oak Ridge. Tennessee 37830

Docket No. 50-537

September 14, 1979

Mr. Domenic B. Vassallo
Acting Director
Division of Project Management
Office of Nuclear Reactor Regulation
U. S. Nuclear Regulatory Commission
Washington, D. C. 20555

Dear Mr. Vassallo:

AMENDMENT NO. 51 TO THE PRELIMINARY SAFETY ANALYSIS REPORT FOR CLINCd
RIVER BREEDER REACTOR PLANT

Reference: Letter, A. R. Buhl to R. S. Boyd, "CRBRP Program for an
Alternative Fuel Management Scheme," S:L:1479, dated
August 27, 1976.

The application for a Construction Permit and Class 104(b) Operating
License for the Clinch River Breeder Reactor Plant, docketed April 10,
1975, in NRC Docket No. 50-537, is hereby amended by the submission of
Amendment No. 51 to the Preliminary Safety Analysis Report pursuant to
50.34(a) of 1C CFR Part 50.

This amendment incorporates the necessary revisions to PSAR Chapters 1,
3, 4, and 15 to reflect a change in the CRBRP reference core to that of
a heterogeneous fuel / blanket configuration. This change in the refer-
ence core results from an investigative t.rogram for alternative fuel
management schenes previously described in the reference letter.

The new core arrangement is described in the enclosed change pages to
Chapter 4. The effect of this design change on the accident analyses is
also described in the enclosed change pages to Chapter 15. The evalu-
ation indicates that the radiological ;onsequences of the accidents
analyzed will be less severe or not significantly different from those
calculated for the previous core design.
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Mr. Domenic B. Vassalo 2 Sep'.embe r 14, 1979

A Certificate of Service, confirming service of Amendment No. 51 to the
PSAR upon designated local public officials and representatives of the
EPA, will be filed with your office after service has been made. Three
signed originals of this letter and 97 ;ooies of this amendment, each
with a copy of the submittal letter, are hereby submi'.ted.

Since ly,

a h *

R y and L. ope
PS:79:218 ing A ist 1 rector

for Public Safety
Enclosure

cc: Service List SUBSCRIBED and SWORN to before me
2Standard Distribution this // " day of September 1979.

/) -Licensing Distribution [J [ )L i k .'r: d!
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Notary ublic

My commission Empires May 21,1980
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SERVICE LIST

'

Atomic Gafety & Licensing Board Anthony Z. Roisman, Esq.
U. S. fluclear Regulatory Commission flatural Resources Defense Council
Washington, D. C. 20555 917 15th Street,flW

Washington, DC 20036
Atomic Safety & Licensing Board Panel
U. S. fluclear Regulatory Commission Dr. Cadet H. Hand, Jr., Director
Washington, D. C. 20555 Bodega Marine Laboratory

University of California
S. Wallace Brewer, Judge P. O. Box 247 .
Office of County Judge Bodega Bay, CA 94923'
Roane County Court House
Kingston, TN w37763 Lewis E. Wallace, Esq.

Division of Law
Dr. Thon.as Cochran Tennessee Valley Authority
flatural Resources Defense Council, Inc. Knoxville, Tfl 37902
91715th Street, NW
8th Floor
Washington, DC 20005

. .

Docketing & Service Station
Office of the Secretary
U. S. Nuclear Regulatory Cotrai.ssion
Washington, DC 20555 -

Counsel for flRC Staff
U. S. Nuclear Regulatory Commission
Washington, DC 20555

Williar B. Hubbard, Esq.
Assistant Attorney General
State of Tennessee
Office of the Attorney General
422 Supreme Court Building
flashville, TN 37219

Mr. Gustave A. Linenberger
Atomic Safety & Licensing Board
U. S. Nuclear Regulatory Commission
Washington, DC 20555

.

Marshall E. Miller, Esq.
Chairman
Atomic Safety & Licensing Board
U. S. Fluclear Regulatory Commission
Washington, DC 20555

Luther M. Reed, Esq.
Attorney for the Ci ty of Oak Ridge
253 Main Street, East g g g g 'd
Oak Ridge, Til 37830
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Amendment 51

Clinch River Breeder Reactor Plant

Preliminary Safety Analysis Report

(Docket tio. 50-537)

This fif ty-first amendment to the Clinch River Breeder Reactor
Plant Preliminary Sa fety Analysis Report in :ludes updates to sections
reflecting a change in the CRBRP reference core to that of a heterogeneous
fuel / blanket configuration and other updates and revisions. Vertical
margin lines on the lef t hand side of the page are used to identify new
design information while lines on the right hand side of che.page identify
question / response information.

A page replacement guide is provided for inserting the revised
pages.
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PAGE REPLACEMENT GUIDE FOR
.

AMENDMENT 51

CLINCH RIVER BREEDER REACTOR PLANT

PRELIMINARY SAFETY ANALYSIS REPORT -

(DOCKET NO. 50-537)

Transmitted herein is Amendment 51 to the Clinch River Breeder
Reactor Plant Preliminary Safety Analysis Report, Docket No. 50-537.
Amendment 51 consists of new and replacement pages for the PSAR text
and Question / Response replacement pages.

The following attached sheets list Amendment 51 pages and
instruction for their incorporation into the Preliminary Safety Analysis
Report.
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Amendment 51

Page Replacement Guide

Remove These Pages Insert These Pages

Chapter 1

1.2-1 thru 4 1.2-1 thru 4
1.2-7, 8 1.2-7, 8
1.3-3, 4 1.3-3, 4

1.3-11 thru 20 1.3-11 thru 20
1.5-40, 41 1.5-40, 41

Chapter 3

3.1-17, 18 3.1-17, 18
3.1-41, 42 3.1-41, 42

3A2-4 3A2-4

Chapter 4

Entire Chapter including Entire Chapter including
Table of Contents Table of Contents

Chapter 5

5.2-15b, 16 5.2-15b, 16
5.3-41, 41a 5.3-41, 41a
5.3-ll6m, ll6n 5.3-ll6m, ll6n

Chapter 7 ,

7.2-69, 70 7.2-69, 70

7.2-70d 7.2-70d
7.2-71 , 72 7.2-71, 72
7.5-15, 16 7.5-15, 16

7.5-36 thru 39 7.5-36, thru 39
7.7-22, 23 7.7-22, 23

Chapter 9

9.1-5 thru 8 9.1-5 thru 8, 8a

9.1-35 thru 38 9.1-35 thru 38

,
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Remove These Pages Insert These Pages

Chapter 15

15-i, ii 15-i, ii
15-xv, xvi, xvia, xvib 15-xv, xvi, xvia, xvib
15-xxv, xxva 15-xxv, xxva
15.1-50, 50a 15.1-50, 50a
15.1-64b thru 64e 15.1-64b thru 64e
15.1-68, 69 15.1-68, 69
15.1-74, 75 15.1-74, 75
15.1-79 thru 84 15.1-79 thru 84
15.1-105 thru 108 15.1-105 thru 108,108a
15.1-111, llla thru llld 15.1-111, llla, thru lild

112 thru 123 112, 113, 115 thru 119
15.2-1, 2 15.2-1, 2

- 15.2-4a
15.2-48, 49 15.2-48, 49
15.2-51, 52 15.2 51, 52
15.2-90, 91 15.2-90, 91
15.2-96, 97 15.2-96, 97
15.3-1, 2, 3 15.3-1, 2, 3
15.3-6, 7, 7a 15.3-6, 7, 7a
15.4-43 thru 48 15.4-43 thru 48
15A-1 thru 14 15A-1 thru 14
15A-17, 18 15A-17,18

Chapter 16

16.1-1, 2 16.1-1, 2
16.3-25, 25a, 26 16.3-25, 25a, 26
16.5-1 thru 4 16.5-1 thru 4

Appendix C

C.3-1 thru 4 C.3-1 thru 4 '

C.3-7, 8 C.3-7, 8
C.3-13, 14 C .13-13, 14
C.5-7, 8 C.5-7, 8
C.5-33, 34 C.5-33, 34
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Amendment 51

Question / Response Supplement

This Question / Response Supplement contains an Amendment 51
tab to be inserted following Q-i (Amenament 50, June 1979). Page Q-i
(Amendment 51, Sept.1979) is to follow the Amendment 51 tab.

Replacement pages for the Question / Response Supplement are
listed below.

Replacement Pages

Remove These Pages Insert These Pages

Q001.280-1 Q001.280-1
0001.316-1 0001.316-1
Q222.98-1 Q222.98-1
Q241.4-1 Q241-4-1
Q241.74-1 thru d Q241.74-1 thru 8
Q241.101-1 Q241.101-1
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Department of Energy
Clinch River Breeder Reactor

Plant Project Office
R O. Box U
Oak Ridge Tennessee 37830

Docket No. 50-537

September 14, 1979

Mr. Domenic B. Vassallo
Acting Director
Division of Project Management
Office of Nuclear Reactor Regulation
U. S. Nuclear Regulatory Commission
Washington, D. C. 20555

Dear Mr. Vassallo:

AMENDMENT fl0. 51 TO THE PRELIMINARY SAFETY ANALYSIS REPORT FOR CLINCH
RIVER BREEDER REACTOR PLANT

Reference: Letter, A. R. Buhl to R. S. Boyd, "CRBRP Program for an
Alternative Fuel Management Scheme," S:L:1479, dated
August 27, 1976.

The application for a Construction Permit and Class 104(b) Operatino
License for the Clinch River Breeder Reactor Plant, docketed April 10,
1975, in NRC Docket No. 50-537, is hereby amended by the submission of
Amendment No. 51 to the Preliminary Safety Analysis Report pursuant to
50.34(a) of 10 CFR Part 50.

This amendment incorporates the necessary revisions to PSAR Chapters 1,
3, 4, and 15 to reflect a change in the CRBRP reference core to that of
a heterogeneous fuel / blanket configuration. This change in the refer-
ence core results from an investigative program for alternative fuel
management schemes previously described in the reference letter.

The new core arrangement is described in the enclosed change pages to
Chapter 4. The effect of this design change on the accident analyses is
also described in the enclosed change pages to Chapter 15. The evalu-
ation indicates that the radiological consequences of the accidents
analyzed will be less severe or not significantly different from those
calculated for the previous core design.

35'300i



Mr. Domenic B. Vassalo 2 September 14, 1979

A Certificate of Service, confinning service of Amendment No. 51 to the
PSAR upon designated local public officials and representatives of the
EPA, will be filed with your office after service has been made. Three
signed originals of this letter and 97 copies of this amendment, each
with a copy of the submittal letter, are hereby submitted.

1

Sincerely,

n >~ o %a

iond d.

PS:79:218 ting Ass nt Directo
for Public Safety

Enclosure

cc: Service List SUBSCRIBE and SWORN to before me
Standard Distribution this /f

day [of September 1979.Licensing Distribution
f 'M %f'~. N y;%) y.'

,

Notary (Public
My. Commission Dpires May 21,1980
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Amendment 51

Clinch River Breeder Reactor Plant

Preliminary Safety Analysis Report

(Docket No. 50-537)

This fif ty-first amendment to the Clinch River Breeder Reactor
Plant Preliminary Safety Analysis Report includes updates to sections
reflecting a change in the CRBRP reference core to that of a heterogeneous
fuel / blanket configuration and other updates and revisions. Vertical
margin lines on the left hand side of the page are used to identify new
design information while lines on the right hand side of the page identify
question / response information.

A page replacement guide is provided for inserting the revised
pages.
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PAGE REPLACEMENT GUIDE FOR

AMENDMENT 51

CLINCH RIVER BREEDER REACTOR PLANT

PRELIMINARY SAFETY ANALYSIS REPORT

(DOCKET NO. 50-537)

Transmitted herein is Amendment 51 to the Clinch River Breeder
Reactor Plant Preliminary Safety Analysis Report, Cocket No. 50-537.
Amendment 51 consists of new and replacement pages fcr the PSAR text
and Question / Response replacement pages.

The following attached sheets list Amendment 51 pages and
instruction for their incorporation into the Preliminary Safety Analysis
Report.
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Amendment 51

Page Replacement Guide

Remove These Pages Insert These Pages

Chapter 1
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Table of Contents Table of Contents
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Amendment 51

Question / Response Supplement

This Question / Response Supplement contains an Amendment 51
tab to be inserted following Q-i (Amendment 50, June 1979). Page Q-i
(Amendment 51, Sept. 1979) is to follow the Amendment 51 tab.

Replacement pages for the Question / Response Supplement are
listed below.

Replacement Pages
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Q001.280-1 Q001.280-1
Q001.316-1 0001.316-1
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Q241.74-1 thru 8 Q241.74-1 thru 8
Q241.101-1 Q241.101-1
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1.2 GENERAL PLANT DESCRIPTION

The Clinch River Breeder Reactor Plant is a liquid sodium cooled
fast breeder reactor nuclear power plant. The major systems of the plant
are the Reactor, Heat Transport and related systems, Steam Generator and
related systems, Turbine / Generator and related systems, Fuel Handling
System, Power Transmission and Plant Electrical System, Auxiliary Systems,
and Instrumentation and Control System. The major plant operational
parameters are given below.

Thermal Output 975 MW (rated)
Electrical Output 380 MW Gross (rated)

350 MW Net

6Steam Production 3.34 x 10 .

Steam Temperature at Turbine 900 F
Steam Pressure at Turbine 1450 psi

6 s.Total Primary Coolant Flow Rate 41.5 x 10 p

Breeding Ratio (initial cycle) 1.29
(equilibrium cere) 1.24

Average Burnup (initial core) 50,000 MWD /T
(future core) 80,000 MWD /T

51 The thermal hydraulic design parameters for the piant are
based on a thermal power rating of 975 MW. The recommended design
margins create a possibility that the plant may attain a rated thermal
power of 1121 MWt without exceeding the system design basis values.
Accordingly, structural analysis for all non-replaceable systems is
based on the 1121 MWt rating. The plant will initially be licensed
for 975 MWt.

1.2.1 Site

The Clinch River site is on a peninsula bounded on the south
by the Clinch River and on the north by the AEC Oak Ridge Reservation
and within the city limits of Oak Ridge, Tennessee. The 1364 acre site
is owned by the United States Government and is in the custody of the
Tennessee Valley Authority. The site is 12 miles southwest of downtown
Oak Ridge and 25 miles west of Knoxville, Tennessee. The ground-level on
which the ClBRP will be situated is 815 feet above sea level, 74 feet

above the mean Clinch River water level of 741 feet. Figure 1.2-1 is an
artist conception of the plant location. -

8
Amend. 51
Sept. 1979

1.2-1
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The Reactor Confinement / Containment Buildings are centrally located
I8 in a complex of major plant buildings. The c wplex is enclesed by a pavedroad. The cooling tower and circulating water pumphouse are located approxi-

mately 700 feet east of the reactor building. The power transmission facili-
ties are located approximately 900 feet northeast of the reactor buildina.
The riverwater pumphouse is on the Clinch River northeast of the plant complex.
Highway ana railroad access will be from the North.

1.2.2 Engineered Safety Features

The CRBRP design includes engineered safety features that are pro-
vided to mitigate the consequences of postulated accidents. These features
are discussed in Chapter 6.0. Examples of such features are: Containment /

41| 18 Confinement Systens, Reactor Guard vessel, Guard Vessels for Primary
Heat Transport System major components, Steam Generator Auxiliary Heat Re-
moval System (SGAHRS) arrd liabitability Systems.

i . d . ,s Heactor, Heat Transport and Related Systems

A system of three identically configured piped circuits trans-
port heat from the reactor, through primary and intermediate sodium loops,
to steam generator modules which produce steam for the turbine. The three
loops are independent with only the Primary Heat Transport System (PHTS)
having common flow paths through the reactor (See Figure 1.2-2). The
PHTS removes the heat generated in the fuel assemblies, blanket assemblies,
control rod assemblies, and structural elements. Each of the three
independent Internediate Heat Transport Systems (IHTS) receive heat from
the PHTS through an Intermediate Heat Exchanger. The IHTS transfers heat
outside containment with non-radioactive sodium. The Intermediate Heat
Exchanger acts as a barrier for the transfer of radioactive materials
between the PHTS and IHTS. The IHTS is maintained at higher pressure than
the PHTS to inhibit leakage from the radioactive PHTS into the non-
radioactive IHTS. Each primary loop contains a hot leg pump, an inter-
mediate heat exchanger, a cold leg check valve and interconnecting piping5

between the above-mentioned components and the reactor vessel inlet and
outlet nozzles. Each intermediate loop has a cold leg pump, intermediate
sodium expansion tank and interconnecting piping to transport the sodium
from the tube side of the IHX to the superheater inlet and from the
evaporator outlets bar'; to the IHX tube side inlet (Reference Chapter 5 for
details of the Heat T mnsport System).

The Primary Heat Transport System (PHTS) piping and components
are located in cells within the containment building. The components
and piping for each loop are located within three vaults (cells) in thecontainment building: (1) an HTS cell which contains all of the major
loop components; (2) an IHTS pipeway; and (3) the reactor cavity which
houses the reactor vessel and the associated p?! mary loop piping. The
celle are separated from eaci other by concrete shielding walls and are

\

esalt
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inerted with nitrogen which is circulated for cooling. Those carts of the
PHTS equipment which come in contact with sodium are located in a nitrogen
atmosphere below the level of the containment building operating floor..
Each HTS cell has a separate atmosphere and the reactor cavity and the
HTS pipeways have a common atmosphere. The pump drive systems (motors,
speed controllers, and heating and seal assemblies) are located in an air
environment above the operating floor. Separation of the equipment cells
provides the capability of deinerting individual vaults for independent
access for maintenance or inspections.

The reactor has 156 fuel assemblies, 82 inner blanket assemblies,
132 radial blanket assemblies and 15 control assemblies (9 primary

51 ssemblies and 6 secondary assemblies). The reactor fuel assemblies
are about 14 feet long, with an active core height of 36 inches, upper and
lower axial blankets of 14 inches each, and a fission gas plenum of 48
inches. Each fuel assembly contains 217 stainless steel clad fuel pins.
Each blanket assembly contains 61 stainless steel clad fuel pins. The
fuel in the active core is mixed oxides of plutonium and uranium (Pu0p/
U0 ). The blanket rods are 116.5 inches long with 64 inches of depleted7

uranium oxide pellets and a 48 inch long plenum. The control rod absorber
51 material is enriched boron carbide (B C). Each primary control assemblyg

41 contains 37 absorber pins and each secondary assembly contains 31 pins.I

The core is designed for annual refueling. The coolant flow is upwards
through the core. The free sodium surface in the upper plenum is covered
by argon.

The reactor is located in a stainless steel reactor vessel of
nomir.al inside diameter 20'3", and 58'8" high from the bottom of the vessel
to the top of the support ring. The vessel is provided with

41 a closure head designed to accommodate through-the-head refueling (See
Figure 1.2-3). The reactor vessel, IHX, and primary sodium pumps are
enclosed by free-standing, structurally independent guard vessels.
Chapter 4 of this PSAR provides a thorough description of the reactor.

1.2.4 Steam Generator - Turbine and Related Systems

The Steam Generator System provides independent steam generation
capability for each of the three reactor heat transport loops. Steam,
combined from all three loops, supplies the single turbine-generator.
The Steam Generator System is of a modular forced recirculation config-
uration. The recirculation ratio is 2 to 1. Each of the three independent
loops consists of the following:

Steam Generater Evaporator /Superheater Modules
Feedwater System
Sodium-Water Reaction Pressure Relief System

' '

"
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Water Isolation and Dump System
Leak Detection System

The steam generator evaporator /superheater is of the shell and
tube type. Sodium flow is on the shell side, counter-flow to the water /
steam flow on the tube side.

The Feedwater System supplies feedwater to the steam drum where
it mixes with and subcools the saturated water from the evaporators.
The subcooled water flows through the tube side of the two evaporators
where it is partially vaporized by the higher temperature sodium flowing
on the shell side. The steam / water mixture then flows to the steam
drum where the steam is separated and the water continues to recirculate.
Entrained moisture in the steam is removed by dryers and separators,
internal to the drum. The dry saturated steam is superheated, to the
desired temperature, in the tube side of the superheaters. The super-
heated steam flows to main steam headers and then to the turbine.

The Sodium-Water Reactor Pressure Relief System is a passive system
which only becomes operational in the event of a steam tube leak within
an evaporator or superheater module large enough to cause a rapid pressure
rise due to the sodium / water reaction. In the event of a large sodium-
water reaction, the system protects the sodium side of the evaporator and
superheater modules, the IHTS and the IHX from over-pressure by tha use
of rupture discs on the piping adjacent to the modules. Sodium and/or g
sodium / water reaction products expelled through the rupture discs are W
directed by the Sodium-Water Reaction Relief System piping to a separation
tank where gross separation of liquid, solid and gaseous products takes
place. Gaseous reaction produ;ts (primarily hydrogen) then flow through
a centrifugal separator where additional separation takes place. The
gaseous reaction products are then vented via a flare stack to the
atmosphere. The flare stack burns any hydrogen that may be present in
the gas.

In order to reduce the amount of water which may be admitted
to the IHTS in the event of a large sodium / water reaction in an evaporator
module, biowdown of the evaporator modules through power relief / safety
valves is accelerated by the Water Dump System. Quick opening water dump
valves are located at the inlet to each evaporator module. Water dump
piping directs the water / steam to a water dump tank.

In additian to the above, in the event of a large sodium / water
reaction, sodium dump capability is provided for the Intermediate Heat
Transport System (IriTS) and the sodium side of the Steam Generator System.

| The sodium can be drained rapidly to a sodium dun.p tank.

The Steam Generator Leak Detection System monitors: (1) sodium
exiting from each evaporator and superheater; (2) bulk sodium in the IHTS

Amend. 41
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the secondary shutdown system is arranged using a general coincidence
logic. These logics are described in Section 7.2.1. Prinary and
secondary systems are electrically and inechanically isolated. Sufficient
redundancy is included within each system to assure that single random
failures will not degraae protection by either system,

1.2.7 Auxiliary Systems

The Auxiliary Liquid Metal System provides the facilities for
receipt, storage and purification of all liquid metal used in the CRBRP.
It also provides the capability for controlling reactor sodium level
variations, accommodates primary sodium volumetric changes, provides
cooling for the core components stored in the Ex-Vessel Storage Tank
(EVST),and by means of the Direct Heat Removal Service (DHRS) oives a
means of long term reactor 4 cay heat removal that is independent of the

26 internediate hrat transpor system and steam generator system loops.

The Compressed Gas System processes ambient air to provide
compressed dry air for pneumatic instruments, maintenance systems,
unloading devices, tooling, and miscellaneous cleaning and inspection
services. This system provides for sodium removal systems and as requiredfor plant usage.

The Recirculating Gas Cooling System provides cooling service
to cells .ml equipment located in the Reactor Containment Building and
the Reactor 'ervice Building.

15 i The Cl lied Water Systems provide heat removal
I

capability from certain equipment and areas in the Reactor Containment
Building and the Reactor Service Building.

The Inert Gas Receiving and Processing System (IGRPS) provides
inert gases as required by other systems of the CRBRP, including cover gas,
cell inerting atmosphere, valve actuation gas in inerted cells. cooling
gas, gas for certain seals, gas for fire-control blanketing, for component
cletning and other services, and vacuum for out-gassing and gas-collection
purposes. In addition, the IGRP System provides for the control of reactor
cover gas radioactivity and for the processing of gases to be released
from the system to remove their contained radioactivity.

The Treated Water System includes the domestic (potable) water
system, the closed cooling water system, water (makeup) treatment system
and the cooling water makeup system.

The River Water Service System handles and treats river water
for the plant. The system includes the river water pumps and piping,
intake filtration equipment and the plant service water system.

1.2-7 Inena. 26
Auq. 1976
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The Heat Pejection System provides the heat sink using the main
cooling tower for waste heat loads from the turbine condensers, and from the
various plant auxiliary and service systems such as sodium pump oil coolers,
air conditions, air compressors, pump coolers and the turbine oil coolers.

41 44 The Emergency Plant Service Water System emergency cooling tower structure pro-
vides the heat sink for the safety related components listed in Table 9.9-3. De-tails of the auxiliary system are given in Chapter 9.

1.2.8 Refueling System

The reactor core is designed to be refueled annually. Urme r
equilibrium conditions, all fuel and inner blanket assemblies are replaced
as a batch every two years, with a planned mid-term interchange of 6 inner

41| blanket assemblies for 6 fresh fuel assemblies designed to add sufficient
20 excess reactivity to the system to complete the (550 fpd) burnup. The

radial blanket assemblies in the first and second rows are replacei &' a
batch at 4 and 5 year intervals, .espectively. No fuel or blanket

51 44 I shuffling is planned.

The In-Vessel Hendling Subsystem (IVHS) provides for the transfer of
44| core assemblies in the reactor vessel, between their normal positions in the

41| reactor core and storage positions outside the core accessible by the Ex-
.

vessel Transfer Machine. The major equipment comprising the IVHS are the In-
Vessel Transfer Machine (IVTM), Auxiliary Handling Machine (AHM), AHM Floor
Valves (FV), IVTM Port Adaptors, and associated maintenance and storage facili-
ties and equipment. The IVTM is installed in the small rotating plug in the
reactor head after reactor shutdown. The machine raises or lowers core

44 | assemblies by means of a grapple. Translation to a r.ew position is by rota-
41 | tion of the reactor head rotatable plugs. The AHM is used to install and re-

44 | move the control rod drivelines, port plugs, and in-vessel section of the IVTM
in the reactor. The port adaptors and floor valves provide a means for closure
of the reactor and storage ports during the time the port plugs are removed for
refueling operations.i

| The Ex-Vessel Handling Subsystem (EVHS) provides for the transfer
| of core assemblies between the reactor, the Ex-Vessel Storage Tank (EVST),

41 | 44 and the Fuel Handling Cell (FHC) located in the Reactor Service Buildins (RSB). Thei
system consists of the Ex-Vessel Transfer Machine (EVTM) mounted on a Gantry-

44 | Trolley (G-T), EVTM Floor Valves (FV), Core Component Pots (CCP), port plugs
and adaptors, and, associated maintenance and storage equipment and facilities.

The Ex-Vessel Storage Subsystem (EVSS) consists of the Ex-Vessel
Storage Tank (EVST), and the associated maintenance equipment. The EVST is a

44 | sodium-filled tank used to store and cool spent fuel prior to shipment off-
41I

site, and preheat new core assemblies. The capacity of the EVST is about 650
assemblies.

44
41l

20
Amend. 51
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COMPARISON OF THE CR6RP WITH SIMILAR FAST REACTORS

_
__ , _ _ _ _ _ _

,

| CR$RP | FFTF 5%R 300 | PwE%!X [ 5FR | WN l EN .iw______..#..__..__'J. _ _ _ _ _ _ . . _ . _ _ _ _ _ _ _ __d _ _r r _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ . _ _ _ . . _ _ _ _ _ .
i | |

_

i I t

ifiermal Output | 975 N l 400 % | TM % { _ _ _ _ _ _ _ ~
.

_.

'%3 % i 559 N | 714 % DM N
; q____.. _ _ _ _ _ ,

j%e t El ec t r ic al { j | | | i ' 150 % . 120.000 tors !Gtput
'

350 % 0 82 N | 233 N | 249 % 249 % f ree ater per day;,___.__a . _ _ _ . _ _ .-
._ . _ _ _ _ _ _ _ . _. _ . ._ _ __. . . _ _ _ . . _ _ _ _ _ _ _ ___ ,

,

[ o t / Loco .

Locr t too iF t oor { _ _ . _ _ _ ' . _ _ _ . _ _ _ _. _ _ _ _ __. . $ _ ._ _ _ . _ . _ _ _ . _ _
Fe j Pe t Loop t oe p 1

_ __ _ . _________q

!L oop s 3 .|
p.re+r Primary 5 Cce*at ieral 4, i '

,

3 { 3 3 3 3 1 St an 'tf,

7_______._. r ___._ _ .__ _ __ _ _ _ _ _ _ _ , _ _ _ _ _ . _ _ _ _ _ _ _ . ,__ .__ ._ . . _ _ _ _ _ . _ . _ . . _ _ _ _ _ _ _ _ _ _ _ , __._ . _ _ _ _ _ _ _ _ _ _ . _ _ _ ,
Dorcier | f % tlibr's Ce e - [cilitrie (cre C.r m idh'jI j OM 32 Idh 'f ! J*I S f d' IS Y. ;

d'oef f ic ien t i.

-0.00ft7 fek/aT. fuel and eteatets c 55 Tds/dT !I

51 i -o.oc2. ra /a r . 5 .e t a ' , <* i

r _ _ . _ _ _ . _ . _ . ._. _ _

( 0" t a i WYa' j (gnf j ngpgn t/(Mt3 i n[ Pen ( , S i n ; } e c orit a i n" Ire ( % ile c at t a irfit r t . 5 t n 4 e ( r r t o t er e r * $ t r j l e C L F T a 1 Drf r. t ,1 ut le c Orit a i or en' % _. rr t a l ey sie * N1Id> v* *" A Concrete conf inewnt ' '# 1 M iad * *I P re' N ! * * *r t D""e t e m t *" s" M id "' 'I8' st""I "' " i' 8 t i '" '"E **!'''e''
EmW n u n re w. la lee ptml f r aw t wii ' r; 1'r yr m ai w ' 9 ; ei m '. em'sI with an annulus air with heri- s y s t em i s ( M - le.tka ge t u'liing. mcrete parel sie A1.

ey .s i m t i ve
.e s sel .eJ p l a ,rs

! ' space surrcur.dirl a t

t ;,,,,; ; ,; y, g 9) ,, ; 3 4 7g , , , , , , , g,,j,, i3 g ,, ,, u ,:,, , , , , , ,s ,,,,7; , ,4 3,, ,

Steel cylirdrical pres- cat Itf ne es, t re r m l'. .its a ,le et. .
" 'r o ,e r'r.-A~s .m' vi are ~ ar*

Y
, sure vessel wi th bm s- 135 f t. c?a. j st.el livr en ne l it5 ft. *te Con- Des e le9 rate o' n tw*' in stem uswt an w%! pherical dcre and flat 187 ft tcr ta

' inste, in.a ts c e t rete .a t t s 12 i '' per a< at : ire nitm an sen' r anj t'.
IW ! bottom. 186 ft. dia. t. cit e. 5 t eel ritrmen i <,e r m tm k . 'i eei rein- i + 13 L i, f ill+ d com rete 'rx aM s r , a e
! MI i s I - 3 * '" '" " ( '"' t a i y t r ;rt ed c i r rete vaaits "er i- u sied stee;j 160 f t . bo t t oci to spring- "ll L' " 'r u ts" ' ' * - "'## ' re f . c ersted at i u -ta i rrea ' is a l i re s. ' n r t ,a sline* Steel shell is sn iel sie g :.e! o. a re < c;r ta i ne d in a a t as sa e c< i , t ea l c ylir 4a * :lled i ell s .i approx. 1-1/2 in. thick.

-

W e. Leo rce re tv 4d ar con- :.CN 5 6sig Lr with a *ewt-I Concrete s5iciding below at us. gn ; re s s u re c rr te tu 111r a - . ins t ano ; res sure sceri al car + ce
, ,

! grade. Ltok rate of 9 I J in i g i s il .11 with st<+1 Itrer n of ' , ' ' pty ib f t :34..1+n i '

! steel containment at *cl . per ear.
i u..tsis. A cksM | a emi tm ie Ma ; i. r ret e ( , t ic 9r

| design pressure of 10 i m '"t ' l d t e t ' '- ra*e.
. I s u"r ^eN - ertirei

'
I psig is 0.1% vol. per .' t.et.een t *e t.e is , I i w t a t n.,e r '

I day. The annalus is | Niciaired at s s t r;" rressu e is
'

r

l -0.15 rs ig A110.s 4 ;;1-
-

; maintained at a regative o rentte { !- pressure durirg rcr nal rel e a s e in m-31 - 1
'

|
| operation and eahausted ,. | ate past-ac c i dent

| | i,

through filters in the | tinv. pert:1. , !i

I evcut of an accident, j Nstr 0 i i

. _ __ _ _"e s s s re i s_ _ _ _ -

, 3jg | _ _ _ . 1 ___ _ _ _ __ _ . _ _ _

6j 4 esig $

_ _ _ . _ _ _ __ _ _ . _ . . __ _ _ _ _ _ _ _ _ .

b.me,

> ,/
[9

M 4'
O D

Cu -o a
f . b#

4. ,,

>~' W
4.pe - ,,

N Gb
Q
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CRBRP
PSAR

CRBRP - 975 Mwt FFTF - 400 Mwt Section
Fire Protection Catch pans, oxygen Catch pans, oxygen 9.13

suppression equipment, suppression equipment,
nitrogen flooding nitrogen flooding
equipment, isolation equipment, isolation

41 devices. devices, water prohibited
from cc.itainment.

Energency Water Provides water to fio similar systcm. 9.9Service systems essential for
plant in safe shut-
down condition, in
event normal water
distribution system_,

[, is unavailable.'
Seismic design Category:" I cooling tower has 30-
day supply of evaporative
water.
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TABLE 1.3-3

DETAILED COMPARISON BETWEEN CRBRP, FFTF, and MONJU

CRBRP - FFTF MONJU*- PSAR
975 Mwt 400 Mwt 714 Mwt Section1. Reac. tor Core

Number Assemblies

Core Zone 1 156 28 108 4.3
Core Zone 2 NA 45 88
Inner Blanket 82 NA NA
Radial Blanket 132 NA 174
Removable Radial Shield 306 NA 316
Primary Control 9 3 12

51 Secondary Control 6 6 7
Radial Reflector NA 108 -m

Core Barrel Inner Diameter (in.) 150 140 -

-

w
L
N Active Core Ht. (in.) 36 36 35.4

51 | Active Core Equiv. Dia. (in.) 79.50 47.23 70.08

2. Reactor Engineering Parameters

Thermal Power Rating (mw) 975 400 714 4.3
Gross Electrical Rating (mw) 380 NA 300

% Gross Plant Efficiency (%) 39 NA 42
W Maximum Power (% of Rated Power) 115 115 116 4.4h.

h Maximum Clad Temp.; Hot
g Channel,100% Rated Power, 1350 1180 (600 F Reactor 1209 (nominal)

T & H Design Condition, Inlet Temp.)
-@ k Beginning of Assembly Life, 1380 (800 F Reactor
m

F ,R (2o, except where noted) Inlet Temp.)
!G 51ui

E "

* Notation " " reflects data not available. 8
51

| "NA" = not applicable

O O O



CRBRP - FFTF - MONJ U *- PSAR
975 Mwt 400 ftwt 714 Mwt Section

3. Reactor Physics, Initial Core
BOL; except where noted

Max. Fuel Linear Power 15.9 16.3 13.0 4.3at 115% Overpower, (Kw/ft. )
4.4

Peak Fuel Linear Power (Kw/ft. ) 12.4 12.7 11.2

Avg. Fuel Linear Power (Kw/f t. ) 8.2 7.3 8.66
(After Cycle 2)

Peak Neutron Flux - Fuel Zone
(n/cm2 sec)

15Total 5.5x10 7x1015
-

15 4x1015,

Y | Fast (E>.1 Mev) 3.4x10 erage ne m on f M
C 36 for entire reactor)

Peak Neutron Flux - Radial Blanket
(n/cm2 sec) 15Total 3.9x10 r NA1

Fast (E>.1 Mev) 2.4x10 NA

Pu Inventory (kg)
Pu-238 1.0 -

-

30Pu-239 1468.J 552.6 1143Pu-240 199.7 74.7 408Pu-241 34.0 10.7 82Pu-242 3.4 1.12 -

8
51 CO

C;l

X $ O.
3 i kN 30
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CRBRP - FFTF - MON.lu - PSAR

975 Mwt 400 Mwt 714 Mwt Section

U Inventory - BOL (kg)
Core U235 7.6 13.1 (4160

U238 3476.0 1862
Blanket U235 52.2 NA 35

U238 25,754.0 NA 17,666

Peak Discharged Fuel Burn-up 74,200 80,000 80,000
(Mwd / Tonne) (First Core)

Control Rod fystem B0EC, Secondary Rods Regulating Rods
Out of Core:

Primary System - BOL
Total Available Worth ($) 22.22 18.7 13.99 (course rods)

.] 3.60 (fine rods)
y Minimum Available Worth 16.24

with One Rod Stuck ($) 11.8 -

Maximum Worth Required
for Shutdown ($) 11.44 10.5 -

Secondary System - BOL BOEC, Primary Rods Safety Rods
Out of Core:

Total Available Worth ($) 12.82 21.05 8.62 (Safety rods &
backup Safety rods)

Minimum Available Worth 7.85 Not Available -

With One Rod Stuck ($)
Maximum Worth Required 4.35 20.7 -

.g,[ for Shutdown ($)
CO F 5. -6
CJi 51 , Prompt Neutron Lifetime (Seconds) 0.4x10 .447x10-6'

~
y e m
.-j M~ 8

N
M
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CRBRP - FFTF MONJU* PSAR
975 tnt 400 tht 714 Mwt Section

Doppler

-BOL(-Th)(nominal)Constant

Fuel 0.0026 0.0050 .0061
Blankets 0.0059 NA (core and

blankets combined)

Average Sodium Density
-0.006 -0.049 .0154Coeff. (c/ F)

Uniform Axial Expansion Coeff. -0.038 -0.038 --

Coeff. (c/ F)

Uniform Radial Expansion Coeff. -0.177 -0.21 --

Coeff. (c/ F)

Core Peaking Factors
*

Radial BOL 1.18 1.36 1.46 (equil core)
51 Axial - BOL 1.28 1.21 1.19 (equil core)

4. Heat Transport System 5.0

Primary System
Number Loops 3 3 3

Pump Location Hot Leg Hot Leg Cold Leg,
C.0 Pump Type Vertical, single Vectical, single free surface
Gj stage, free stage, free centrifugalw>

e2 E, surface, centri- surface, centri-
FE kt fugal. fugal.

Rf
*

@ ~
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PSAR

CRBRP - 975 Mwt FFTF - 400 Mwt MONJU*-714 Mwt Section

Design Head (ft. sodium) 450 500 255

Coolant Flow Direction Through
Core Upward Upward Upward

Total Flos Through Reactor 66 6(1b./hr.) 41.45x10 17.28x10 29.83x10

Flow Per Loop (gpm) 33,700 14,500 23,200
6

Reactor Outlet Temp. ( F) 995 858 1,005

Reactor Inlet Temp. ( F) 730 600 735
,

.

Y Nominal Reactor Pressure Drop 104.4 110 65.4M (Inlet Nozzle to Outlet Nozzle)
(psi)

Intermediate System

Number Loops 3 3 3g

kl Pump Location Cold Leg Cold Leg Cold Leg,
{3 Pump Type Vertical, single Vertical, single free surface,
c.; stage, free stage, free centrifugal.

Q[
surface centri- surface centri-
fugal. fugal.n

3*

Pg Design Head (ft. Na .) 330 400 --

~a

" " Coolant Flow Per Loop (gpm) 29,500 14,500 17,350

41| Hot Leg Temp. ( F) S22 773 960

8
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PSAR

CRBRP - 975 Mwt FFTF - 400 Mwt MONJU*-714 Mwt Section

41 Cross Over Leg Temp ( F) 845 f1A
--

Cold Leg Temp ( F) 651 515 608

Maximum Cover Gas Pressure in
Sodium Expansion Tank (psig) 115 175 --

5. Fuel 4.2

Composition Pu0 /UO Pu0 /UO Pu0 /UO
2 2 2 2 2 2

51 Number Fuel Assemblies 156 73 196

[ Fuel Assembly Ht. (in) 168 144 165
I

C Fuel Assembly Configuration (in)
Active Fuel Height 36 36 35.4
Upper / Lower Axial B1anket 14/14 NA 13.8/l3.8
Fission Gas Plenum 48 42 44.5

g Number Fuel Rods per Fuel Assembly 217 217 169
C/1
f.; Number Fuel 'tods per Blanket Asserily 61 NA 61

Ca
tj Diameter Fuel Rods in Fuel Assembly 0.23 0.23 .256 in.
M

Diameter Fuel Rods in Blanket
Assembly 0.506 NA .46 in.

Breeding Ratio (Initial Cycle) 1 29 NA 1.2
~

Residence Time of Fuel Assembly
2$ Equil. Core (Calendar Years) 3 and 4 2.5

51 Nuil. Fuel Residence Tine 8
548(full power days)



PSAR

CRBRP - 975 Mwt FFTF - 400 Mwt MONJU*-714 Mwt Section

Residence Time of Blanket
'

Assembly in Equil. Core (yr.) 4 or 5 NA 2.5 for nn row 5.1
5 g e g

6. Reactor Vessel

Type Stainless Steel Stainless Steel Stainless Steel
Pressure Vessel Pressure Vessel Pressure Vessel

Dimensions
41 Height (ft.) 59 43 56

20Inner Diameter (ft.) 20 22

Material SS 304 SS 304 SS 304

Thickness (in.) 2-3/8 2-3/8 Vessel Barrel 1-3/8

[ 7. Control Rod Systems-

4.3.

$ Primary System Reactor control is 44accomplished by 9
9

| No. Assemblies 3 coarse regulatory
51 rods and 3 fine

No. Pins per Assembly 37 61 regulatory rods

h Pin 0.D. (in.) -0.602 0.474 __51

Absorber Ht. (in.) 36 36 __

Gas Plenum Ht. (in.) 28 22.36 __

Absorber Material 92% Enriched B C Natural B C 3 fine rods-
-@ k

4 4m
(first core)

C,4)j natural B C4PR Y 9 course rods-
* C- 45% enriched B C,_.

ww Ca, 4
I I,

w,

Max. Withdrawal Rate 9.0 9.0 --

51 8

O
(Inches / Min)

O O



PSAR
CRBRP - 975 Mwt FFTF - 400 Mwt MONJU*-714 Mwt Section

Trip Insertion Time
(sec.) <l <l

__

Drive Mechanism Collapsible Roller Collapsible Poller
Nut; Disconnect Nut; Disconnect
at Top of Drive- at Top of Drive-
line, line. g

Fine rods cover reactivity change
Operating flode Used as Primary All Rods Either Full from hot zero to rated power; also

load follow reactivity changesOperating Rods. in Core or Completely yAll Rods Drop Wi thdra.vn. All Fbds
with Peactor Scram. Drop with Reactor Scram- Ccarse rods - cover subcriticality

and fuel burnup effect. Both
Secondary Control Rod System course and fine rods are operated

gsindependentbanks.
5 | N . Assemblies51 6 6 There are 4 safety rods and 3e

No. Pins per Assembly 31 61
backup safety rods

28 Pin.0.D. (in.) 0.5526 0.474

Absorber Ht. (in.) 36 36

Absorber Material -
First Core 92% Enriched B C Natural B C51 4 4 90% enriched B C

4Insertion Mechanism Gravity, Hydraulic Gravity, Spring
Assist Over Entire Assist Over First
Travel. 14 inches for Fully

Withdrawn Rods.EF 8
R8 50a- v

o :
,

=



PSAR
CRBRP - 975 fiwt FFTF - 400 Mwt M0fiJV*-714 Mwt Section

Drive itechanism Twin Ball Screw Collapsible Roller --

With Translating Nut; Disconnect
Carriage. Dis- at Top of Drive-
connect at Control line.
Rod Latch Within
Control Rod
Assembly.

Operating Mode All Rods Either Used as Primary Used as secondary
Full in Core or Operating Rods. shutdown system
Completely With- All Rods Drop
drawn. All Rods with Reactor Scram.
Drop with Reactor
Scram.

,

.

Y 41 8. Shutdown Heat Re,noval System Pony motor flow Pony motor flow and/or Primary pump and/or 5.6g and/or natural natural circulation natural circulationcirculation in in primary and inter- transport heat from
primary and inter- mediate loops trans- core to IHX. A separate
mediate loops ports heat to Dump auxiliary cooling loop
transports heat Heat Exchanger (DHX). removes heat from each
to steam generator Heat rejected to IHX. Flow in auxiliary
system. Normal atnosphere through loops is by EM pumps with
method of heat the DHX. natural circulation as
rejection is turbine backup. Final heat
bypass to the condenser. rejection is by air
When this path is Heat rejection cap- coolers.
unavailable: ability depends on

temperature differential
R Short tern he at across primary and inter-{! - [ rejection accom- nediace systens. Usingv a

,U,g P plished by direct reasonable operational
{qg steam dump from temperature differentials.

4a*
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b. The influence of control rod movement on fuel assembly power
generation,

c. The rate of reactivity insertion associated with control rod
withdrawal,

d. The reactivity effect of control rod materials washout in the
sodium coolant.

The following reactivity coefficient infonnation is required to
j support safety analyses of the CRBRP:

a. The Doppler and sodic soiding reactivity coefficients and
associated calculational uncertainties,

b. The detailed spatial distribution of the sodium voiding
coefficient.

The following infonnation is needed to support the safety analysis
related to mechanical motion effects:

a. Reactivity effects of radial compaction of the core,

b. Reactivity effects of relative axial displacement of the
core and control support mechanisms.

1.5.2.5.2 Program

The initial phases of the CRBRP critical mockup experiments program
(ZPPR-2, 3, 4, 5, and 6) simulated the homogeneous core configuration. The
ZPPR-7 and 8F criticals were pre-enginnering mockups of the heterogeneous
CRBRP core configuration. These preliminary series of experiments have
been completed and the results have been used to develop design bias
factors and uncertainties and to provide validation for the nuclear design
methods used in the derivation of the CRBRP PSAR physics characteristics.
The Engineering Mockup Critical (EMC), which will closely simulate the
final CRBRP core and blanket configuration, will provide final nuclear
design bias factors and uncertainties for the FSAR. The experiments are

4l g performed by Argonne National Laboratory at Idaho Falls, Idaho. The CRBRP
Criticals program is coordinated by General Electric Company in cooperation

51; with Westinghouse Electric Corporation.

The following specific experiments will be performed in support
of the safety features and compona ts in CRBRP:

a. The reactivity worth of individual control assemblies,

b. The reactivity worth of control rod banks,

c. The worth vs. insertion profiles for selected control rods,

d. The magnitude of the Doppler reactivity coefficient,

Amend. 51
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The magnitude and spatial distribution of the sodium voidinge.
reactivity effects,

f. Reactivity effects of axial and radial motion of the fuel,
blanket and control assemblies.

1.5.2.5.3 Schedule

critical Experiments Schedule

CRBRP Criticality i

I
Calendar Year 73 74 75 76 77 78 79 80 81 82 83 84 85

ZPPR-3: Initial Support-j'
Homogeneous Demo-
nstration Plant

ZPPR-4: Pre-EMC Homo- Igeneous CRBRP

ZPPR-5: HCDA Experiments
in CRBRP-EMC A

ZPPR-6: CRBRP-EMC, first -

core
ZPPR-7: Pre-EMC Hetero- -

dgeneous CRBRP

Matrix Expansion ]
ZPPR-7 continued ]
ZPPR-8: Thorium Effects - )
ZPPR-8F: Pre-EMC Modified 3Heterogeneous CRBRP

Lar,e Benchmark Homo-
Ageneous LMFBR

CRBRP-EMC g

General LMFBR Studies

CRBRP Startup and Oper-
3

51 ational Tests

1.5.2.5.4 Criteria of Success

The planned critical experiments will provide the required informa-
tion for the adequacy of the control systems, the reactivity coefficients
and the mechanical motion effects to support the safety analysis.

Amend. 51
Se 1979
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Criterion 8 Reactor Design

The reactor and associated coolant, control, and protection systems
shall be designed with appropriate margin to assure that specified acceptable
fuel design limits are not exceeded during any condition of normal operation
including the effects of anticipated operational occurrences.

RESP 0t4SE

This criterion is satisfied by the following two design bases,

a. Fuel Residence Time

In the first core loading, the fuel rods are limited to a peak
51 | pellet burnup of 80,000 megawatt days per metric ton of heavy

metal (mwd /T). For later cores the peak burnup increases to
51 | 115,000 mwd /T with an average burnup of 80,000 mwd /T. These

peak burnup limits are achieved by limiting the in-core residence
time and optimizing the fuel management scheme. The duration of
the first cycle is 128 full power days (FPD) and the second
cycle is 200 FPD. These cycle lengths are consistent with the
initial core peak pellet burnup limit of 80,000 mwd /T. For all
operating cycles after the first two, the cycle length is increased
to 274 FPD and the maximum fuel assembly residence time is two
cycles. All fuel and inner blanket assemblies are discharged as

51 a batch after two cycles under equilibrium core conditions. Mainten-
ance of fuel rod structural integrity is a design basis should an
Unlikely Fault occur during the fuel residence time.

b. Power Distribution Limits

The power distribution limits are derived from the maximum allowable
peak heat generation rates for nominal and anticipated operational
conditions which, when combined with the rod mechanical and thermal
design parameters, assure that incipient fuel melting does not

| ccur in the fuel pellet with peak power. The superimposed effects51

of fuel depletion and control rod insertion patterns on the radial
power peaking factors is included in this assessment. The peak fuel
pellet linear power in the core at any time-in-life, which includes
the highest radial and axial power factors,15% overpower conditions
and 30 nuclear and engineering uncertainties, is less than that which
results in fuel melting.

3.1-17 Amend. 51
Sept. 1979
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Criterion 9 Reactor Inherent Protection

The reactor and associated coolant systems shall be designed so that
in the pcwer operating range the net effect of the pronpt inherent nuclear
feedback characteristics tend to compensate for a rapid increase in reactiv-
ity.

RESPONSE

The following design basis satisfies this criterion:

The Doppler effect provides the prompt negative reactivity feedback
which is required to mitigate the effects of reactivity transients
(rapid power increases). Therefore, the fuel temperature (Doppler)
coefficient shall be strongly negative when the reactor is critical.
The negative Doppler coefficient is obtained through the inherent
use of fuel with a large proportion of U-238. The Doppler coeffi-
cients for each major fueled reactor region have been calculated at
the beginning and end of cycle for both the first and equilibrium

51 cores with FFTF-grade (low Pu-240) plutonium fuel (See Table 4.3-16 ).
In all cases, the Doppler coefficients are strongly negative. The
analysis of accident conditions, presented in Chapter 15, uses con-
servative values of the Doppler reactivity feedback coefficient

j (nominal value less 3a uncertainty).

At low power / flow ratio, operating conditions as during the reactor
startup, positive bowing reactivity effects are predicted. Under
worst case assumptions which maximize positive reactivity effects
and minimize negative compensating effects, a net positive feed-
back is obtained. The PPS can safely accommodate all design basis
events initiateo in the startup range when the above worst case
effects are considered. Studies have been performed for a rangeof startup overpower transients. These have demonstrated that,
even neglecting the effects of the plant protection system, the
integrated reactivity feedback from the point of the initiation
of the transient up to full power temperatures is always negative.
The reactor power and temperatures are bounde d when worst case
reactor feedback characteristics are utilized. Maximum temperature
values fall below limits which demonstrate satisfactory reactor
inherent protection.

At normal (1.0) or high power to flow (>l.0) operating conditions,
reactor assembly bowing reactivity is negative and enhances the

42 effect of negative Doppler which is discussed above.

Amend. 51
Sept. 1979
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Criterion 22 - Separation of Protection and Control Systems

The protection system shall be separated from control systems to
the extent that failure of any single control system component or channel,
or failure or removal from service of any sinole orotection system component
or channel which is common to the control and protection systems, leaves
intact a system satisfying all reliability, redundancy, and independence
requirements of the protection syste'1. Interconnection of the protection
and control systems shall be limited so as to assure that safety is not
significantly impaired.

RESPONSE

The failure of a single control system component or channel, or
the failure or removal from service of any protection system component or
channel, which is common to the control and protection systems leaves
intact a system satisfying all reliability, redundancy, and independence
requirements of the protection system. Interconnection of the protection
and control systems is limited so as to assure that safety is not
significantly impaired.

Most functions performed by the reactor protection and the
reactor control systems require the same process information. The design
philosophy for these systems is to make maximum use of a wide spectrum of
diverse and redundant process measurements. The protection system is
separate and distinct from the control system. The control system is
dependent on the protection system in that control input signals are
derived from protection system measurements where applicable. These
control signals are transferred to the control system by isolation amplifiers
which are classified as protection system components. No credible failure
at the output of an isolation amplifier will prevent the corresponding
protection channel from performing its protection function. Such failures
include short circuits, open circuits, grounds, and the application of the
maximum credible a-c and d-c voltages. The adequacy of system isolation has
been verified by testing under these fault conditions. The controls are
designed such that a single failure of a sensor will not cause a control system
malfunction requiring PPS function. The design meets all requirements of
RDT Standard C16-lT, which meets or exceeds those of IEEE Standard 279-1971,
" Crit 3ria for Protection Systems for f!uclear Power Generating Stations".

Where instrument signals are provided to the Plant Control System
by the Plant Protection System (e.g., Nuclear Flux), it is possible to con-
ceive of multiple failures of PPS sensors causing loss of instrument channels
in both the Plant Protection and Control Systems even though such multiple
failures are very improbable. This could cause a Control System action
that initiates a transient requiring Protection System action and could
concurrently degrade the performance of one shutdown system. The
consequences of this potential failu.e will be mitigated by the diverse
instrumentation in the second Reactor Shutdown System wiiich, being
independent, is unaffected by the sensor failures. Since the worst case

32
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!
incident involving multiple failures of shared Plant Protection System /
Plant Control System sensors is mitigated by the Plant Protection System,
separation of control and protection systems is effected even in this
extreme case.

The reactor protection systems and the control systcms are
3 discussed in Sections 7.2 and 7.7 respectively.

Criterion 23 - Protection System Requirements for Reactivity Control
Mal func tions

The protection system shall be designed to assure that specified
acceptable fuel design limits are not exceeded for any single malfunction
of the reactivity control systens, such as accidental withdrawal of
control rods.

RESPONSE

The maximum controlled reactivity insertion rate due to control
rod withdrawal at the desigri m'ximum withdrawal speed of 9 inches / minute
(see Section 4.2.3) is 4.1 ca. s/second (see Section 4.3.2.6). The
protection system assures that the peak clad temperature is maintained
within an allowable value for a ramp rate of this magnitude. Section 15.2
describes the core thermal response for the event at either startup or
during full power operation and Section 4.2.1 provides a description of
how this type of transient is included in the pin cladding structural
design evaluations.

51 32
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CHAPTER 4.0 REACTOR

4., SUMMARY DESCRIPTION

The Clinch River Breeder Reactor Plant (CRBRP) uses a mixed (Pu-U)
oxide fueled, sodium cooled fast reactor having a total thermal output of
975 Mwt. A schematic of the reactor is shown in Figure 4.2-36. The reactor
vessel, the closure head, the inlet nozzles and the core barrel are iden-
tified in this figure. The core support plate and the support cone form
the principal pressure boundary inside the vcssel. The fuel, control,
blanket and removable shield assemblies are supported by the core support
plate which also supports a fixed radial shield. Each of these reactor
assemblies has two load pad areas which match the elevation of the core
former rings. The rings are supported by the core barrel which is welded
to the core support plate.

The upper internals structure, located above the crre, is
supported from the intermediate rotating plug of the vessel closure and
radially keyed to the upper core former ring. The structure laterally istabilizes primary and secondary control rod shroud tubes. In case of a
loss of hydraulic balance, the upper internals structure acts as a
secondary holddown device. The four support columns of the upper internals
have jacks for lifting the upper internals clear of the radial keys and
reactor assemblies for refue' E. The in-vessel transfer machine rotates
with the upper internals structure for removing and replacing of reactor
assemblies at refueling.

A vortex suppressor plate is provided just below the sodium
pool surface to minimize gas entrainment in the sodium exiting from the
outlet plenum. Fuel transfer and contingency storage positions are pro-
vided in the annulus formed between the core barrel and the reactor vessel
thermal liner.

The active length of the core is 36 inches and the equivalent
diameter is 79.5 inches. The fuel region consists of a single enrich-
ment zone with a total fissile plutonium loading of s1500 Kg. The reactor
control systems include 9 primary and 6 secondary control rods. The two
systems are independent and diverse. Both the systems are capable of
shutting down the reactor from full power to hot standby conditions.
The core mid-plane details are shown schematically in Figure 4.3-1,

4.1.1 Lower Internals

The lower internals structure positions and restrains the reactor
assemblies. The main components of the structure are: the core sv7 port
structure composed of the core support plate and core barrel, horizontal ,baffle, core former rings, fixed radial shielding, lower inlet modules,

;

bypass flow modules and fuel transfer and storage assemble. These compon-
51 ents are sh wn in Figure 4.2-36. Most of these components ce also shown

in Figure 4.2-17.
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O
The core support cone, a component of the reactor vessel, is an

inverted truncated conical shell that connects the thick circular perfor-
ated core support plate with the reactor vessel wall. These two welded-in
c< 1ponents (plate and cone) form the upper boundary for the reactor vessel1

' inlet high pressure plenum.

The core barrel is a thick wall right circular cylinder that
extends upward from the outer edge of the core support plate to the top
plane of the reactor assembly outlet nozzles.

The horizontal baffle forms the upper boundary of the annular
region between the core barrel and the reactor vc5sel and separates sodium
in the outlet plenum region from bypass flow rodium below the baffle. It
limits leakage to the outlet plenum and heat flow to the bypass sodium to
provide for cceling components within the annulus and the reactor vessel
above the baffle while minimizing flow which bypasses the core.

Supported inside the core barrel are upper and lower core former
rings. These rings are contoured inside to the outline formed by the
outer surfaces of the upper and lower load pads of the outer row radial
shield assemb1'es. A small gap is provided in the cold condition between
the rings and shield assemblies to allow a small amount of free bow at
power operation. This gap facilitates replacement of reactor assemblies
at refueling.

Fitted to the inside of the core barrel is fixed radial radiation
shielding for protecting the barrel from structural damage from neutron
fluence.

There are 61 lower inlet modules for the core. A lower inletmodule is shown in Figure 4.2-40. They are surrounded by six bypass flow
modules. The lower inlet modules are inserted into lined holes in thecore support plate. The bypass flow modules (Figure 4.2-41A) are installed
on the core support plate. Each lower inlet module holds and distributes
sodium coolant flow to the inlet nozzles of seven reactor assemblies. The
bypass flow modules also receive low pressure coolant from the lower inlet
modules and distributes the coolant to the removable radial shield
assemblies.

The core lattice of equilateral triangular pitch is established
by the core support plate and the lower inlet modules. The inlet nozzles
of the reactor assemblies are held on this lattice by their respective
modules which allow some on-plant rotation of the nozzles as part of the
core restraint system. Lateral above-core restraint of the reactor assem-
blies is provided by the core former rings, reference Figure 4.2-37, which
are located at the upper and lower hard-faced pad elevations of the reactor
assemblies. These rings act on the outer row radial shield assemblies and
contribute to the stable control of reactivity as the reactor power and
coolant temperature are changed. In addition, they provide the lateral51 support required to withstand seismic events. g
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The fuel, control and blanket assemblies are held down against
the upward flowing sodium by a hydraulic balance arrangement and their own
weight. The hydraulic holddown is accomplished by differential coolant
pressure zones in the inlet modules and the inlet nozzles of the assem-
blies, reference Figure 4.2-40. Backup mechanical holddown for all reactor
assemblies is provided by the upper internal structure as discussed below.

4.1.2 Upper Internals

The upper internals structure, reference Figure 4.2-45, stabilizes
the control rod drivelines, supports in-vessel instrumentation and provides
mechanical backup holddown for the reactor assemblies. Shroud and flow
conduits in this structure are designed to mitigate transient temperature
effects on the structure from the reactor core effluent. The principal
components of the structure are: the four support columns, two transverse
interconnected plates, four interconnecting shear webs, flow chimneys,
shroud tubes, and instrumentation posts.

The support columns extend down from above the intermediate
rotating plug of the reactor vessel cpper closure head assembly. Connected
to the upper end of each column is a jacking mechanism. Together, the
jacking mechanisms are used at shutdown to raise and lower the upper in-
ternal structure to allow clearance for operation of the fuel handling
machines of the Reactor Refueling Sy' tem and for rotation of the interme-
diate plug.

The upper and lower support plates are integral with the four
columns and the interconnecting curved plates which form a shear web.
This welded assembly provides the structaral strength required in the upper
internal structure for withstanding seismic events. Three radial key
extensions from the peripheral shroud structure below the lower transverse
plate engage tne lower internals structure for providing alignment and
seismic support of the upper internal structure.

The instrumentation posts extend from the lower support plate
over the outlet nozzles of the fuel and blanket assemblies. The chimneys
pass through the transverse plates and conduct the hot reactor core effluent
into the upper region of the reactor vessel outlet plenum. Each chimney
collects outlet flow from a number of reactor assemblies.

reactor system thermocouples of the Reactor and Vessel Instrumen-
tation System are mounted on the upper internals structure for measuring
fuel and blanket outlet and outlet plencm sodium tempersi.ures. Ine ieods

51 for these thermocouples are routed up anu out of the reactor vessel inside
the support columns.
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4.1.3 Core Restreint

A passive core restraint system is provided in the design which
involves all of the fuel, control, blanket and removable radial shield
assemblies, core support, lower inlet modules, bypass flow modules, upper
internals structures and the upper and lower core former rings. The two
core former rings girth the outside contours that are formed by the upper
and lower load pads on the outer row removable radial shield assemblies.

Outward actions by the fuel, control, blanket and removable
radial shield assemblies are limited at tiie cor; 'ormer rings which are
placed at the same elevations as the hard faced load pads on the outside
ducts of the reactor assemblies. Interactions between the reactor assem-
blies and the core former rings are limited to these pads since they are
raised above the outer surfaces of the assembly ducts.

Since the core restraint system involves all of the reactor
assemblies and tha upper and lower internals structures, additional core
restraint features which apply to individual components are discussed in
the component description subsections which follow.

4.1.4 Fuel, Blanket and Removable Radial Shield Regions

The components in the core region include the 156 fuel assemt'ies,
the 76 inner blanket assemblies dispersed heterogeneously throughout the
central regions of the core, the 6 assemblies which are alternately fuel
or inner blanket, the 132 radial blanket assemblies surrounding the fuel,
the 9 primary system control assemblies, and the six secondary system con-
trol assemblies. Also discussed in the control subsection below are the
control rod drivelines and control rod drive mechanisms. The axial blanket
regions are formed in the fuel asst.mblies above and below the fuel.

The 306 radial shield assemblies that are located in the radial
rows outside the radial blanket rows comprise the removable radial shield
region.

4.1.4.1 Fuel and Axial Blankets

Each fuel assembly consists of 217 fuel rods, an outer duct,
inlet and outlet nozzles, and a lower shield piece. The outer duct is a
hexagonal tube that forms a discrete coolant flow path for each assembly.
A total of 156 + 6 (See Section 4.1.4) fuel assemblies are installed in
the core.

Each fuel rod contains a stack of (Pu+U)02 pellets which form
the 36-inch active core region, and 14-inch long stacks of depleted UO2
pellets that form the upper and lower axial blanket regions. The fuel rods

51 are spaced from each other by spiral wire wraps that allow space for and
promote mixing and cross flow of the coolant flow.
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A plenum is provided in each fuel rod above the upper axial
blanket for collecting the fission gases released from the tallets during
power operation. This plenum is non-vented and is sized to allow the design
fuel burnup to be reached without the buildup of excessive internal gas
pressure. Additional information on fission gas buildup is provided in
Section 4.2.1.1.3.9. A small capsule of tag gas that is unique to each
fuel assembly is included in the rod. After sealing the rod in low pressure
helium, this capsule is ruptured. The tag gas provides the basic means
for detection and location of assemblies containing leaking fuel rods.

(See Section 7.5.4.2.3.)

The inlet nozzle is a cylindrical, hollow extension at the bottom
of the fuel assembly. It contains radial siots which admit reactor coolant
flow from the inlet module into which it is nested. Mechanical / hydraulic
features of the nozzle that complement those of the lower inlet module
contribute to the balance of axial hydraulic forces so that the lifting
action of the sodium flow is eliminated.

The outlet nozzle is a hexagonal hollow extension at the upper
end of the fuel assembly. It releases the sodium coolant to the outlet
module of the upper in"rnals structure above. This nozzle also serves
as the handling portion of the assembly and is contoured to mate with the
grapples of the fuel handling machines.

A shield-orifice assembly is located in the lower portion of each
fuel assembly. The shield piece of the assembly has vertical flow holes
but still provides the radiation protection required for assuring the
design lifetime of the inlet modules and core support plate. The orifices,
located just below the shield piece, control the flow of coolant to the
fuel assembly,

Pads are located on the outside faces of the fuel assemblies at
two elevations above the fuel region. Similar pads are located on the
outsides of all other reactor assemblies, The above core load pads (ACLPs)
are raised or thickened portions of the duct walls protruding slightly beyond
the dimensions of the nominal duct cross section, forming a continuous flat
load-bearing surface across the complete width of the hexagonal duct sides.
The flat surfaces of the hexagonal outlet nozzle serve as the top load pads.
The above core load pad height will be approximately 4 inches. The load
pads will be hard surfaced with chrome-carbide. Figure 4.2-11 provides a
schematic indication of the location of the load pads on the fuel assembly,
and Figure 4.2-36 illustrates the core former rings which are at the
matching load pad elevations. The purpose of the pads is to limit inter-
actions between reactor assemblies to these elevations so that the desired
bowed configuration of the fuel assemblies is achieved. As power is in-
creased, the fuel assemblies, under the restraints imposed at the pads and
in the inlet nozzles, bow increasingly into an "S" configuration. This shape

51 generally results in a net outward bowing of the active region of the fuel
assemblies which contributes a negative reactivity effe:t.
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Several other important features are included in the fuel asseir.bly

designs. The fuel region of the i are is divided into six coolant flow
zones for flattening the temperature profile. The flow allocation to the
orificed core assemblies is such as to satisfy design and operational con-
straints as discussed in Section 4.4.2.5. Discrimination posts at the
bottom and identification notches near the top of etch fuel assembly pre-
clude placement of a fuel assembly in a lattice position where it would be
under cooled. Camming surfaces on the outside of each assembly promote
self-alignment upon insertion into the reactor assembly group.

The residence time for the fuel in the first core of the CRBRP
is expected to be at least tu calendar years (328 equivalent full power days),
corresponding to 74,000 MWD /T burnup in the peak fuei pellet. The structural
analyses given in Section 4.2 reflects this expectation. Similarly, the
maximum residence time of inner blanket assemblies in the reactor is two
years, whereas the radial blanket assemblies reside in the reactor for 4
or 5 years, respectively, in the first and second blanket rows.

4.1.4.2 Inner and Radial Blanket

The inner and radial blanket provides most of the fertile material
for breeding fissile plutonium. The 76 + 6 inner and 132 radial blanket
assemblies are constructed similar to the fuel assemblies but contain
fewer and larger diameter rods. They have the rame length and outside
shape as the fuel assemblies.

Each blanket assembly consists of 61 rods, an outer duct, inlet
and outlet nozzles, and a lower shield piece. The outer hexagonal duct
forms a discrete reactor coolant flow path for the assembly.

Each blanket rod contains a stack of depleted UO2 pellets of
cverall height that ratches that of the fuel plus the upper and lower
axial blankets. The stack height is centered on the core midplane. Space
is provided above the stack for collecting fission gases.

As in the fuel assemblies, the blanket rods are spiral wire
wrapped to allow space for and promote mixing and cross flow of the coolant
flow; each rod contains a tag gas that 4 unique to the particular assembly.

The blanket assemblies are classified according to their location
in the core; inner blanket assemblies are located among the fuel assemblies
in the inter O r region of the core, while radial blanket assemblies are
located in two rows around the core periphery (see Figure 4.2-10A). Except

51 for inlet nozzles and flow orificing, the radial and inner blanket assemblies
are identical.
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Three flow zones are provided for the inner blanket assemblies.
A discrimination tystem similar to that for the fuel assemblies is provided
to prevent inner blanket assembly insertion into an incorrect position. As
described in Section 4.3, three or six fuel and inner blanket assemblies
exchange positions in alternating reactcr cycles. All radial blanket
assemblies are identical; orificing for these assemblies is provided in
the lower inlet modules.

4.1.4.3 Removable Radial Shield

Radial shielding is provided in approximately four radial rows
outside the radial blanket regions to protect the core former rings and
the core barrel from excessive radiation damage. The shielding in this
region consists of radial shield assemblies which have the same outside
shape and length as the fuel assemblies and can be moved in and out of
the reactor vessel by the fuel handling machines.

Each radial shield assembly consists of a thin-wall hexagonal
tube or duct to contain the shield material. The thin wall of the duct
provides the required coolant baffling and is the primary structural
member in the assembly. The assembly is reinforced at the load pads to
absorb seismic loads. Thermal stresses induced by transients are minimized
by the thin wall. The design allows placement of the shielding material
as a bundle of solid shield rods only at those elevations where it is
required. Coolant is distributed through the interstices of the solid
shield rods.

The inlet and outlet nozzles of each assembly are included in
structural extensions at the Lottom and top ends of the duct tubs
respectively. Their constructions are similar to those of the fuel assem-
blies described above.

4.1.4.4 Control

The net reactivity and the power level of the reactor core is con-

trolled by two independent control rod systems, the primary and secondary.
The primary control system is ucca in the normal operating mode while the
secondary system it used only in shutdown of the reactor. Each system is
capable of thutting duan the reactor in either the normal or scram mode
with the other system inoperable.

Sufficiently different design features are included in designs
51 for the two systems to assure functional diversity and preclude conmon mode
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failures. The principal components for each system are the control assem-
blies, tt e control rod drivelines (CRDs) and the control rod drive mechanisms
(CRDMs).

The primary control system includes 9 each of control assemblies,
CRDs and CRDMs while the secondary system includes six each of these cor co-
nents. All control assemblies occupy core lattic e positions,

The control rod assemblies of both systems consist of pins with boron
carbide (B C) pellets sealed inside tubes or cladding in a manner similar to4
that of the fuel rods. These pins are spaced with wire wraps on their out-
sides and held within a duct which slides within an outer duct. Gas plenums
are provided in each pin above and below the pellets for collecting the heli-

1um gas released fr: m the B 0 (n,a) reaction.

The outer duct of each control assembly has inlet and outlet nozzle
extensions wh h provide an outside shape and overall length for the assembly
that is nearly identical to that of the fuel assemblies. Each control
assembly can be moved in and out of the reactor by the fuel handling machines.

The control rods in both systens are connected to their respective
CRDMs by the long tubular CRDs to which they are coupled. The CRDMs are
electro-mechanical devices that are located outside the reactor vessel on top
of the intermediate rotating plug of the upper vessel riosure assembly. The
primary and the secondary mechanisms are internally pressurizcd with inert

Both machalisms are sealed from the reactor vessel cover gas by bellowsgas.
seals.

In the primary control syster., th: control rods contain 37 pins that
are held within the control assemblies in hexagonal inner ducts. The control
rods are vertically positioned in their res:ective core lattice positions by
the CRDMs.

The secondary control rods each contain 31 pins that are held within
the control assemblies in hexagonal inner ducts with circular wear pads.
These rods are withdrawn from the core within their respective assemblias
during normal reactor power operation.

Both the primary and secondary CRDMs have sufficient stroke to drive
the rods fully into the core to the point where the neutron absorber bundles
are centered on the core midplane. It is not possible for t" bundles to go
below this point due to mechanical stops withir the drir . arI contr;l
assemblies.

The nozzles, shielding, orifices, and discrimination features of the
51 control asserrolies are similar to those of the fuel assembly described pre-

viously and, therefore will not be further described in this summary.

Amend. 51
Sept. 1979

4.1-8

.9.i.302G



4.1.5 Design and Performance Characteristics

The reactor design is based upon the design parameters presented
in Table 4.1-1. Non eplaceable components are being designed with the
capaDility to accommodate the str.tt.h power conditfore as mentioned in
Section 1.1.

The reactor core has been designed to have a sufficiently negative
reactivity feedback coefficiert. Pedundancies and safeguards have been
designed into the reactor to assure a high degree of reliability. Redun-
dant flow paths are included in the inlet modules, support plate and
reactor assembly nozzles to preclude flow blockage. Strainer holes are
incorporated in the inlet module stems to prevent particulate matter
having dimensions greater than h inch from entering the fuel and blanket
assemblies. Anti-blockage features are prcvided on the outside of the
inlet module liners to prevent plate or can-type flow blockages of the
inlet modules.

The spiral wire wraps on the outside of the fuel and blanket rods
and the neutron absorber pins promote sodium coolant mixing and hence
more uniform cladding and duct wall temperatures. The fuel and blanket
assemblies are enclosed in separate ducts to limit the potential ior
propagation of local fuel failures and to promote safety in fuel nandling.

Operational and shutdown control reliability of a high degree is
assured by redundancies and design diversities in the two control systems.
Each system is capable of shutting down the reactor independently of the
other system with the highest worth rod in the operable system stuck.
Scram release for the primary control rod system is located in the mech-
anism and releaset the driveline and control assembly with spring assisted
scram insertion. Scram release for the secondary control rod system is
achieved by release of a oneumatically activated latch located within
the contrcl assembly. A hydraulic scram assist is provided for the
secondary control rod.

Flux detectors are located outside the reactor vessel for con-
tinuous monitoring of the neutron flux level of the reactor core. Thermo-
couples are placed in selected fuel and blanket assembly outlet an( outlet
plenum positions for surveillance of reactor thermal performance.

4.1.6 Loading Conditions and Analysis Techniques

The Reactor System is being designed to withstand the various
loadings which result from the CRBRP Design Duty 'ycle events. Tne duty
evcle events are specified in Appendix B. This specification covers the

event categories of Normal, Upset, Emergency and Faulted Conditions of
Section III cf the ASME Boiler and Pressure Vessel Code. RDT C16-lT,
" Supplementary Criteria and Requirements for RDT Reactor Plant Protection
Systems"., December,1969, is also being applied in the design of the
reactor in accordance with the equivalent descriptions that are summarized

51 in Table 15,1,2-1.
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O
The analysis of the Reactor System performance under the various

loading conditions is being carried out by the extensive use of well
established and accepted computer coaes. Analytical models are being
established for the reactor to determine neutronic, thermal-hydraulic
anc structural parameters for the reference design and will be continued
in the design evolution leading to the final reactor design. Detailed
and interrelated allowances for the changes with time in the properties
of the materials subjected to high-energy radiation and high temperat :res
are being carefully considered and accommodated in the design. Radiation
shielding is being strategically located in the design with the aid of
analysis to assure that the design lifetimes of all materials arid compon-
ents are achieved and radiation streaming is controlled. Comprehensive
tests are planned and are being implemented to assure the validity of
the reactor design and the analysis upon which it is based (Sections
1.5, 4.2.1.3, 4.2.2.4, 4.2.3.4 and 4.4.4).

4.1.7 Computer Codes

The computer codes th't are being used in the neutronic, thermal-
51 hydraulic and structural analysis for the Reactor System and its compon-

ents are included in Appendix A.

O
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TABLE 4.1-1

REACTOR SYSTEM DESIGN PERFORMANCE PARAMETERS

Pa rameter Value

Total Reactor power, MWt 975

Plant Capacity Factor (Availability factor x load
factor) Ultimate /First Cycle, % 75/35

Range of Operation, (% Rated Thermal Power)
(3 Loop Operation) 40 tr 100

Total Coolant Flow Rate (Design Range),
106 lb/hr 41.5 to 47.7

51
M ximum N zzle-to-Nozzle Pressure Drop (At 41.5 x
106 lb/hr, Thermal Hydraulic Design Value), psi 123

Reactor Inlet Temperature, (Thermal / Hydraulic Design Value) F 730

51 Reactor Bulk Coolant Temperature Difference Thermal
Hydraulic Design Value, OF 265

Reactor Mixed Mean Outlet Temperature
(Thermal / Hydraulic Design Value), F 995

Average Breeding Ratio (Initial Cycle)* 1,29

Total Fissile Pu Inventory, Kg (far beginning of life) 1502

Fuel Burnup, Capability Objective, mwd /MT
Initial Core, Peak 80,000

Nuclear Power Peaking Factors
Initial Core, Axial, Beginning-of-Cycle 1.28
Initial Core, Radial, Beginning-of-Cycle 1.18

51 15Maximum Neutron Flux, Total, n/cm /sec 5.5 x 10

Cycle Lengths Initial Cycle (full power days) 128
econd Cyde (full power days) 20051 Later Cycles (full power days) 275

Pressure Drop, psi
Across Core Support Structure (Design) 170
Through Reactor Vessel (Maximum Anticipated) 123

*The breeding ratio is the ratio of the production of fissile plutonium

16 | (Pu-239+Pu-241) to the destruction of fissile material (U-235 Pu-239+Pu-241).
In this definition, Pu-240, Pu-242 and the mass of U-235 up to the weight
fraction found in depleted uranium (0.2%) is not considered as fissile material.

4.1-11
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4.2 MECHANICAL DESIGN

4.2.1 Fuel and Blanket Desi g

4.2.1.1 Design Bases

The fuel and blanket assemblies shall be designed to satisfy the
general performance and safety criteria presented in Section 3.1 by per-
forming their respective functions in a safe and reliable manner over their
design lives. The functional requirements, design and operational require-
ments, environmental and material considerations, and surveillar.ce and
examination requirements to achieve this objective are delineated in the
following subsections.

4.2.1.1.1 Functional Requirements

The primary functions of the fuel assembly are:

1. Provide, protect and position the nuclear fuel of the fast breeder
reactor core type to produce heat for the Reactor Heat Transport
System.

2. Provide neutrons for breeding plutonium in the fuel and blanket assemblies.

3. Breed plutonium in the upper and lower axial blankets.

The primary functions of the blanket assemblies are:

1. Provide, protect and position the fertile material in and around the
core for conversion to plutonium.

2. Produce heat for the Primary Heat Transport System.

Both assemblies shall also be designed to:

1. Provide a compact structural unit that can be moved in and out of the
reactor by the refueling machines.

2. Provide a controlled path for the primary sodium coolant of the Reactor
Heat Transport System.

3. Provide shielding to protect the core support structure from excessive
radiation.

4. Interact with the other core assemblies, core restraint system and
lower internals structure to assure safe and predictable reactor core

51 geometry.
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4.2.1.1.2 Operational and Design Requirements

4.2.1.1.2.1 Operating Conditions

The initial core fuel and inner blanket assemblies for CRBRP have
a maximum required residence time of 328 full power days corresponding to
the first two cycles of operation. (This results in a peak fuel pellet burn-
up of less than 80000 MWD /T in the peak power fuel assembly.) The initial
core radial blanket assemblies have an 878 day (cycle 1-4) lifetime in the
inner row, and an 1153 day (cycle 1-5) lifetime in the outer row. First-core
physics data and thermal hydraulic data (Sections 4.3 and 4.4) are acnerally
used as the basis for the PSAR design analyses. For certain specific analyses,
simplified enveloping environments are used to reduce the complexity of
the calculations.

It is primarily the initial core data needs that are being supported
by the LMFBR fuel technology prograrns. The scope and schedule of the steady
state fuel irradiation program. transient fuel irradiation program and reference
cladding and duct irradiated materials program are provided in the references
164, 168, and the Reference Cladding and Duct Test Plan (provided to NRC 6/7/76)
respectively. When the data from these programs supporting later cycle operation
are available it will be incorporated into the CRBRP FSAR.

During actual reactor operation, the long term damage accumulated by
the fuel and blanket assembly components is expected to correspond to the
damage which would be calculated using time averaged nominal temperatures.

However, in assessing the effects of steady state operation and
anticipated faults (normal and upset conditions), fuel and blanket assembly
component temperatures shall be based upon maximum expected plant operating
conditions and upper 20 level semistatistical hot channel factors. At this
level, there is a 97.5% probability that the corresponding temperatures
will not be exceeded. This is conservative since the calculated damage
accumulation generally increases with temp ature (for example, see Figure
4.2-18, described in Section 4.2.1.2.2 be' ). For the single unlikely and
extremely unlikely faults (emergency and alted conditions), and upper
limit on plant conditions (T&H design valmes) and the 3a uncertainty level
shall be utilized. At this level, the probability of exceeding the calcu-
lated temperature is approximately 0.1%. Because of the life limiting nature
and safety consequences of these types of events coupled with their low
probability of occurrence, this extreme degree of conservatism is felt to
be warranted at this time.

.

During the life of the fuel and blanket assemblies they will be
subjected to non-operational shipping and handling loads. The fuel assembly
shipping loads shall be based on 6g axial and 29 lateral accelerations.
These limits were selected as the basis for FFTF fuel assembly design; sub-

51 sequent shipping tests have shown that the expected values are much lower
'than this.
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The description and results of the tests which measured fuel
assembly shipping and handling loads are given in Reference 70. In these
tests, shock and vibration measurements were made on the fuel assembly
shipping container (a wooden box) and on the floor cf the vehicle trailer
in which the assembly was being transported.

The fuel assembly utilized in this test (the CCTL Mark II assembly)
is similar to the CRBRP fuel assembly in cross sectional configurations ~ and
the fuel rod spacer and support methods. Other differences and similiarities
between the CRBRP fuel assembly and the Mark II assembly are:

1. The CRBRP fuel rods are 21.0 inches longer;
2. The overall CRBR assembly length is the same;
3. The CRBR assembly weight is.128 pounds greater.

Based on preliminary design requirements, it is anticipated that
the CP8RP fuel shipping container will provide even better shock protection
than the box utilized in the tests.

The referenced tests demonstrate:

1. It is possible to transport a LMFBR fuel assembly with maximum shipping
loads to the fuel assembly container far less than those specified,
and

2. The shipping and handling loads experienced by the Mark II assembly
during the test caused no discernable change to the fuel assembly
(Reference 71).

The CCTL Mark 11 fuel assembly and the CRBRP fuel assembly are
sufficiently similar that these conclusions apply to the CRBRP fuel assembly
shipping and handling loads as well.

The maximum shipping load for the blanket assemblies shall be 69
axial and 6g lateral accelerations to facilitate shipment in commercial
coatainers. During in-reactor refueling operations, the maximum fuel and
blanket assembly drop heights are less than 1.5 inches when the assemblies
are correctly located. An incorrectly located assembly cannot be released
by the IVTM. These design limits are based upon the refueling grapple re-
lease mechanism, the assembly outlet nozzle configuration, and the dis-
criminator post geometry.

The normal, upset, emergency and faulted operational conJitions
of the CRBRP Design Duty Cycle (Appendix B) shall be utiliced in evaluating
the fuel and blanket assembly performance potential and safety aspects.
The number of events given in Appendix B for the 30 year reactor life shall
be uniformly applied until the number of events reaches an amount proportional
to the respective assembly design life. The design duty cycle conservatively
identifies the undercooling, seismic, and reactivity insertion events

51
appropriate for CRBRP operation. The appropriate accident conditions of
,Section 15.4 shall also be considered on an individual event basis.
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During the above operational and accident conditions, it is ex-
pected that the fuel and blanket assembly fuel rods would be subjected to a
combination of the following loading mechanisms:

1. Fuel and cladding loading due to differential growth between chese
components shall be considered. Sources of differential growth are
fuel and cladding irradiation induced swelling and creep, thermal
expansion and creep, elastic and plastic strain. As described below,
cladding deformation may Le restricted by the spacer system.

2. Gas released from the fuel during burnup with additional release and
fuel expansion during overpower transients will produce cladding
pressure loadings in the sealed fuel and blanket rods.

3. During steady state operation, secondary stresses will be generated
due to radial, axial and circumferential thermal and flux gradients in
the cladding material. These stresses are generated primarily Ly
variations in local swelling rate; however, they are relaxed by fuel
rod bowing and irodiation creep. During transient events, thermal
stresses due to u.iequal heating or cooling rates may be generated. At
shutdowt, part load, and refueling conditions, residual stresses
associated with the above relaxation mechanisms will be present.

4. Interaction forces between the rod cladding and the wire wrap will be
generated by differential axial and radial growth of the two com-
ponents. Furthermore, differential grov+h between the fuel rod bundle
ar,d assembly duct will transmit compress ivt cladding forces back
through the wire wrap.

5. Fuel and blanket rod flow induced vibration will produce cyclic cladding
and wire wrap stresses. Low-cycle fatigue stresses may also be generated
during certain transients, seismic events, and non-operational shock
loadings.

6. Accident lcadings such as fissicn gas jet impingement or sodium-fuel
interaction for rods are described and evaluated in Section 15.4.
Characteristics of fuel-coolant interaction are describec' in sub-
section 4.2.1.1.3.

As shown in Table 4.2-52 and the exemplary references cited therein,
the above loading conditions are supported by FFTF fuel assembly design eval-
uation and EBR-II reactor operating experience and information from the U.S.
and foreign LMFBR programs. Therefore, as a minimum, these loadings shall be
required for evaluation of the design adequacy of the fuel and blanket assembly
fuel rods. Although not expected at this time, additional loading mechanisms
could be discovered during future irradiation testing and/or technology pro-
grams (see Subsection 4.2.1.5). The impact of any such additional loadings
on design adequacy shall also be evaluated. Reference 60 is provided to
identify loading mechanisms only and is not intended as a reference on actualg
loads. Further information is given in the response to Question 241.68.

O
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In addition to items 3 to 6 above which produce interacting forces
with the assembly structure, the following events shall be considered for
evaluation of the fuel and blanket assembly structures. Again, these are
based upon a review similar to that performed for the rtds.

1. Restraint of assembly bowing (due to differential growth rates across
the assembly) and interaction with other core assu blies and the core
support structure, including seismic loading, through the core re-
straint system.

2. Forces induced by sodium flow and the corresponding pressure drop thrm gh
the assembly. This would include axial lift forces counterbalanced by
assembly weight and hydraulic holddown and pressure differences across
the duct wall, inlet and outlet nozzles.

3. Secondary stresses due to the steady state and transient temperature
gradients through the component thickness. Irradiation induced stresses
in the duct are included in the core restraint loading mechanisms.

4. Maximum push, pull and lateral loading applied through the refueling
equipment.

As in the case of the fuel rods, these loadings shall be the current mimimum
basis required for evaluation.

4.2.1.1.2.2 Design Requirements

For the CRBRP fuel and blanket assembly fuel rod operating con-
ditions and loading mechanisms identified in subsection 4.2.1.1, the following
criteria shall be satisfied on a conservative basis, i.e., assumption of
the maximum expected loading conditions and environment and the appropriate
traterial properties of subsection 4.2.1.1.3. These criteria were selected so
chat the fuel rods will satisfy their functional requirements and performance
objectives in a safe and reliable manner based upon current LMFBR technology.
Further ..Tarmation on the bases of these design requirements are given later
in this Section. The same limits apply to the wire wrap.

It should be noted that the following design requirements are
preliminary estimates based upon available LMFBR technology. These estimates
are currently being evaluated through extensive LMFBR Base Technology and
FFTF development programs which are summarized in suosections 4.2.1.3.1.3 and
4.2.1.5 respectively. As data from these programs becomes available. the
following design requirements may change or the magnitudes of limits associated
with these requirements could change. Ultimately, these may be a single
criterion developed for the FSAR based on the best correlation with the
experimental data. The true measure of performance potential will be deter-

51 mined by the results from FFTF and CRBRP surveillance and post-irradiation
testing.
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1. Curing steady state operation, the primary and secondary thermal
creep strain in the circumferential (hoop) directicn shall be less
than 0.2% for a 2 to 1 stress biaxiality ratio. This criteria applies
primarily to fuel rod cladding and with appropriate stress biaxiality
corrcctions for other rod components.

This strain limit was selected for the design of fuel rods in FFTF in
1970. They were based on available strain-rupture data for 20" cF d
worked and irradiated Type 316 Stainless Steel cladding matetial with
a 0.230 inch outside diameter and 15 mil wall thickness. The alloy

compositionofthematerialcestedwasprototypic(seeRefen.nce74)C,
.

Templug informatior, indicated an irradiation temperature of 525 +25
but structural studies on other material irradiated in the experimentgsuggest the temperature could have been as high as 700 C. All post-

irradiation testing was done at 5501 1 C. The cladding was tested
using internally pressurized tube segments with hoop and axial stresses
(2 to 1 biaxiality ratio) calculated consistent with the thin-walled
approximations of the design procedure. The true circumferential
(hoop) strain which must be uniform through tht cladding thickness,
was calculated based upon diameter measurements at four circumferential
locations using the expression:

c=ln(d /d )j g

Where, d = original mean diameter af ter irradiation, but before
U

testing, and

d = mean diameter after irradiation and testing.j

Therefore, any deforiaation occuring in the rez.ctor, which would be
expected to be insignificant for the low levels of irradiation, would
be obviated by utilizing d in the ratio rather then the as-fabricated

Udiameter. For the maximum measured strain of 2.5%, the true circum-
ferential strain is approximated by (d. - d )/d within an accuracy

lof 1.2%. Figure 4.2-1 shows diametral rupt8re 9 trains plotted as a
function of rupture time. The figure includes the original data ob-

U
tainedfrommaterialirradiatedatabout10g0Figthe.Do9nreayfast# 2Reactor (DFR) to a total fluence of 3 x 10 n/cm or +2.6 x 10 n/cm
for E > 0.1 Mev. The dashed curve shows an extrapolation of the data
to a fuel rod lifetime of approximately 10000 hr. At this maximum time,
the diametral creep rupture strain would be 0.7 percent. Based on
this 0.7 percent limit, a value of 0.2 Dercent hoop strain was selected
to cover steady state operation.

Within any reactor (DFR, EBR-II or CRBRP) thermal creep can only be
distinguished from irradiation creep if one fom of creep is essentially
nonexistent. This could occur in a high temperature very low flux
environment, where thermal creep predominates, or in a low temperature
high flux environment where irradiation creep predominates. With re-
gard to the data of Figure 4.2-1, the creep strain shown is only the
amount of thermal creep measured during post ircadiation testing. More

51 details are provided in the following paragraphs.
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Since the reporting of the above DFR information in 1968, more biaxial
rupture strain data has been obtained for prototypic FTR cladding from
EBR-Il i rradia tions. These data in Figure 4.2-1 show tha t the long
term creep rupture points in general still indicate that steady state
strains of up to at least 0.3% could be attained at maximum fuel burn-
up without failure and indicate a safe margin against failure for the
design limit of 0.2: hoop strain.

A preliminary indication that the 0.27 thermal creep strain limit in
conjunction w;th the strain calculation procedure described in Section
4.2.1.1 and sunmari ed in Table 4.2-A, is conservative relative to life-
time prediction is given in Reference 75. This reference used a pro-
cedure similar to that of Table 4.2-A to calculate the design life-
time of 20: cold worked 316 stainless steel clad fuel rods irradiated
in EBR-II over a temperature and burnup range encompassing CRBRP
ope ra ti on. The orototypicality of the design and operating conditions
of the EBR-II experimental fuel pins is demonstrated in Table 2 of
Reference 75. The major differences in the procedure used for experi-
mental verification and the design procedure of Table 4.2-A are:

Nominal, rather than hotspot temperatures were utilized,
strain due to raciai ot>mperature gradient was neglected, and
no fuel loading was considerca.

Even with these assumptions, the procedure and the corresponding strain
limit, vere shown to be conservative as summarized in Table 4.2-B.
In the last two cases where the post irradiation examination is in
complete, preliminary evidence suggests that cladding fretting and
wear may have been significantly in excess of the design wastage
allowance. This was because these EBR-Il experimental assemblies had
bundle to duct porosities well in excess of the current design given
in Section 4.2.1.2.

Tc determine the primary and secondary thermal creep stra; limit for
other stress biaxiality ratios, the curves on Figure 4.2-1 A are being
utilized for preliminary design. Only the largest component of strain
hoop or axial is considered. For a given stress biaxiality ratio,
the strain correction factor for the largest strain component is
read from Figure 4.2-1A. This factor is then multiplied times the
0.2^4 strain limit to obtain the limit for the maximum strain component
for the given biaxiality ratio. For e mple, for a rod component
in pure axial tension, the axial strain component is the largest.
For this stress biaxiality ratio (0/l), the strain correction factor is
s3.0. Thus, the limit for the primary and secoridary thermal creep strain
in thr: axial direction for this component is 3.C x 0.2; or 0.6L

The curves in Figure 4.2-1 A are discussed in Reference 95.

For a thin, internally pressurized cylinder, the circum'erential to
51 axial stress ratio is 2 to 1. See, for example, Reference 96.
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For the purpose of fuel rod performance analysis, the calculated cladding
strain is not directl'j related to the measured cladding strain at any
given time. Instead, for a given set of environmental conditions, the
cladding strain is calculated as a function of time to determine the
time required for the cladding to reach the appropriate strain limit.
This time is considered to be the maximum fuel rod design lifetime as
determined by the strain criteria for the given conditions. To verify
this performance evaluation method, calculated fuel rod lifetimes
have been compared to the actual lifetimes of fuel rods exposed to
a particular environment. These comparisons have indicated this
technique for calculating fuel rod cladding lifetimes to be con-
servative.

The radial blanket rod cladding experiences a lower stress level over
a longer period of time, resulting in a lower creep rate than in the
fuel rod cladding. Figure 4.2-2 which was used in selecting strain
limits shows the diametral strain at failure as the function of
the average deformation rate. The deformation rate of radial
blanket fuel rods is only 20: of the deformation rate of the core fuel
, ad. Assuming that the core fuel rods will fail with 0.T diametral
strain then Figure 4.2-2 shows the radial blanket with a 20L lower
strain rate will fail with 1/2 this strain of 0.35%. The maximum
allowable steady state ductility limited si~1in is set at 0.l' for the

radial blanket rods. For the inner blanke rods a 0.2t strain limit
is utilized since the inner blanket rod lifetime does not exceed that
of the fuel rods.

To maintain fuel rod cladding integrity during the faster acting
transients, the design limit of subsection 15.1.2.2 must also be
sa ti s fied. That is, the total thermal creep strain and plastic strain
dccumulated during steady state operation, all operational (upset)
events and the worst minor incident (emergency event) shall be less
than 0.3 at a 2-to-1 stress biaxiality ratio. Plastic strain accu-
mulation shall be calculated using the bilinear stress strain curve
approximation described in subsection 15.1 2.2. In keeping with the
lower design limit for radial blanket rod steady state cladding
strain, t'm design basis strain limit for oldial blanket rod steady
ctatc and transient operation shall be u.c . Again, the fuel rod design
limit (0.3%) is applied to the inner blanket rods since their life-

time does not exceed the fuel rod lifetime.

2. During steady state operation, the power (and corresponding fuel
temperature) in the peak power fuel and blanket assembly rod shall be
less than the minimum value for incipient fuel melting with a 151
overpower margin. The purpose of this requirement is to provide some
margin between the nomal operating power level required to produce
incipient fuel melting. This is not meant to imply that incipient
fuel melting is, in itself, detrimental. Rather, by providing such
a margin, the task of terminating severe transients, in which gr 7ss

51 fuel melting can be important, becomes easier.,
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One .f ''a design guidelines to cssure conservative design of the
CRBP .e and operatioral margins no inception of fuel melting
under steady state or_ ration up to i s5t of rated power. Conse-
quently, the P12nt Protection System and the Control System limits are
established to assure that the above criterion is not violated. In
fact, the CRBR3 power can increase by : mnimum of 7% and a maximum of
15% over the rcted level (975 MWt) without causing reactor trip. At
1152 power level, the reactor will be tripped over a high flux signal.
Therefore, fuel temperatures and linear power ratings have been calcu-
lated under the maximum possible overpower c o ditions to assure that
the no-melting criterion was satisfied.

3. Ductility limited strain components include only thermal creep strain
(covered in item 1) and plastic strain. Therefore, to maintain a total
ductility limited strain cf less than 0.27 consistent with item 1, no
plastic strain is allowed during steady state operation. The design
limit for steady state operation is that the primary equivalent stress
must remain below the proportional elastic limit or alternatively 90 per-
cent of the yield strength.

Irradiation induced creep and swelling are currently believed to be super
plastic phenomunon and thus not ductility limited. Although LWR experience
with Zircalo:-2 cladding indicated that irradiation creep strains on
the order of 10: were achievable without failure, it had becn postulated
that there might be a limit on either total cladding strain (as measured
by profilometry) or on inelastic strain which is total strain less one-third
the volumetric change due to swelling (as measured by immersion density).
However, as of this time no unique limit or sets of limits can be identified.

for total strain, swelling induced strain or inelastic strain which is
primarily irradiation induced creep. Table 4.2-ilA summarizes the failures
of EBR-Il irradiated fuel pins clad with 300 series austenitic stainless
steel which have been characterized. These failures are described in
Section V.E of Reference 101 and Reference 158. Table 4.2-llA shows a
wide variation in both total and inelastic strain at breach, prcbably due
to the lack of consistent breach causes. Furthermore, Figure V.E.2 (fcr
PNL 5-1) of Reference 101 and Figures 7, 8, 9, anc 10 'EBR-II Driver
Fuel) of Reference 133 clearly show that cladding breacn did not occur
at the axial locations with either maximum totar strain or maximum inelastic
strain. Finally, recent rt ults from the Reference Cladding and Duct
Irradiated Materials Program, Task A, Mechanical Properties, reported in
Reference 159, support the design position that prior irraciation creep
is superlastic and thus uct damaging. Simulated transient testing was com-
pletedat1500Fon10<gcimensfromX-157BandX-157C,whichhadbeen
irradiaty at 7g0 to 1000 F under 0 to 60,000 psi stress to fluences of
1.1 x 10 n/cm . The failure strengths during the postirradiation transients
for the unstressed specimens were not significantly different than those
of the stressed specimens which had accumulated up to if irradiation

51 creep strain.
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4. While irradiation induced fuel rod and wire wrap deformation is not
ductility limited, it is deformation limited by the following re-
striction. Flow channel closure due to fuel rod bowing and differential
radial growth of the fuel rod, wire wrap and duct shall be limited by
the flow area reduction used to derive the thermal hot spot factors
of Section 4.4. This requirement is necessary to preclude locally
damaging bc t spots in excass of those considered in the design basis
of subsection 4.2.1.1.2.

The hot spot factor referred to here is the statistical factor on
coolant ubchannel flow area where a subchannel is the region between3 adjacent fuel rods. Therefore, the effect at 30 confidence of the
statistical combination of fuel rod bowing, nominal geometry variations
and differential radial growth vaiations along the length of the sub-
channel shall not produce a variation in the hot subchannel coolant
temperature rise at the core outlet greater than the value accounted
for in the hot channel factor.

It woald be inappropriate to provide only a maximum value or irradiation
induced deformation which would account for the full hot spot uncer-
tainty. The coolant temperature at the core outlet is the result of
integrating all geometric and thermal variation over the lower length
of the rod bundle in both the hot channel and in neighboring channels.
Therefore, the irradiation induced deformation must be evaluated with
all other geometric and thermal variations considered.

Fuel rod bowing in combination with irradiation induced deformation
and other geometric and thermal variations such as manufacturing
tolerances shall be evaluated against this limit.

5. To insure structural integrity up through an unlikely fault the cumulative
mechanical damage function (CDF) for the fuel and blanket rod claddingshall be limited by

M ~ N
-

[ [ alAL)
+ + LL # Ij ,5 E * =t g)j=2 _ =1 ,

i '

where

al) = C0F increent due to steady state operation,

M-1 = number of different types o f upset events,

thN. = number of occurrences of the j type upset event,
J

5 thal . . = CDF increment due to the i occurrence of the j
J'' type event,

E = total uncertainty in the CDF,
t

51 ALE = CDF increment due to the single unlikely fault.
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As shown, the CDF considers normal steady state operation, the ex-
pected number and types of upset events end the life limiting
emergency transient. A description of the CDF procedure and the
related criteria is given in subsection 15.1.2.1.

An example CDF analysis is illustrated in Figures 4.2-18 through 4.?-23.
For this example analysis, a fuel rod was subjected to a hypothetical
steady state environment, and a transient duty cycle which included the
transient cladding temperature histories shown in Figures 4.2-19 and
4.2-20.

The CDF due to the steady < tate environment and the combined upset events,
which essentiall; give no editional damage at the three levels of uncer-
tainty, are shown in Figure 4.2-18 for the example problem. At the design

level. excluding any emergency events, the expected failure would occur
at 540 full power days. However, at the lesser levels of uncertainty
an 800 day lifetime is achievable.

This example cladding CDF evaluation assumes the upset transients are
applied at equal time intervals throughout cladding life, with the emer-
gency event applied at end-of-life. Cladding temperature increases
during all transients were set equal to the maximum beginning-of-life values.
Degradation of the cladding materials properties due to the environment
at the time of transient occurrence was included in all CDF calculations.

The transient limit curves (TLC's) for the case in questioa are shown in
Figures 4.2-21 and 4.2-22. The TLC's in Figure 4.2-21 are for any under-
cooling emergency event within the indicated time envelope of Figure
4.2-20, i.e., a 25 second transient followed by a 2 minute coastdown to
equilibrium. The curves show, at the three levels of uncertainty, the
time dependent peak cladding temperature expected to cause failure during
undercooling event.

The family of TLC's shown in Figure 4.2-22 are for any rapid reactivity
insertion <1 second in duration. These curves show, at the maximum level
of uncertainty, the combinations of peak cladding temperature and fuel-
cladding contact pressure expectad to cause failure.

As discussed in Section 15.1.2.1, the general time dependence of the
TLC's results from the comt'ined effects of the folicwing continuing
phenomena:

(a) the build-up of firsion gas,

(b) the degradation of mechanical properties caused by interstitial
loss,

(c) the effective clad thinning caused by the growth of the depleted
substrate (ferrite layer) and the fuel-clad reaction zone,

(d) the degradation of mechanical properties due to prior mechanical
history including that from steady-state operation and the

51 umbrella ~ upset events.
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(e) the steady-state temperature change due to burn-up and control
rod movement with residual time.

It must be emphasized that the above TLC's are restricted to:

(a) the fuel rod steady state environment assumed in this example
problem;

(b) the classification of the upset events in the derivation;

(c) the time envelope considered.

The generality of the TLC's not withstanding, a specific emergency event
was analyzed via direct application of equaticn (22) in Section 15.1.2.1.
In this case the limiting emergency event was taken to be that given in
Figure 4.2-20 (notably, this is the identical time envelope used for the
TLC's).

Importantly, the analysis of this particular event is not meant to imply
that it is the most limiting in its category; rather, the ir.tention is
to provide a benchmark solution to which other emergency events may be
compared, in the future, vis-a-vis the TLC's.

The example ccmbined CDF's from steady-state operation, from the upset
events and from the above emergency event are shown in Figure 4.2-23.
As shown, the umbrella emergency event would cause failure, at the design
level, at 485 full power days *, this includes 26 slow reactivity insertions
and 18 undercooling (upset) events.

For nominal material properties, a 700 day lifetime is readily achievable.
Thus, as measured in operating time, the total uncertainty for this event
exceeds 200 full power days. This uncert e ty is the effective design
margin associated with this particular analysis (i.e., s 284 and is
indicative of the design margins typically obtained through the CDF pro-
cedure.

It is emphasized that this CDF analysis is an example for illuss. tive
purposes only; the CDF analysis of the CPBRP fuel rods is presented
in Section 4.2.1.3.1.2.1.

*At this tima the peak clad temperature at the end of the transient period is
1505 F. Thus, the above expected failure time woulJ have been obtained directly

51 from the TLC in Figure 4.2-21.
,
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In the classical sense, the safety factor is a number greater than
unity, which is divided into a material property (e.g., ultimate
strength) to obtain a design limit below which a particular design is
expected to operate. For example, for a stress limit based on the
ultimate strength, we may specify.

"dl 1 .

where o is the design limit for the operating stress for a specific
envionrbnt, S.F. is the safety factor, and, for this example, uit isthe material ultimate strength. Assuming the design loads are accurately
and/or conservatively known, this safety factor is a measure of the un-
certainty in the values of the materiais properties used in the design
limit calculation, i.e., the safety factor approaches unity as the con-
fidence in the materials property values increases. Equation (3) may
also be written

(S.F.)e
F(o)= ~< l .0 (4)

#ul t

In general, if the part in question is subjected to a time varying environ-
ment, F(o) will also be a function of time. Note that in this case,
the factor of safety is contained in the expression for F(a) rather
than in the 1.0. Thus, if for some reason the factor of safety were
to change, we would not change the 1.0, but would rather change the
value of F(o) calculated for a given time.

Equation (4) is analogous to the CDF limit in Equation (1). However,
unlike the simple example of equation (4):

a. The CDF is a complex function of several material properties, and

b. The CDF does not utilize the classical safety factor concept, i.e.,
a single valued, simple factor applied to the various materials
properties. Instead, the CDF procedure calculates statistically
the time varying worst expected values of the pertinent materials
properties at a given level of confidence, and uses these worst
expected materials properties to calculate a maximum expected CDF

51 at that level of confidence as a function " time.
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The relationship between the classical safety factor and the statistical con-
fidence limits used in the CDF is difficult to define explicitly bec;use
the concepts are mathematically completely different. Roughly speaking, the
ratio of a CDF value calculated with worst expected materitls properties to the
same CDF calculated with nominal materials properties is analogous to a safety
factor which would be applied to the nominal CDF. However, this ratio is time
varying, and is not used directly in fuel rod performance analysis. If desired,

such " safety factors" can be calculated from Figure 4.2-18. In this Figure,
the ratio of the upper curve CDF values to the middle curve values represent
a time varying safety factor based on materials properties alone The ratio
of the upper curve CDF values to the lower (solid line) curve vakes repretent
a time varying f actor of safety which includes uncertainties in the applied
loads as well as material properties. The uncertainties in the applied loads
are considered separately from the CDF analysis (see Section 4.4). A definitive
discussion of the techniques used in the CDF procedure to calculate statistically
these worst expected values is given in Section 15.1.2.1.

6. As of this time, the cumulative damage analysis tec|nique does not con-
sider fatigue effects. For cyclic fatigue due to transient and seismic
events, vibration, handling and part load operations the criteria will
be of the form:

CDF + < l.0 (2)
I

where

CDF is the cumulative damage function of item

is the number of event; at a given stress or strainn j
range,

N; stress or strain range,is the allowable r. umber of events at the corresp.,nding

i is the index on the different types of events expected
over the design life.

If necessary, the appropriate fatigue component will be added to the CDF.
5)
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7. As a design guideline, the maximum cladding midwall temperature during
an emercency event shall be less than 1600 F for any extended period
of time (on the orde of minutes) (the term " design guideline" is de-
fined in the response to NRC Question 241.85). The rationale for this
guideline is the lack of long term tensile and creep rupture data be-g
yond 1600 F. Transiegtsofshortduration(ontheorderofseconds)
and in excess of 1600 F, ore felt to be within the extrapolation capa-
bility of the CDF analysis, since recent data on irradiated prototypic
cladgingindicateshorttermfailureattemperaturesmuchhigherthan
1600 F.

8. For faulted conditions, the required coolable geometry is achieved by
maintaining the sodium temperature below its boiling point, saturation
temperature at the existing pressure. As described in subsection 15.1.2.2
and 15.1.2.3, this criteria is expected to preclude cladding melting.

The analysis results of Section 4.2.1.3.1.2 showed that no coolani. boiling
occurred for the worst umbrella transient conditions in the fuel assembly.

The cladding stress, strain, and deflection limits given in the fuel rod design
criteria elsewhere in this Section are design limits chosen to preclude
failure. If these limits are exceeded, cladding tailere and/or coolant
boiling does not necessarily occur. The conditions in the fuel assembly
corresponding to a specific transient event must be calculated to determine
if coolable geometry (i.e. , no coolant boiling) is maintained during that
event.

4.2.1.1.2.2.1 Fuel and Blanket Assembly Structural Component Design Criteria

For the CRBRP fuel and blanket assembly structural components and
the operating conditions and loading mechanisms identified in subsection
4.2.1.1.2.1, the criteria listed in Table 4.2-7 shall be satisfied on a con-
servative basis, i.e. , assumption of the maximum expected loading conditions
and environment and where appropriate, worst case material properties. These
criteria were selected so that the assembly structural components (excluding
the previously covered fuel rods) will satisfy their functional requirements
and performance objectives in a safe and reliable manner. As for the fuel
rods, the design requirements of Table 4.2-7 are preliminary estimates based
upon available LMFBR technology and are subject to change as results from the
LMFBR Base Technology and FFTF development programs become available.

The CRBRP structural criteria require special consideration of nuclear
fluence effects at elevated temperatures in a liquio sodium environment. The
proposed Structural Design Criteria for Breeder Reactor Core Components pro-
vide guidelines to cover the combined effects of irradiation at elevated
temperature, but recognize that specific structural criteria in terms of de-

51 formation limits which assure the functional requirements of a core component
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can only be specified on a case-by-case basis. The CRBRP structural criteria
and limits were therefore formulated in accordance with the general rules
and guidance provided in the RDT Draft for Breeder Reactor Core Components,
(Reference 174) but were modified to include additional safeauards and to more
properly reflect the fuel and blanket assembly functional requirements as
'dentified in the Equipment Specification.

In accordance with the RDT draft rules and guidelines, the CRBRP
fuel and blanket assemblies are considered Class B Breeder Reactor core com-
ponents which require a high level of assured structural integrity in pro-
tecting against crack initiation, elastic / plastic / creep instability, and
excessive deformation so as to satisfy reliability and functional require-
ments during Nonnal, Upset, Emergency and Faulted conditions specified for
the reactor core. A sumary of the failure modes protected against by the
CRBRP core component criteria are as follows:

o Crack initiation caused by ductile rupture from combined short and
long term loading,

Crack initiation caused by creep-fatigue interaction under combinedo

short and long term loafing,

'lastic/ plastic / creep instability causing gross distortion or incrementale

collapse under short and long term loading, and

e Loss of reliability and function due to excessive deformations under
short and long term loading.

The fundamental difference between RDT draft rules for Breeder Re-
actor Core Components and the CRBRP structural design criteria is that crack
initiation and elastic / plastic / creep instability failure modes are only of
significance if the loss of function expressed in terms of excessive deformation
limits are not exceeded. Alternately, crack initiation and elastic / plastic / creep
instability failure modes which occur at deformations which exceed the defor-
mation limits necessary to assure function for the specific core assembly region
evaluated are not relevant. Accordingly, the CRBRP inelastic structural
criteria were formulated on the basis of assuring that crack initiation and
elastic / plastic / creep instability failure modes would not occur before defor-
mation associated with functional limits are exceeded. The protection
against elastic / plastic / creep instability failure modes prior to ex-
ceeding deformation limits was assured by requiring large deformation
non-11near analysis for core assembly regions subjected to mechanical
loads which are energy unbounded and load controlled. Conversely, for
core assembly regions with thermal loads which are energy bounded and
deformation controlled, non-linear small deformation analysis is required.
In this arrangement, the structural integrity of the CRBRP core assembly
regions reduces to assuring that crack initiation failure modes would
not occur before limits on excessive deformation failure modes wereexceeded.

51
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The detailed formulation of the design criteria of Table 4.2-7 and
the conc'itions for which they are applicable, are given in the CRBRP fuel
assembly stress report, Reference 171.

4.2.1.1.2.3 Requirements for Design Features

In addition to the preceding operational requirements, specific
design features shall be incorporated into the fuel and blanket assembly
designs to preclude the accident conditions discussed in Chapter 15.4 and
any detrimental effects which could adversely affect the attainable design
life.

1. Sufficient constraint shall be applied to the fuel and blanket rods
to minimize fretting and wear at the support points.

2. The fuel and blanket assembly materials shall be compatible with ad-
joining materials and environmental condi' ions during their design
1ifetime. Where potential for excessive galling or self-welding exists,
mating components shall be hard coated.

3. The relative location of the pellet column within the fuel and blanket
rods shall be maintained during shipping to prevent damaging reactivity
fluctuations during start-up by utilizing a properly designed axial
spring support system.

4. The assembly axial support system shall maintain fuel and blanket assembly
axial positions under all steady state and transient operating con-
ditions, while providing for differential thermal cxpansion of the
internalstructuresandtheirradiationinducedexpansionoftheassgmblies.
With the current CRBR baseline design, the limit is 2.5 inches at 70 f.

5. The inlet nozzles for the assemblies, in conjunction with the reactor
internals, shall be designed with sufficient aperture redundancy to
preclude total inlet blockage and to provide for adequate cooling even
after total blockage of one inlet passage.

6. To prevent loading of a fuel or blanket assembly into a position where
it is undercooled, the following situations must be prevented by a
properly designed discrimination system.

a. Fuel assembly insertion into a position which it would be under-
cooled, i.e., a position in which more coolant flow through the
assembly is required for heat removal than can be admitted by the
flow orifica in that assembly or receptacle.

b. Fuel assembly insertion into positions in the core that are pro-
vided for the control rod assemblies, blanket assemblies and re-
movable shield assemblies, except for those positions where fuel

51 and inner blanket assemblies are intentionally interchangeable.
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Blanket assembly insertion into positions that are provided forc.
control rod assemblies, removable shield assemblies, or fuel
assemblies, except for those positions wnere fuel and inner
blanket assemblies are intentionally interchangeable.

4.2.1.1.3 Environmental and Material Considerations

The following design basis material properties shall be used for
assembly design and analysis either directly or by modification of previous
material property correlations.

Post irradiation test data do not represent in-reactor environ-
ment; they provide a conservative measure of in-reactor degradation effects
as discussed below.

The major effects of in-reactor degradation are the enhancement of
thermal creep rate and the reduction of tensile properties (strength and
ductility) and creep rupture strength. As discussed in the Sections be-
low, the causes of this degradation are depletion of interstitial elements
due to sodium exposure and damage due to irradiation. Since the mechanical
properties affected by in-reactor degradation cannot be physically monitored
during reactor operation, post irradiation testing is required to obtain the
appropriate data.

The use of post-irradiation test data for design-basis degradationeffects is conservative. For interstitial loss and i. radiation effects, the
degradation is zero upon reactor insertion and reaches its maximum value at
the end of a given residence time. It is at this maximum level of degradation
that post-irradiation test data, which is used as the design basis, is
acquired. Furthermore, if the test material was irradiated in flowing sodium,
any synergistic interaction of irradiation and interstitial loss would be in-cluded in the post irradiation test data.

As an example, assume that the loading causing damage in-reactor
remains constant. Then for this example, the cladding damage ratio would be
represented by:

f/[R(t)dtDR=

where: 1 = in-reactor residence time, and

R(t) the variation in degradation with time, t.=

This damage ratio is a measure of the cladding damage averaged oyerthe in-reactor residence perind. It is further assumed that the actual in-re-actor degradation is linear with time, ie:
51

RACT(t) =R t/1
EOL -
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Thus, for an actual irradiation period, the damage is

[E_0_L_
t

DR =1/ RACT(t) dt 1 1 EOL dt ==

ACT f
t T O T 2

using the assumptions given above.

However, for performance analysis studies, the design baais de-
gradation determined from post-irradiation testing corresponding .o
residence time t is assumed to be:

RDES(t) R=

EOL

Thus, for design performance analysis studies, the damage ratio is:

f/'Rdes(t) dt =RDR *
EOLDES

g

utilizing tha assumptions given above.

Figure 4.2-1B shows the comparison of the actual and design basis
damage ratios. The design basis cladding damage ratio at end of life is
twice that actually accrued assJming time liner degradation. Using the
same logic, similar results can be derived with any non-linear in-reactor de-
gradation which increases. Thus, the application of irradiated materials
properties in this manner to design performance analysis gives conservative
results.

4.2.1.1.3.1 Irr&diation Induced Creep and Swelling

The stress tree swelling equations used in the CRBRP fuel and blanket
assembly analyses are shown in Figure 4.2-3, while the irradiation induced
creep and stress enhanced swelling equations which were used are given in
Figure 4.2-4.

In the cladding analysis, irradiation induced creep is considered
as a significant defonnation mechanism. However, it is not currently
considered to be ductility limited as stated in fuel rod design requirement
4 of Section 4.2.1.1. To date, there has been no evidence that prototypic
cladding material will breach when a certain level of irradiation induced
creep is exceeded.

4.2.1.1.3.2 Creep Rupture Properties and Thermal Creep

Creep rupture properties include primary and secondary thermal
51 creep rates and rupture stress as a function of time. They are used primarily
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to evaluate cladding integrity either by inelastic strain accumulation or cumu-1

lative damage analysis (see Section 15.1.2). Thermal creep is an insignifi-
cant deformation mechanism when compared to irradiation induced creep and
swelling.

For conservatism, the thermal creep correlation for solution annealed
316SS is also used for 20? cold worked material for evaluation against the
strain criteria. The thermal creep correlation is given in (Ref.1). The
rupture strength-time correlation used for cumulative damage analysis is
described in subsection 15.1.2.1.

4.2.1.1.3.3 Tensile Properties

Tensile properties used in the evaluation include the modules of
elasticity, proportional limit and ultimate tensile strength. The unirra-
diated modulus of elasticity is reported for both solution annealed and 20?
cold worked 316SS in (Ref. 153). The proportional limit and ultimate strength
variation with temperature and irradiation are given in subsection 15.1.2.1.

4.2.1.1.3.4 Claddino Wastaae

Cltdding wastage is a broad term used to denote both material loss
and degradation of properties due to the high temperature, high energy neu-
tron flux, and sodium environment. Various mechanisms that have been identifiedinclude:

Loss of material and surface depletion (chromium and nickel) due toa.
sodium corrosion.

b. Internal cladding attack by redistributed fission products.

c. Loss of material due to fretting and wear.

d. Degradation of material strength due to loss of carbon and nitrogen.

Decrease in time to rupture and material strength due to irradiation.e.

f. Manufacturing tolerances and defects.

The wastage associated with inelastic strain analysis is as follows:

1. Sodium corrosion allowances (item a) are consistent with the time and
temperature dependent material loss of the LIFE-III National Fuel Rod
Performance Code (see following subsection).

2. Allowances for fission product attack (item b) are consistent with the
3

burnup and temperature dependent material loss of the LIFE-III code.
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3. Tolerance and defect allowances (item f) are consistent with CRBRP
cladding drawing tolerances and inspection techniques.

4. Other allowances (items c, d, and e) are simulated by an additional
2 mil material 1 ass at 80,000 MWD /T peak burnup, use of solution
annealed rather than cold worked thermal creep equations and a factor
of t3 on rupture strain. These allowances are consistent with FFTF
fuel rod analysis assumptions.

In the context of fuel rod design, cladding wastage rates are
utilized in the various analytical models which are used to evaluate fuel
rod performance under a variety of expected environments. If the various para-
meters used in these analytical models are inadequate (including cladding
wastage), the experimentally determined fuel rod perfonnance will be less
than that predicted by the models. Thus, the ultimate adequacy of the cladding
wastage allowances are determined comparing experimental fuel rod performance
and fuel rod performance calculated by the criteria of PSAR Section 4.2.1.1.2.2.

In this manner, the comparison of the analytical and experimental
fuel rod performance presented in Section 4.2.1.1.2.2 confirms the adequacy
of the cladding corrosion and wastage allowances. If these allowances were
inadequate, i.e., if the cladding corrosion and wastage rates were appreciably
greater than assumed, the fuel rods subjected to steady state tests would have
failed sooner than predicted by the analysis. However, as noted in Section
4.2.1.1.2.2 for the cases where the experimental fuel rod assembly ?orosities
were prototypic of CRBR values, the burriups attained by the fuel rods under
steady state test conditions were well in excess of the calculated burnup.

Further verification of the adequacy of the cladding wastage allow-
ance is found in the results of FFTF fuel rod transient tests. These tests
are described in detail in Reference 57; the pertinent results are given in
Tables 4.2-D and 4.2-E. For these tables the cladding strain limit criteria
and the calculational techniques outlined in Reference 57 were used to calc;-
late the expected rod failure limits. Cladding wastage effects were included
in these calculations. Again, if the assumed cladding wastages would have been
adequate, the tested rods would have failed at levels below those pre-
dicted by analysis. As shown in Tables 4.2-D and 4.2-E, only one of the rods
tested failed below the predicted levels. This single failure appears anomalous,
since a rod subjected to the same pre-transient environment but twice the
transient stress level than this rod failed at higher temperatures. Thus,
both steady state and transient test results indicate the design wastage allow-
ances are adequate.

Neutron hodoscope data from HUT tests 5-3A and 5-58, and a very re-
cent LASL experiment (PINEX) qualitatively demonstrates that the time for fuel
pin cladding failure as indicated by the thermocouples in the capsules corres-
ponds directly with actual, real time observation of cladding failure. De-
tailed analyses of these data which quantitatively supports this conclusion

51 is included in Reference 173.
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For cladding sumulative damage analysis, the treatment of wastage
is reported in s'bsection 15.1.2.1.

Fretting and Wear

The fuel rod cladding design-basis wastage allowance for fretting
and wear ref(rred to above is as follows:

0.5 mil at beginning of life for either fretting and wear or claddinge

scratch.

2.0 mils per 80,000 MWD /MT burnup 1inearly applied during 1ife fore

fretting and wear.

Although the 2.5 mil wastage at end of life would be localized cir-
sumferentially near the wire wrap interface, it is conservati';ely applied
to the full 360 degrees of cladding outside circur,ference.

The magnitude of the fretting-wear wastage allowance was based upon
316 stainless steel oin-disk tests performed in sodium at Westinghouse
Research Laboratories (Reference 76). The oscillatory pin (6 cycles per
minute) was 0.25 inch in diameter and ground to a 4-inch hemispherical radius.
The disks were machined from bar stock with a flat test face dimension of0.67 inch by 0.75 inch. Sodium oxygen content was less than 5 ppm. Average
wear depths for prototypic loads and sodium temperatures are qiven in items 1
to 4 of Table 4.2-C. Similar tests at Karlsruhe with higher loads and cycles
subsequently indicated a similar wear depth, Reference 77 and item 5 of Table
4.2-C.

The above data are nonprototypic with regard to geometry; the pin-
disk tests were primarily intended to simulate fretting wear betreen fuel rod
cladding and a spacer grid support system. However, fretting- ar tests
utilizing prototypic cladding and wire wrap geometry have been p rformed in
sodium (3-5 ppm oxygen) at LMEC (Reference 78). As the data (itenc 6 to
11 of Table 4.2-C) are similar to the preceeding 1000 cycle data, it is
believed that the major portion of the wear depth occurred during the early
stages of the test and that it is not extremely sensitive to geometry.

The major driving force for fretting and wear in wire wrapped
assemblies has been ascertained to be a combination of individual fuel rod
and overall rod bundle flow induced vibration. This premise arises from the
behavior of loosely packed rod bundles irradiated in EBR-II. For a given
fuel rod geometry, flow induced vibration is in turn controlled by coolant
flow velocity, wire wrap axial pitch and tho amount of porosity per fuel rod
ring in the rod bundle. The following features are being incorporated into
the fuel assembly design to minimize flow induced vibration and the potential
for fretting and wear:

1. The CRBRP utilizes 6 discrete flow orificing zones within the fuel
51 assemblies so that overcooling (flow velocities higher than necessary)

is minimized.
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2. The shield block exit geometry and rod attachment assembly are designed
to pro. note uniforn flow distribution across the inlet of the fuel rod
bundle.

2. The axial pitch of the fuel rod wire wrap is 11.9 inches, the same
as FFTF.

4 The radial porosity between the fuel rod bundle and the duct is
minimized by the selective assembly techniques described in Secticn
A.2.1.2.2.

The adequacy of items 3 and 4 in controlling fuel rod cladding fretting
and wear has been confirmed in the prototypic EB?.-II experimental sub-
assemblies P13, Pl4, and P14A.

The purpose of the EBR-Il experimental subassemblies P13, P14,
P14A is included on page VC-46, and page III.C-3 of PSAR Reference 101.
The irradiation schedule for these tests is included in Reference 162,

page A-23. These tests have been completed and the assemblies have been
examined. In a topical report, " Flow Induced Vibration of Fuel Rods in
CRBRP", the relevance of these data for the CRBRP design in conjunction with
other tests is discussed. This topical report was submitted in February, 1977.
Examination of the P13 and P14 test assemblies revealed that a decrease of
the radial porosity bctween the fuel rod bundle and the duct in these test
assemblies did indeed prevent significant cladding and wire wear. The results
from these tests are used to set the rod bundle porosity. Final confirmation
will come from the FFTF operation or CRBRP surveillance. The results of these
examinations and the testing status were reported at the "CRBRP Fuel fleeting"
with NRC, October 13 and 14,1376 in Bethesda,flaryland.

4.2.1.1.3.5 Effects of Fuel and Cladding Swelling

As noted in subsection 4,2.1.1.2.1, fuel-cladding interaction due
to differential fuel and cladding swelling is a design basis operating con-
dition. The magnitude of the fuel cladding interaction is to be calculated
using the LIFE code which evaluates the thermal and mechanical effects cf both
the fuel and cladding as well as their interaction. This code has been adopted
as the national LMFBR fuel pin performance code. All cladding material pro-
perties as well as the following fuel properties have been jointly agreed to
by the National LIFE committee which includes representatives of DOE /RRT, AI,
AHL, GE, HEDL and U-ARD:

a) fuel mechanical properties including the effects of fuel cracking and
subsequent healing,

b) fuel restructuring including porosity, grain size and plutonium dis-
tribution,

c) fuel swelling including the effects of hot pressing and solid fission
51 products,
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d) fission gas release and the resulting plenum pressure, and

e) gap conductance, fission gas thermal conductivity and conductance for
fuel cladding contact.

It should be noted that the LIFE fuel rod performance predictions
using the fuel properties above are based upon comparisons with actual rod
performacce determined through irradiation tests in EBR-II. In many cases,
certain as?ects of these tests are prototypic of CRBRP design conditions
(see subsection 4.2.1.3 Irradiation Experience).

The changes in fuel properties with tempcrature and irradiation ex-
posure described above can adversely affect the allowable power (or temperature)
for fuel r,elting which as noted in subsection 4.2.1.1.2.2 is a design basis.
The effec t of initial 1/t1 (nxygen/ metal) ratio on the melting point is
negligibie while the meltiag temperature drops initially and then continues
to decraise with burnup at a much lower rate. However, the fuel restructuring

and gap closure effeci.s calculated by the LIFE code tend to compensate some -
what for the decren e in power to melt. The evaluation of the power-to-melt
of the CRBRP fuel rods is discussed in Section 4.4.3.3.6.

The LIFE code (Reference 175) consists of two interconnected sets
of computational modules, thermal and mechanical. The thermal module calcu-
lates parameters such as fuel and cladding temperature, power to melt and fissioi.
gas release while the mechanical nodule calculates parameters such as fuel-
cladding contact pressure, cladding stress and '.he resultant cladding defor-
macion. In the current pre-release version of the LIFE code, LIFE III, the
thermal module has all models in place. However, the iterative process of de-
fining calibration constarts, qualitative checking and verification of the
mechanical module against experimental data over the entire range of ex-
pected CRBR environments is still in progress. Also, everal mechanical design
parameters, mch as cladding wastage and plenum gas pressure, are presently
calculated more conservatively in the fuel rod design codes FR5T and FURFAtt
than in the LIFE III code. For these reasons, the following restrictions
and modifications to the LIFE III code results were applied to the CRBRP first
core fuel and blanket rod evaluations:

a) The LIFE III code has been formulated, calibrated, and verified for steady
state conditions only. Thus, this version of the LIFE code cannot be used
to determine FCt11 during rapid transient events.

b) The LIFE III code modelf are capable of predicting steady state FCf11
loads in blanket rods. This code can also calculate fuel and blanket
rod responses to mid-life power increases which may occur over time
periods of 10 hours or greater. However, these predictions r:ust be used
with judgement since the LIFE III code has neither been calibrated or
verified to account for blanket rod effects in general or rod environ-

51 ment change rates of this magnitude in either fuel or blanket rods.
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c) The steady state FCMI pressures calculated by the LIFE code are adjusted
to account for the differences in cladding wastage between the LIFE III
code predictions and the fuel rod design code predictions.

These restrictions and adjustments will be re-examined and modified,
if necessary, for later versions of the LIFE code.

For the fuel rod, analyses were performed for steady state FClil loads
at axial locations 12,18, 27 and 36 inches above the bottom of the fuel pellet
stack (i .e. , at X/L = 0.33, 0.5, 0.75 and 1.0, where L is the fuel pellet
stack length of 36 inches). For the blanket rods, these calculations were
performed for axial locations 29, 40 and 50 inches above the top of the rod
lower end cap (i.e., at X/L = 0.46, 0.62 and 0.78 where L is the blanket pellet
s tack length of 64 inches). Prior experience indicated that the most signifi-
cant FCMI effects occurred at these locatior.s.

Item b) above notes that the LIFE III models are mathematically
capable of predicting steady state FCMI in blanket rods. They can also pre-
dict effects of mid-life power increases which occur over time periods on the
order of tens of hours or longer in both fuel and blanket rods. However, LIFE

III calibration and verification has not included either of these considerations.
Thus, while the LIFE III code was utilized in this study to investigate both
blanket rod FCfD and effects of mid-life power increases in blanket rods, these
results are preliminary and subject to changes in magnitude as more advanced
versions of LIFE become available. To compensate for this uncertainty, the
following procedures were followed in this study:

a) The study state FCMI adjustment noted in item c above which compensates
for the conservative design cladding wastage was not applied to the blanket
rods. This results in considerably higher calculated FCf1I lods in the
blanket rod cladding.

b) In the LIFE III analyses, the rods which experience a mid-life power in-
crease were brought to power at varying rates during the startup of the
second cycle. As discussed in Section 4.2.1.3.1.1 below, this indicates
the effects of programmed startup on FCMI loads, and suggests a method
whereby excessive FCMI (if pcsent) due to the mid-life power increase
experienced by blanket rods may be minimized. Also power junps greater
than those actually calculated to occur are assumed in these evaluations.
Thus, the calculated power jump effects on cladding performance are con-
servative, based on current models.

'

By taking this approach, the LIFE III results may be used to formulate
qualitative conclusions about blanket rod behavior under certain conditions

51 for which this version of the code has not been specifically calibrated.
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4.2.1.l.3.6 Environnental Ef fects - Blanket Assenblies

The effect of operating environmental conditions in the blanket
dsseMblies Will be slMilde to those for tr.o design equations and considerations
for fuel appearing in Section 4.2.1.1.3. fo ;r a reas are dif ferent, hre.;ever.

1) Because of low sodium finw in the radial blanket essenblies, the corrosion
rate on the cladding will be lower than that for the fuel rod cladding.
It has oeen noted that there is a linear flow rate dependency when the
velocity is less thdn 10 ft/ set (sub;ec tion 15.1. 2.1 ) . Hence, corrosion
values may be variable it: the vdrious orificing zones of the radial
blanket.

2) Due to the chemical nature of the UO , its initial 0/M ratio. and the
fission product spectrum in the blanket rods, it is anticipated that
there will be less fuel-clad reaction for a given temperature con-
ditico and temperature gradient then for mixed oxide fuel rods.

3) Based on present CRBRP nominal and specification values of oxygen in sodium
dnd blanket UO , the theoretical unifore volune expansion would be 21
t.V/V for extreke reactio't conditions af ter a failure late in life (sub-
sec tion 4.2.1. l . 3.8) ,

4) As noted in subsection 4.2.1.1.3.5, the LIFE f uel rod performance pre-
dictions including the ef fects of fuel cladding interaction are based
upon comparisons with ac tual rod pe ormarce determir ed through irradiation
tes ts in EBR-II . These tests are piatotypis of CPCRP fuel red design
conditions and may not apply to the blonket rod. (See subsection
4.2.1.4 Irradiation Experience.)

Further information on these dif ferences is providad in the response
to Question 241.74.

4.2.1.1.3.7 Fission Product Redistribution

The priuary ~ission product which may af fect the in-reactor perfor-
mance of fuel rods is cesium (Ref. 2). Cesium can lead to the formulation of
low-melting mixed oxide compounoi, at the fuel-cladding interface and these
compounds increase the intergranular attack of the cladding. Cesium can also
react with fission-product riolybdenum to form cesiun r.olybdate. Under the
radial thermal tiradient in the fuel, this compound can transport molybdenum and
oxygen to the fuel-cladding interface by vapor-phase transport. Cesium can
migrate axially and react with axial-blanket urania pellets to forn cesium
u ra na te. This reaction leads to swelling of the pellets However, it cases
where sufficient voidage is available near the insulator, failures should not
occur even though extensive reaction may be observed. Some cesium reaction
with the axial blanket is anticipated in the CRBRP fuel rods; therefore voiddge
must be available in the gap to preclude significant interaction with the
cladding.g

"
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Axial migration is observed in fuel rods in which the initial 0/M
ratic of the fuel is <2 (i .e. , ~1.95). In fuel pins with initial 0/M ratio
closer to 2 the fission product cesium is observed to remain as Cs2 o04 andM

not migrate to the insulator pellets. The formulation of Cs2UO4 in blanket
pellets also depends on the stoichiometry of the urania. Formulation of
sig nificant amounts of Cs2UO4 is expected only if the urania is hyperstoichiometric.

Electron microprobe studies (Ref. 3) of radial cross sections of
fuel rods have shown that fission-product cesium tends to concentrate. in the
cooler region of the oxide, especially in the region of the fuel-cladding
interface. Also highest concentration of fission-product molybdenum are found
in the noble-metal alloy inclusion and in the cooler reg:on of the fuel
adjacent to the fuel-cladding interface. The CsMo04 is observed to be stable
under conditions of low temperatures and high oxygen potentials (Ref. 4). Low
oxygen partial pressures and/or high temperatures decrease the tendency to form
gaseous Cs2 o04 in the hot region of the fuel and thus hinder the migration ofM

molybdenum. Under these conditions, t.,_ cesium will migrate axially to react
with urania blanket pellets to form cesium uranate. E"aluation of the potential
and magnitude of this effect is repor ted in item 5 of the Fuel Rod Steady-State
Evaluation (Section 4.2.1.3). This ' valuation also refers to the irradiation
tests which will be used to update ,,,e migratian phenomenon and associated
understanding of fission product cladding reaction and interaction ef fects.

4.2.1.1.3.8 Performance of Defected Fuel and Blanket Rod _s_

The CRBRP is being designed for o? ? ration with limited amounts of
failed fuel, as described in Chapter 11. Fu: 1 or blanket rod failures which9 exhibit only fission gas releases will not be removed from the core as they
present no safety problem provided design basis limits are not exceeded (see
Chapter 15.4). Fuel assembly failures having concurrent or subsequent
indications of fuel exposure to sodium by a defined limit, are to be removed
from the core. Development of this limit is dependent on the development of
appropriate technology which will assure the benign nature of operation with
limited fuel-se'ium conte t (see response to flRC Question 241.76). Failed
fuel assemblias characterized as having gross fuel losses or exposure to sodium
in excess of the limit are to be removed from the reactor vessel on a priority
basis.

When the Delayed tieutron Detectors (Dt1D's) indicate that the. dre

gross fuel losses or excess sodium exposure, suspect assemblies which h'
been identified by the Fuel Failure Monitorinc, System will be recoved frun
the core. Verification that the correct assenbly has been removed will
be obtained by reactor startup and monitoring of the Dt4D's. The frequency
of inspection will be controlled by the frequency cf failures that
exhibit gross fuel losses or excess sodium exposures as indicated by the

51 DriD 's .
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9
This subsection reviews the available information concerning

operation with fuel or blanket material exposed to sodium.

Out-of-pile and in-pile tests (GETR and EBR-II - References
5-9) have shown that both UO ,d (U,Pu) 0 will react with sodium,

2 2where the reaction product has the generic formula, Na,M0 (where M3
is V or [U, Pu]). These tests and isothermal equilibr5tidn tests at
Argonne National Laboratory (ANL) (Reference 10-14) have indicated
that this compound forms in the presence of excess sodium under
conditions where the oxygen activity is sufficient to stabilize the
compound. Oxygen, which is the limiting specie, may come from either
fuel, sodium or both.

O
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The evaluation of possible reactions between fuel or blanket materials
and sodium indicates that effects of the reaction can be deleterious, but

proper control and additional testing and development can result in safe
operation of an LMFBR with failed fuel or blanket rods. It is concluded that:

1. The reaction product between sodium and fuel or blanket material is
fla M0 , where f1 is (U, Pu) or U, respectively.
3 4

2. If the oxygen concentrations in the sodium and the fuel or blanket material
are greater than the respective equilibrium values, the reaction will pro-
ceed and foru a stable product. If the oxygen content in either specie is
below equilibrium value, a stable reaction product will not form.

M0 , has a density about one-half that of the re-
The reaction product, f4a$tehial .

3.
acting fuel or blanket m

4. Volumetric swelling under uniform reaction conditions at equilibrium is
approximately equal to the difference between the initial and equilibrium
deviations from stoichiometry.

5. Volume expansion under uniform reaction conditions appears to reach a
maxioum value in time, consistent with the attainment of equilibrium.

6. The higher temperatures and higher initial 0/M values are conductive
to more rapid attainment of reaction equilibrium.

7. The 0/M of fuel or blanket material increases with higher burnup.

8. Present LMFBR nominal and specification values of oxygen in sodium and
fuel cr blanket materials are higher than presently available experimental
equilibrium values. Confirmation of this point is needed.

9. Theoretical uniform volume expansion of CRBR fuel and blanket pellets
w;uld be 5; and 2% AV/V, respective.!y, for extrene reaction conditions
after a failure late in life.

10. Sufficient data is not available to predict local swelling under
non-uniform reaction conditions in CRBR fuel and blanket rods.

11. fiany bare fuel rods have operated in fast reactors for periods up to
21/2 years after failure without reported difficulty or effects on
reactor operation.

Irradiation tests, in sodium, of defected blanket rods are planned
(See Section 1.5.1.5) to resolve the unknown described above. In addition,

it is currently planned that run-beyond-failure irradiation testing of fuelq' will be done in EBR-II in support of the LMFBR program.
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A detailed discussion of the considerations which led to these
conclusions follows:

The Na-U-0 System

OVarious compounds of Na with UO2 have been reported in the litera-
ture to have densities (Table 4.2-1) lower than the density of UO2
(sll g/cc). Pepper (Ref. 9) et. al. and Blackburn (Ref.14) et. al. studied
the various regions of the Na-U-0 system. These phase relations are shown in
Figure 4.2-5 at about 800 C (1472 F). The three phase region of importance
to the UO -sodium reaction is Na-UO -Na3UO , since Na3UO4 has been estab-2 2 4
lished as the phase in equilibrium with UO2 and Na in defected fuel or blan-
ket elements. The mass-balance reaction between sodium and uranium oxide is

~

UO+x+3Na[NaUO4+2 UO +y U)22 3 x y

where 2+y is the final equilibrium stoichiometry of uranium oxide. Sodium
will react with UO +x as long as the oxygen pressure, which is determined by2
temperature, oxygen concentration of UO +x and oxygen dissolved in sodium,2
is greater than that in equilibrium with the U0 -Na-Na3 O4 three-phase sys-2 U

tem. The reaction will proceed until the oxygen pressure is reduced to the
equilibrium value.

The equilibrium reaction in the three-phase region, Na-UO Na3U0a,
is

3 Na (1) + UO (c) + 02(inUO)ZN 3UO (c). (2)2 2 4

Measurements have been made at ANL (Ref. 15 to 18) to acquire the thermo-
dynamic data for Na3 O . Data from these studies were used to derive theU 4
following equation for the equilibrium oxygen pressure as a function of
temperature and sodium activity.

In P(0 ) = 500 _. 7- - 3 In a (3)2 Na,

where -220,500 is the difference in the enthalpies of formation for Na3UO4
and UO , nd 62.7 is the corresponding difference in entropies of formation.2
If the liquid sodium is at the same temperature as the oxides, the last term
is zero. When there is a temperature differential (where the fuel is hotter

than the sodium), the sodium activity is equal to PNa/PONa, where P a is theN
equilibrium sodium pressure at the temperature of the liquid sodium and
Po is the equilibrium pressure calculated for the temperature of the UO -Na 2
For the Na-UO -Na3UO4 three-phase region, P a is given by2 N

log P(Na) = -k- + 4.35. (4)
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Combining equations (3) and (4), one can obtain the oxygen pressure in tenns
of sodium and UO2 temperatures:

In P(0 ) = RT290,800 , 7_0_,300 , 62.7 (5)2 RT RU0 Na
2

The partial molar free energy of oxygen in urania as a function of tempera-
ture for various values of the 0/U ratio are shown in Figure 4.2-6. From
this data and equation (3) or (5), the equilibrium 0/M values in the Na-UO ~

2Na3UO system can be calculated.4

Based on the oxygen pressures in three-phase equilibrium Henry's
Law and the solubility of sodium oxide, the equilibrium oxygen content (in
ppm) of sodium in contact with UO2 nd Na3UO4 is given by (Ref. 15).

In[0] (p'pm) = -I + 14.33. (6)

The U-Pu-Na-0 System

The reaction product of sodium and mixed-oxide fuel has been estab-
lished as Na3M0 , where M represents (U,Pu). It was also observed that the4
(Pu/U+Pu) ratio in the Na3M04 phase was essentially the same as that of the
mixed-oxide from which it formed.

As noted earlier, the oxygen required to form Na3M04 in the sodium-
mixed oxide reaction could come from either the mixed oxide, the sodium or
both. However, if the initial oxygen of sodium is less than its equilibrium
value when in equilibrium with (U,Pu)02 and Na M0 , the sodium cannot con-4tribute oxygen to the reaction. Furthermore, 3if the oxygen content in
sodium remains below the equilibrium value, the formation of a stable reac-
tion produc t, Na3M0 , is not possible.4

Neglecting the oxygen content in sodium the reaction can be written
as

M02-x(C) + Na(1)[{- Na M0+y ,y 3 4+ M0 (7)2-y '

where (2-x) is the initial 0/M ratio of the fuel and (2-y) is the corres-
ponding equilibrium value below which reaction with pure sodium cannot occur.
To calculate oxygen pressures for Na3M04 and mixed oxide, the difference
between the free energies of formation of Na3M04 and (U,Pu)02 is assumed to
be the same as the difference between the free energies of formation of
Na3UO4 and UO . The equilibrium reaction in the three-phase region is2

M02-x + 3 Na(1) + 0 U M0 . (8)2 3 4
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Equations (3) and (5) are also applicable in this case because it has been
assumed that the U-Na-0 system approximates the U-Pu-Na-0 system for low
concentrations of Pu. As before, with the partial molar free energy of
oxygen in mixed oxide and equation (3) or (5), the equilibrium 0/M ratio for
the mixed oxide can be calculated.

There is a great variation in the measured oxygen potentials by
various authors (Ref. 19 to 21). In this calculation however, Rand and
Markin's (Ref. 22) data are used (Figure 4.2-7). Tabit 4.2-2 shows the calcu-
lated equilibrium 0/M values for different fuel compositions along with some
measured values (Ref. 16) and oxygen concentrations in Na in equilibrium
with Na3M0 .4

Nature of Reactio_n Products

The principal characteristics of Na3UO4 are-

-fcc s tructure wi th a = 4.77 A to 4.80 A

-theoretical der.sity of 5.6 g/cc

-melting tempera ture of 1420 'C

-for 803 TD, heat conductivity at 540"C is an order of magnitude
less than that of UO -

2

The Nature of Reaction and Relationship _ to Swelling

Previous discussions of the reaction between UO +x and Na, and2
(U,Pu)0 -x and Na indicated the reactions will be limited by the available2
sodium or oxygen. In the case of failed fuel or blanket elements in a
reattor, excess sodium will be present and hence, oxygen will be the reac-
tion limiting specie. The reaction appears to start with the formation of
a surface layer product followed by reaction within the fuel matrix at grain
boundaries. The initial grain-boundary penetration proceeds by formation of
a very thin intergranular layer. The intergranular layer thickness
leads to cracking and further intergranular attack.

Theoretical volume expansion due to the reaction can be calculated
based on the initial 0/M of the fuel, theoretical densities of the reactants
and reaction products, and the theoretical equilibrium 0/M of the system.
The degree of swelling thus depends on the amount of oxygen available in the
system. The volumetric swelling observed at equilibrium is proportional to
the divergence between the initial 0/M of the fuel and the equilibrium 0/M
in the system. That is,

.

1V/V 100|x - y| ,;

where x and y are the deviations from stoichiometry initially and at equi-
librium, respectively.
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Kinetics of the Reaction

The data for reaction rates of sodium with fuel or blanket materialO are still incomplete. Aitken (Ref. 5) has described the in-pile reaction
rates of defected pins with sodium showing a one-fourth power time depen-
dence. The proposed mechanism assumes the rate to be controlled'by sodium
dif fusion through the reaction product layer. If this is the rate limiting
mechanism, one would expect the product to form a layer of near-uniform
thickness on the surface of the fuel. Since intergranular attack is
observed, reaction control by sodium diffusion appears unlikely. However, if
the diffusion of the sodium to the fuel through the product interface ~is
faster than the oxygen diffusion within the fuel, then intergranular attack
can be explained because oxygen is believed t( diffuse more rapidly along
grain boundaries than normal to grain surfaces.

Kinetic studies at ANL (Ref. 23) show that in most instances the
curves of volume expansion versus time level off at each temperature to form
plateaus. The volume expansions at the plateaus were in fair agreement with
the maximum theoretical expansions calculated based on the equilibration
studies. Therefore, it is assumed that the plateaus do represent the attain-
ment of equilibrium conditions. The time to reach equilibrium depends on
the reaction temperature and initial 0/M of the fuel. The results indicate
that the higher the temperature or the higher the 0/M, the more quickly the
reaction attains equilibrium.

The effect of fuel density on the volume expansion is not clear
In one test, high density pellets underwent larger volume expansions than
less dense pellets. This can be explained on the basis that high density
pellets contained smaller void volumes and hence, less of the expansion could
take place internally by a process of void filling. The data also indicate
a more rapid reaction for the higher density pellets.

Tests to determine the lower temperature threshold for the formation
of the reaction product, Na3M0 , indicate the reactian initially occurs in4
the range of 400 to 450 C. However, Housseau et. al. (Ref. 24) have reported
an effect of fuel-sodium reaction on cladding in the range of 300 to 400"C.

Effect of Burnup_on Reaction and Swelling

As burnup increases, the 0/M of the fuel increases and various fis-
sion products are introduced in the fuel matrix. The increase in 0/M will
increase the oxygen available for the reaction, which increases the amount
of swelling. This increased oxygen is due to a lower affinity for oxygen in
the fission products than in the fuel. Fission products insoluble in the
matrix are observed to have no effect on the reaction. However, soluble
fission products, like rare earths and Zr, are observed to increase the
swelling. Chemical analyses have failed to show any reaction products other
than Na3M04 and hence, the effects of soluble fission products are not clear.
However, considerable acceleration of the reaction kinetics is reported
(Ref. 24) in the presence of soluble fission products.
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Limitations in the Application of Theory and Experimental Data

Inherent difficulties in accurate analysis of both the 0/M ratio of
mixed oxides after exposure to sodium, and oxygen concentrations in sodium
af ter exposure to mi:ad oxides, have limited the amount of experimental data
available to establ~. m the oxygen level in sodium required to form the reac-
tion product.

Based on the thermodynamic data, one can calculate the equilibrium
oxygen pressure over the Na-M0 -x-Na3M04 system and then convert the oxygen2
pressure to equilibrium 0/M based on the oxygen potential data for the fuel.
The experimental oxygen potentials for mixed oxide fuel vary as much as
20 Kcal and exhibit great differences in temperature dependence. In most
cases, the experimental determinations were done at higher temperatures, thus
requiring extrapolation of the data to lower temperatures for the reaction
equilibrium 0/M calculations. Depending on which oxygen potential data for

mixed oxide is selected, one can obtain sig'ey'ficant increases (Martin ands data) (Ref. 21) and essenti-
ni

McIver's data) (Ref.19) , decreases (Woodl
ally no change (Blackburn model) (Ref. 16 and 17) in the 0/M ratio with
temperature at the three-phase equilibrium. Experimental determinations by
Smith (Ref. 25) and Martin and Schilb (Ref. 23) show a decreasing 0/M with
temperature at the three-phase equilibrium.

The equilibrium 0/M ratios given in Table 4.2-2 are calculated for
fuel in contact wi th sodium. Since the LMFBR fuel is expected to have a radial
temperature gradient from about 2800 'K to 1300 'K, the oxygen will be dis-

tributed non-uniformly in the fuel, Because of this non-uniform distribu-
tion of oxygen, the mol' fraction of oxygen within the fuel is not
necessarily the sar..e as that at the interface. Thus, the total fuel oxygen

content may differ significantly from those values given in Table 4.2-2. .

In addition, oxygen content of the fuel increases with burnup because the
fission products have a lower capacity for oxygen than the fuel . Hence, the

start-01-life oxygen content alone is not sufficient to define the condi-
tions for sodium-fuel reaction in irradiated fuel.

The equilibrium oxygen content of sodium for fuel-sodium-Na3M04
equilibrium is practically constant for either UO2 or U-Pu oxide fuel . The
calculated oxygen concentrations in the sodium are independent of the fuel
oxygen potentials and therefore, are not affected by the uncertainties in
the fuel oxygen potential. These calculations are based on the solubility

of Na20 in sodium, Henry's law, and oxygen presoures determined from
equa uon 3 or 5. The calculated equilibrium oxygen content of the sodium,
as shown in Table 4.2-2, is strongly dependent on the temperature at the
sodium-fuel interface. Typical oxygen levels in cold-trapped sodium (like
EBR-II or an LMFBR) are 1 io 2 ppm. This indicates that the sodium would
act as a sink for oxygen above 700 to 800"K. In this instance, the excess

oxygen for the reaction is supplied by the high 0/M ratio of the fuel that
results from oxygen redistribution and burnup in the fuel, However, the

flowing sodium would tend to redace any reaction product that might be
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initially formed when the sodium contacts fuel, Since the amount of oxide
fuel in the failed pin is small compared to the total flowing oodium, one
might expect a limited reaction and therefore; extended operation of the
failed fuel rod without any safety hazardt.

Smith (Ref. 25) has experimentally determined the equilibrium oxygen
concentrations in sodium for the fuel-sodium-Na3M04 system using the vandaum
wire equilibration method. The oxygen concentrations in sodium at the three-
phase equilibrium varied from no.1 to 0.4 ppm in the temperature range of
650 to 900 C. The oxygen concentrations are given as a function of tempera-
ture by

in[0_] ppm = - + 3.91,

where K is the fuel-sodium interface temperature. The important consequence
of this result is that the sodium in typical cold-trapped systems will serve
as a source of oxygen for the f'uel-sodium reaction in the event of a breach
of the cladding. The reaction product is stable under these cor.ditions and
increased swelling of the fuel (and therefore fuel rod) with time can be
expected. Addi tional experimental work may be needed to confirm this exper-
imental data.

Effects of Reaction on Cladding Strain (Review of Defected Fuel Rod
Experience)

The available kinetic data (Ref. 23) indicate that the fuel-sodium
reaction in the presence of excess sodium attains equilibrium within two to
six days depending on the initial stoichiometry of the fuel and reaction
tempera ture. The amount of sodium available will depend on the defect size
and the sodium flow conditions.

Under uniform reaction conditions the swelling or fuel volume
expansion due to reaction will be uniform. If there is no gap available,

the volume expansion will force the cladding radially and the strain on the
cladding can be assumed to be uniform and equal to the diametral expansion
of the fuel, This situation is observed in sodium bonded mixed oxide fuel
pins. In the B8 series (sodium bonded mixed-oxide fuel rod) tests diametral
increases up to 12% were noted (Ref. 5). The observed changes were in
reasonable agreement with the uniform swelling predictions when other
deformations were considered.

For example, consider the case of a CRBRP fuel element failing late
in life with a sizeable breach of the cladding such that uniform reution of
the fuel is assumed to occur and go to equilibrium. The 0/M of the fuel
increases during burnup from a specification value of 1.96 to 2.00, as
shown in Figure 4.2-8 which will be the value at the time of failure and the
start of the fuel-sodium reaction. Assuming an equilibrium 0/M value of
1.95 for the fuel, tne uniform volume expansion from the relationship given
earlier will be 5? AV/V, or about 1.67; diametral increase. In contrast,
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the blanket material 0/M increases from a maximum specification value of
2.01 to approximately 2.019 at the end of life. If failure occurs and re-
action starts at this point in time, a uniform volume expansion of 1.9%
is calculated at equilibrium where the 0/f1 will be 2.00, as shown in
Table 4.2-2. This results in a C.63% diametral growth.

However, under conditions of a localized cladding breach, the re-
action may not take place uniformly but may occur in a narrow sector near
the defect. This gives rise to non-uniform fuel volume expansion leading to
a non-uniform strain in the cladding near the defect. The non-uniform
strain or localized strain would enlarge the defect and, under extreme
conditions, potentially lead to a gross cladding rupture.

Several encapsulated rod failures and defected fuel rod tests have
shown non-uriform strain near the defect due to sodium-fuel reaction (Ref. 8
and 26). However, none of these tests have shown gross rupture, primarily
because the fuel rods were exposed to a limited quantity of static or flowing
sodium, which limited the oxygen available from the sodium. The localized
strains in the rods were at least three to four times that evaluated for
theoretical fuel volume expansion. Values as high as 30% AD/D have been mea-
sured in some tests, as shown in Figure 4.2-9. The size of the cladding defect
plays an important role in this type of non-uniform reaction. Murata el. al.
(Ref. 6) have emphasized the uncertainties associated with predicting the
swelling resulting from in-reactor sodium-fuel reactions in defected fuel
pins (B9A).

Specific data on the extent of sodium-fuel reactions resulting from
bare fuel rod failures in fast reactors is essentially non-existent. Failed
rods have operated in DFR for over 100 days with little or no deterioration
observed after the post-failure operation (Ref. 27). Failures in Rapsodie
and BR-5 driver fuel have also occurred and the fuel has remained in the
reactor for even longer than 100 days, apparently without deleterious effects.
These experiences give credence to the operation of fast reactors with failed
fuel rods.

4.2.1.1.3.9 Fission Gas Release

The CRBRP fuel rod design is based on the principle that released
fission gas communicates freely with the plenum during normal operation. This
principle is used in the design of all operating light water and fast re-
actors and in those which are currently undergoing design or construction. The
basis for using tnis principle is presented below:

'

l. It is well established that mixed oxide fuel is extensively cracked when
brought to power. Crack healing will occur while the fuel is at power,
but not all cracks will heal or heal completely, particularly in the
cooler, outer regions of fuel and in the low power, top and bottom sections
of the rod. The large body of post-irradiation examination results show
that cracks caused during the rise to power (as distinguished from those

51 caused by shutdown) are still present.
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Thus, a network of fuel cracks will exist in the outer, cooler regions
of the fuel which will maintain contact with the plenum even if the

fuel-cladding gap is closed. Also, in the case of high power fuel
rods which form a central cavity within the fuel column, experimental
results (see 2 below) indicate that fine cracks or openings will
exist, which permit communication of this cavity with the cooler
regions of fuel and the plenum. The openings may exist anywhere
along the cavity, at pellet interfaces for examule, or near the ends
of the cavity where the fuel temperatures are relatively low because
of the axial power profile.

2. Communication between the plenum and fission gas released within the
fuel cc;umn (to outer fuel regions or the central cavity) was
demonstrated in two sets of experirmnts which employed continuous
measurement of released fission gas. Both sets of experiments were
designed to test fast reactor fuel a'd used fuel rod diameters,
fuel compositions, and linear power typical of fast reactors,

The first set of exnerimonts (Reforonces 97 and 98) was nerfnrrHa.

in the BR-2 and used pressure sensors to continuously measure
fission gas release. The experiments included twelve pins, two
referred to as Mol 8B tests and ten as the Mol C tests. One of
the Mol 8B tests achieved a maximum burnup of 115,000 MWD /T and
the other 40,000 MWD /T (the pressure sensor failed). The ten Mol
C fuel pin tests operated to burnups in the range of 74,000 to
96,000 MWD /T. Both Mol 8B pins showed central cavity forma ti on .
Post-irradiation examination of the Mol C tests have not been
reported, but the linear nowers are high enough to form central
cavities in the fuel.

Both the Mol 8B and Mol C tests showed a continuous release of
fission gas to the plenum while at oower throuchout life. The
effects of shutdowns on gas release were negliaible. The latter
point is important because if any qas was tracoed within the fuel
column, it would have been released during shutdowns as a result
of the extensive fuel cracking that occurs. These experiments,
therefore, show that released fission gas is in communication with
the plenum throughout life.

b. The second set of experiments (References 98, 99 and 100) was per-
formed in the Oak Ridge Reactors and used a helium qas sweep sys-
tem introduced at the bottom of the fuel column in one case and at
the top of the fuel column in the other case, and monitoring
of the sweep gas for fission gas detection. Two fuel pin tests

were performed, one using solid pellets, GB-10, and the other
annular pellets GB-9. The latter test, therefore, does not
directly apply to the question but is of interest. The GB-9
pin achieved a burnup of 55,000 MWD /T. The GB-10 pin is still

undergoing irradiation and results have been reported for burnun
to 7,000 MWD /T. The linear power in the latter test is high
enough to form a central cavity.

16
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In both cases, results showed a continuous release of fission gas while
the pins were at power and negligible effects of shutdowns similar to
the Mol 8B and C experiments. In the case of the GB-10 test where the
sweep gas was introduced at the bottom of the fuel column at a pressure
of 1,000 psig, the pressure droo through the fuel column was initially
70 psi and dropped to 10 psi as irradiation proceeded indicating that
there is significant permeability in the column at low burnup.

Surrary

In summary, post-irradiation examination of fuel indicates that fuel
cracks are present during steady-state operation. These cracks provide
communication to the plenum of gases released within the fuel column. Instru-
mented tests of fast reactor type fuel rods demonstrate that communication
exists to burnups of 115,000 f MD/T. The low burnup fast reactor fuel re-
sults (GB-10 in particular) also show that communication exists.

Additional detailed analysis of fast reactor fuel pin tests will be
performed to further verify the design bases for the FSAR and additional re-
sults from the instrumented tests will be monitored and analyzed.

4.2.1.1.4 Surveillance and Post Irradiation Examination of Fuel and Blanket
Assemblies

Current designs and analytical predictions of the behavior of fuel
assemblies and rods are based on models supported by experimental data. As
more results become available from test programs including EBR-II and other
fast reactor experiments, the models will be revised and modified to reflect
the behavior and effects indicated by the new post-irradiation data. (See
Sections 1.5 and 4.2.1.5 for a description of the fuel and blanket assembly
development program.) Frequent assessment and correlation of the analytical
codes will continue with the objectives of establishing firm design and per-
formance limits, minimizing uncertainties in the analysis, and under standing
rod and assembly behavior. However, restraints on the design and operating con-
ditions of experimental assemblies partially preclude simulating CRBR con-
ditions for all important parameters simultaneously. Therefore, i' will be.

necessary to perform limited periodic examinations of the initial core assemblies.
Such examinations will also be used to verify safe operation to the esta-
blished operating limits; and to obtain data that could be used to establish
improved design and operating limits. The following surveillance and post-
irradiation examination plan is deoigned to satisfy these requirements and
obj ec tives .

This program is preliminary and the final selection of the surveillance
schedule and examination plan (Table 4.2-3 is typical) will be dependent upon
the available information from various sources (i .e. , EBR-II, FFTF, etc.).
The depth and extent of the finalized program will be formulated to provide
verification information of parameters which are not available from other
sou rces . Final surveillance and examination plans will be submitted con-

3] sistent wi th the FSAR submittcl .

Amend. 514.2-37 Sept. 1979

M3067



The CRBRP can be operated with gas leakers, no reactor shutdown will
be required for gas leakers except as noted in Section 7.5.4. The gas leaker
is characterized by a fission gas monitor signal but no fuel-sodium reaction
signal. Fuel assembly failures having concurrent or subsequent indications
of fuel exposure to sodium above a defined limit, are to be removed from the

Development of this limit is dependent on the development of appro-core.
priate technology and will permit operation with limited fuel-sodium contact.
Failed fuel assemblies characterized as having gross fuel losses or exposure
to sodium in excess of the limit are to be removed from the vessel on a priority
basis.

When failures occur in assemblies, the method of detection will
generally be either a cover gas monitor signal or a delayed neutron signal or
beth. The former indicates a release of fission gas from the failed rod, which
w. ;i also expell a tag gas for ass'embly identification. The latter type of
signal indicates the release of solid fission products to the primary sodium
coolant and, most likely, the fuel material in the breached rod is in contact
with the sodium, giving rise to the possibility of a reaction between sodium
and the pellets (see Section 7.5.4).

All known defected fuel rods having fuel-sodium contact 5:ill be re-
moved at each refueling until sufficient data are availasle to show that such
fuel can be operated with predictable and safe results.

4.2.1.1.4.1 General Surveillance and Examination Plan-Fuel Assemblies

The assemblies to be selected for examination in the surveillance
program should not have special handling, but should be typical and repre-
sentative of the production lot of rods and assemblies. All CRBRP fuel
assemblies will have a unique identification nt 6er legibly marked in
arabic numerals and in coded notches on the outiet nozzle. For a given fuel
assembly, this unique number provides traceability to the quality conformance
inspection reports for that particular assembly. Fuel assemblies charged
into the initial reactor loading will have quality conformance inspection re-
quirements patterned after those required for the FFTF Driver Fuel Assemblies.
These requirements have been incorporated in the materials and fabrication
sections of the appropriate CRBRF fuel assembly equipment specifications.

The quality conformance inspection report and its associated docu-
ments for a particular fuel af ,embly compare the fabrication attributes or
parameters, which occur in that assembly (e.g. , dimensions, materia, rc-
perties, surface smoothness, etc.) to the nominal design parameters and
tolerances . Thus, assemblies can be randonly selected for examination but
without specific attention which would tend to make the assemblies non-typical
prior to irradiation.

Fuel asseublies located in instrumented positions within the cen-
tral part of the core should be used for the surveillance tests. They
would provide representative thermal history of operation for assemblies

51 with a variety of linear heat ratings, fluence, and burnup conditions.
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Schedules of assembly discharges for examination should be planned
to maximize the usefulness of the data obtained and to minimize the per-
turbation of the surveillance program on reactor and plant operation. Special
reactor shutdowns or fuel handling activities will not be scheduled solely
for discharge of surveillance assemblies.

Fuel assemblies should be removed at several dif ferent burnup
values consistent with the constraints given above. It is anticipated that
the first of these scheduled removals would occur af ter the first year
cycle of operation at a burnup which corresponds to 25,000 to 30,000 MWD /T.
Future removals will be dependent upon the need for verification information.

The examination of the surveillance assemblies is described in a
later section. To maximize the utilization of results for each increment of
burnup, all examination and testing should be accomplished as soon after
discharge as possible, but certainly before the next planned incremental
discharge. Furthermore, every attempt will be made to minimize the time re-
quired to ini tiate examinations.

4.2.1.1.4.2 General Surveillance and Examination Plan - Blanket Assemblies

Tha surveillance program must be carefully planned to yield infor-
mation for critical times during initial operation of the reactor. Results
of the examination will be evaluated and used to guide reactor operators
through all phases of reactor operation from initial criticality and con-
servative performance to the ultimate goal of maximizing the plant operating
factor with a statistically safe number of failed rods. The surveillance
plan idei tified assumes that pertinent blanket rod tests will have been per-
formed in c.BR-II and FFTF with results capable of predicting CRBRP rod per-
formance. If these tests are not available an alternate surveillance pro-
gram will be developed.

Selection of Surveillance Assemblies

The assemblies to be selected for examination in the surveillance
program should be typical and representative of the production lot of rods
and assemblies. Radial and inner blanket rods selected for surveillance
in the initial reactor loading should be well characterized and identified
relatise to fabrication attributes, but special handling that would intro-
duce any bias in results should be avoided. The most desirable situation
would be to examine assemblies and rods that span the applicable specifi-
cation and drawing limits.

Radial and inner blanket assembly positions should be selected
51 which provide the best characterization of the irradiation environment.
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Operation Without Failure

Schedules of assembly discharges for examination should be planned
to maximize the usefulness of the data cbtained and to minimize the per-
turbation of the surveillance program on reactor and plant operation. Special
reactor shutdowns or fuel handling activities should not be utilized solely
for discharge of surveillance assemblies. Blanket assemblies should be re-
moved at a minimum of two different (and adequately spaced) increments of
exposure between initial insertion and the end of assembly life. The first

blanket assembly should be removed shortly af ter the first cycle.

Operation With Failure

Surveillance and examination plans in CRBR will be prepared to
handle the presence of failed rods which can occur during all periods of reactor
operation. Unexpected failures occurring prior to reaching the design end-of-
life burnup include rods suffering from " infant mortality" generally caused by
undetected defects in material or workmanship, and rods experiencing trarsient
conditions in the reactor. Failed assemblies may be discharged from the re-
actor at the next refueling af ter detection to determine the cause and nature of
the failure. However, experiences from previous test programs should provide
sufficient guidance to indicate safe operation can be achieved with such
failures in reactor. It may be possible to allow surveillcnce assemblies to
be operated to and beyond failure once the Demonstration Phase of the reactor
operation is completed.

4.2.1.1.4.3 Typical Examination Requirements - Fuel and Blanket Assemblies

A typical example of a surveillance examination plan for fuel and
blanket assemblies, rods, ducts and assenbly end pieces is shown in Table
4.2-3. Following discharge, a visual examination and dimensional character-
ization of the assembly should be performed. Provisions should be available
for shipment of the assemblies to hot cell facilities for detailed non-
destructive and destructive examinations noted in the table.

Visual examination and bow and length measurements on the rods
should be performed prior to removal of the spirally wrapped wire. In addi-
tion, the rods should be visually examined after wire removal for signs
of wear or reaction on the cladding caused by the wires. Depending on
the burnup and condition of any rod at the time of examination, more or
less detail will be included in the items listed in the table for the
rods. In particular, the extent of sectioning and cladding property
tests may be varied as required by non-destructive test results. Similarly,

destructive testing of ducts and end pieces will be accomplished only
when observations and exposure conditions indicate the need.

Care must be taken throughout the examinations to be able to re-
51 late in-reactor orientation to component tehavior.
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4.2.1.1.4.4 Evaluation of Results - Core Fuel and Blanket Assemblies

The data obtained from this surveillance program will be anal, zed
in sufficient detail to permit evaluation of current conditions in the
assemblies and to provide guidance for the extrapolation and estimation of
behavior to higher exposure conditions. Test results from each incremental
examination will undergo a timely evaluation to identify satisfactory per-
formance to the next examination point or the possibility of a problem
developing which could impact on assembly operation. Examination results
will be compared and related to similar findings from experiments in test
reactors to assist in the prediction of subsequent operation. The data will be
utilized to improve design codes and behavior models which are actively
used in the design of reactors.

The proper execution of a surveillance program on core fuel and
blanket assemblies and rods in CRBRP will provide a sound basis for improving
design lifetimes of assemblies and the overall fuel management and economics
of the reactor. Timely data and immediate implementation of results will
accelerate the schedule for improved operation of the reactor, Experiences
and information developed from this program will also benefit the design and
future operation of LMFBRs beyond the CRBRP.

4.2.1.2 Cesign Description

4.2.1.2.1 Core Design and Operation

The Clinch River Breeder fuel is a mixed (Pu-U) oxide. It is cooled
with sodium. A schematic of the reactor is shown in Figure 4.2-36 to pro-
vide orientation for the fuel and blanket assembly locations. The core support
plate and the core barrel form the principal locators for the fuel inside the
vessel. The fuel, control, blanket, and removable shield assemblies rest on
the core support structure. Hydraulic balance is employed to offset the
upward forces resulting from the coolant flow through the fuel and blanket
assemblies. Each of these reactor assemblies has two load pad areas which
match the elevation of the core restraint former rings. The rings are
supported by the core barrel which rests on and is attached to the core
support plate.

The upper internals structure is located above the core. The
structure laterally stabilizes the primary and secondary control rod shroud
tubes and also provides secondary holddown for the fuel, most blanket and
control assemblies. The four support columris of the upper internals have
jacks for lifting the upper internals clear of the removable reactor assemblies
for refueling. The in-vessel transfer machine (IVTM) rotates with the upper
internals structure for removing and replacing of reactor assemblies at r.e-
fueling. Fuel transfer and contingency storage positions are provided in

51 the annulus formed between the core barrel and the reactor vessel thermal liner.
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The active length of the core is 36 inches and the equivalent dia-
meter of the fuel and inner blanket region is 79.5 inches. The fuel region

initially consists of 156 fuel assemblies with a total fissile plutonium
loading of 1502 Kg. The reactor core also initially contains 82 inner blanket
assemblies, 132 radial blanket assemblies, and 306 removable radial shield
assemblies. The total number of fuel and blanket assemblies varies slightly
from cycle to cycle as described in Section 4.3. During initial reactor

heat-up and sodium fill, the reactor core is completely occupied by core
special assemblies (CSA). These core special assemblies are also utilized
during special refueling operations (i.e. , lower inlet module replacement)
to support the core array while the spent core active assemblies are being
replaced. The special assemblies are not utilized during normal refueling
operations.

The reactor control systems include 9 primary and 6 secondary
control assemblies. The two systems are independent and diverse. Both
systems are capable of shutting down the reactor from full power to hot
standby conditions. A core map is shown schematically in Figure 4.2-10A,
while the fuel and blanket numbering scheme is shown in Figure 4.2-108.

The reactor system is being designed to withstand the various loadings
which result from the CRBRP steady state and transient duty cycle events.
Details of the steady state nuclear, thermal-hydraulic and mechanical load
environments during reactor operation are given in Sections 4.3, 4.4 and
4.2.1.3 respectively.

The umbrella transient duty cycle for the initial CRBRP core is
described in Sections 4.4 and 4.2.1.3. This duty cycle covers the current
categories of normal, upset, emergency, and faulted conditions as defined
in Appendix B.

4.2.1.2.2 Fuel Assemblies

There are six different types of CRBRP fuel assemblies corresponding
to the six flow orificing zones as described in Section 4.4.2.5. Coolant flow
is controlled by orifice plates within the assembly.

The CRBRP fuel assembly design is based upon the FFTF driver fuel
assembly design and LMFBR development experience with modifications necessitated
by the breeding, operational and cost requirements of the CRBRP. A detailed
comparison of the CRBRP and FFTF fual assembly design details is given in
Table 4.2-4. Welded into a compact structural unit, the fuel assembly can
be handled by the refueling machines and provides a controlled path for the
primary sodium coolant. As shown in Figure 4.2-11, each fuel assembly is
comprised of the following subassemblies:

A. 217 fuel rods that contain the fuel pellets,

B. An inlet nozzle,

51 C. A shield ard orifice region,
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D. A rod attachment assembly,

E. A duct, and

F. An outlet nozzle.

The fuel rod design is illustrated in Figure 4.2-12. The mixed
plutcnium-uranium dioxide sintered powder fuel pellets supply heat and
neutrons for breeding, the uranium dioxide axial blanket pellets above and
below the fuel enhance breeding, and an upper plenum containing fission,
product gases generated during operation. Plenum volumes larger than FFTFs
are required to allow for the higher fission gas pressures caused by some-
what higher operating temperatures and by potential operation to higher
equilibrium burnup levels.

Pertinent safety features of the CRBRP fuel rods, similar to those
in FFTF, are:

1. Normal high level quality assurance will be supplied to prevent mixing
of the fuel pellet enrichment types or interchange of fuel and axial
blanket pellets inside a fuel rod.

2. The fuel pellet column is retained in position during preirradiation
shipping and handling by a preloaded helical compression spring made
of Type 302 Stainless Steel. Af ter insertion of the fuel rod into the
reactor, the spring is flexible enocyn that it will not restrict the
axial expansion of the fuel pellet column.

3. Each fuel rod contains a gas tag capsule which identifies ' ailed fuel
rods by a unique gas mixture for each assembly.

4. A wire wrap spacer system is employed to maintain required lateral
spacing during normal and transient operation.

The fuel assembly inlet nozzle is designed to support and locate
the assembly in the lower internals inlet modules, furnish a mechanical dis-
criminator, provide a hydraulic balance system and allow the primary coolant
flow to enter the assembly. These design features are accomplished by using
the FFTF inlet nozzle design, except: a) the bypass flow is restricted
by piston rings in both directions, and b) six discriminator posts are re-
quired to identify the six flow zone assembly types. A detailed description
of the discriminator's geometry and functions is given in Section 4.2.1.2.5.

Fuel column holddown spring design calculations were performed
following the standard, industry accepted analysis techniques in References
148 and 149. The following requirements were satisfied by the fuel pellet
holddown spring (made from type 302 Stainless Steel):

Prior to insertion into the reactor, the spring shall maintain pelleto

51 position during a maximum axial shipping and handling load of 6 .9
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After irradiation and thermal induced changes of the spring pro-e
perties, the spring shall accommodate a pellet column growth of 1.0
inch before compressing tha spring to 90% of its solid height,

The maximum material volume of the fission gas plenum components shalle
be equal to or less than 15% of the total fission gas plenum volume.

The difference between the minimum and the nominal spring preload
provides allowances for:

a) spring preload deviations at the specified deflection; and for

b) variation of the compressed spring length caused by manufacturing
tolerances.

The torsional wira stress in the spring at the maximum preload was
verified to be less than the allowable value.

In addition, the following requirements were satisfied:

A minimum coil-to-coil clearance during pre-irradiation shipping ande
handling loads shall be maintained; and

The spring outside diameter increase due to compression shall not inter-e
fere with the minimum cladding inside diameter.

No te-ts of the fuel column hold down spring are planned except
for the required QA tests during fabrication.

The primary coolant flows from the lower internals through slots in
the receptacle side walls that match with slots on the side of the inlet
nozzle into the fuel assembly. This coolant path is designed to prevent
passage of foreign objects that may cause total or partial coolant flow blockage
to a fuel assembly. In the lower internals the primary flow is strained to
preclude passage of particles greater than 0.25 inches in diameter. The total
area of the six inlet nozzle slots is 3.5 times greater than the assembly
internal flow area. The geometrical configuration of the inlet slots pre-
cludes total blockage and disperses gas bubbles. Hydraulic and gravity forces
acting on the fuel assembly determine the net hold down force which is used
to keep the assembly seated in the receptacle and maintain correct axial
location of the fuel. The FFTF-type piston ring seal and inlet slots con-
tinus to sustain the hydraulic holddown even if the fuel assembly should be
lifted a maximum of 2.5 inches to contact the upper internals structure.

In the context of CRBR fuel assembly design, the term " hydraulic
holddown" refers to the design features which assure that the hydraulic forces
when acting in conjunction with gravity forces, keep the assembly seated in
the lower inlet module. These design features are illustrated in Figure

51 4.2-llA and are explained below.
~
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The fuel assembly is designed so that the hydraulic forces acting
on it remain unchanged even in the event that the assembly is lifted fromits seated position in the core.

The inlet nozzle at the lower end of thefuel assembly is inserted into the cup-like receptacle of the lower inlet
module (LIM). The fuel assembly cannot disengage from the LIM in an
assembled reactor because it is trapped by the upper internal structure. How-ever, sufficient clearance is provided between the fuel and upper internal
structures to allow for axial expansion of the fuel assembly caused by
thermal and fluence effects.

from holes in the sides of the LIM. Coolant flow enters the inlet nozzle of the fuel assembly radiallyA piston ring is used to seal the
annulus between the nozzle and LIM to prevent this flow from er.tering thecore interstitial region. Although nominally the sealing requirement is for
a static seal, a piston ring type dynamic (moving) seal was selected. Thispiston ring is fitted inside a finished cylindrical bore in the LIM where
borelength is greater than the clearance at the top of the fuel assembly.
This arrangement ensures continuous sealing even if the fuel assembly shouldlift up from its seated position in the LIM. Necessarily, this piston ring
is located above the nozzle inlet holes and the finished bore is locatedabove the LIM radial flow holes.

Reduction of the hydraulic pressure load acting upward on the inlet
nozzle is accomplished by venting the space at the lower end of the inlet
nozzle to a low pressure region. A second piston ring seal is used near
the bottom of the nozzle to separate the high pressure inlet flow from thevented space. This seal has the same requirements as does the other seal used
between the inlet flow and the core interstitial space, with the exception that
the piston ring and its mating bore must be located below the inlet flow paths.

The sum of the various vertical forces acting on the fuel assembly
determines the net holddown force which keeps the assembly seated in the
receptacle and maintains correct vertical location of the fuel. The weight
of the assembly in air is approximately 450 lb., but it weighs only about
390 lb. when submerged in sodium because of bouyancy effects. Small differ-
ences in diameter between the top and bottom piston rings combined with the
differential pressures acting on the assembly result in a net upward hydraulic
force of about 50 lbs., which reduces the seating force of the assembly toroughly 340 lb. Because of the seating arrangement discussed above, this net
seating force exists even if the assemblies are raised by some hypothetical
mechanism to bring them into contact with the UIS. In addition, the inlet
nozzle and LIM is designed to provide adequate coolant flow regardless of
whether the assembly is seated or in contact with the UIS.

Coolant flow control and attenuation of damaging neutron fluence
to the lower internals structure is provided by the shield block and orifice
plates. The five flow rates required for proper cooling of the fuel assemblies

51 are accomplished by varying the number of orifice plates and the number
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and size of the holes in a plate. Staggering of the holes between the
plates and shielding provide the maximum flow control by preventing flow
streaming and limits the maximum length of foreign particles. Only
objects smaller than the orifice holes in the individual orificing zones
can enter the shield block. Axial grooves and numbers on each orifice plate
assure hole staggering and plate identification when the plates are welded
together to form a subassembly.

Recent nuclear experiments at ORNL indicate that one shield block
with sufficiently long, straight through holes (or hole) will reduce the neutron
streaming and flux to acceptable levels. The lower internals lifetime is
longer than FFTS's, requit ing more nuclear shielding provided by the lower
axial blanket and longer shielding effective length. The shield block exter-
nal geometry and the connection of the rod attachment assembly, duct and
inlet nozzle to the shield block are the same as in the FFTF. The proper
assembly of these components is done with normal high level quality control.
When completed, the shield and inlet assembly can be inspected visually to
confirm proper assembly.

When all the attachment rails have been pinned in place a plenum
is formed between the attachment rails and shielding, providing mixing and
uniform flow to the fuel rods. The attachment rails divide the flow. Only
objects smaller than the sub-channel flow area can pass through the bundle.
No over-heating of fuel rods will occur even if a large portion of the flow
area at the attachment rails should become blocked by loose objects because
flow redistribution will take place beyond the rails prior to the fueled
section.

Similar to FFTF, a closed hexagonal duct surrounds the fuel rods
and directs the primary coolant flow. The assembly duct wall also prevents
the adjacent assembly from being in direct communication with molten fuel
and/or coolant pressure resulting from fission gas ejection and possible
interaction between molten fuel and the sodium coolant. It provides a means
of absorbing the damage due to local pressure pulses caused by fission gas
ejection and provides a delaying mechanism against melt-through to the
assembly adjacent to the failed one. The load pads, thicker than FFTF's be-
cause of the larger core, are capable of transmitting the radial core re-
straint loads and assure that adjacent assembly ducts contact only at the
pads to prevent hangups during refueling operations. Large contact areas
minimize local bending stresses and reduce the probability of self-welding.

The across flats clearance between the fuel rod bundle and the
duct will be controlled through selective assembly. The selective assembly
will be as follows.

1. 217 fuel rods and a fuel assembly duct are selected from inventory.
51 The fuel rods are not wrapped with the spacer wire at this point.
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2. The diameter of each of the 217 fuel rods is measured at a number of
axial locations.

3. The flat-to-flat inside dimension of the duct is measured at a number
of axial locations.

4. From the measured dimensions obtained in steps 2 and 3, the arithmetic
average rod diameter of the 217 fuel rods and the arithmetic average
duct flat-to-flat inside dimension is calculated.

5. These average dimensions are entered into the graph of Figure 4.2-12A
to determine the diameter of the wire wrap.

6. The wire wrap of the required diameter is attached to the f'iel rods.
Next the rod bundle is assembled, strip-by-strip onto the rod attach-
ment assembly on the shield block. The duct outlet nozzle subassembly
is then slid over the completed bundle and welded to the shield block.

The location and number of axial measurements on the rod and duct
will be specified in the CRBRP fabrication requirements when sufficient
statistical data from FFTF fuel assembly fabrication is accumulated.

The outlet nozzle is designed te guide the flow frcm the fuel assembly
into the flow collector and instrumentation in the upper internals, to pro-
vide refueling features, and with the inlet nozzle and load pad, provide
fuel assembly radial positioning and support. The outlet nozzle inside sur-
face controls the coolant exit velocity to minimize the potential for outlet
nozzle vi'; ration and directs the flow into the proper flow collector and
associated instrumentation. Design features of the outlet nozzle and inlet
nozzle will be provided to preclude fuel rod damage in the unlikely event of
an assembly entering an occupied position.

The outlet nozzle geometries that assist refueling are:

1. An inside surface groove to receive the refueling machines' grapple
fingers.

2. A large exit diameter to guide the grapple nose into the nozzle when
the IVTM and outlet nozzle are misaligned,

3. An external diameter that does not prevent a discrimination post on a
neighboring assembly that is misaligned from being inserted,

4. Assembly tapers to guide a fuel assembly in and out of its receptacle
5} or to guide neighboring assemblies during refueling, and
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5. A transition from the outlet nozzle outside diameter to the load pad

hexagonal geometry to provide a tapered surface that, when mated with
the shielding transition region tapers on an assembly entering the
core, will rotate the assembly to correct azimuthal orientation.

Af ter an assembly has been completely withdrawn from the core,
axial grooves on the outlet nozzle can be interpreted to verify a specific
type of core assembly, its serial number and the reference orientation by
the refueling nachine (See Section 9.1). Normal high level quality control
and administrative procedures will be utilized to assure the identification
notches on the outlet nozzle match with the flow orifices.

With the exception of the fuel and axial blanket pellets and the
Inconel 718 piston rings and locking bar, all other fuel assembly components
are austenitic stainless steel. These materials have been selected because
of their toleration to the reactor operating conditions and the avail-
ability of prototypic operating experience being developed for the LMFBR
fuels program. As in the FFTF driver fuel assembly design, the fuel rod
cladding, end caps and wire wrap as well as the fuel assembly duct are Type
316, austenitic stainless steel nominally 20: cold worked. The inlet and out-
let nozzles and shielding orifice subassembly are solution annealed Type 316.
To minimize the potentia! for damage, galling and wear, the mating surfacet
of the inlet nozzle anc piston rings with the lower inlet module are chrome
plated while the load pads on the duct and outlet nozzle are chrome-carbide
coated.

The selection of chromium carbide coatings for the load pads in the
outlet nozzle and duct is the consequence of an intensive program on friction,
wear and self-welding, supported by the USDOE. From this program, test re-
sults showed that bonded chromium carbide based materials provided the lowest,
most consistent friction coefficients. Further investigation of a variety
of processes for applying chromium carbide based materials revealed that the
detonation-gun process was able to provide a coating that could pass the friction,
wear, sodium corrosion, thermal cycling, mechanical integrity and irradiation
tests required to meet acceptance criteria. Additional information on this
program and testing involved in the development, evaluation and qualification
of chromium carbide coatings for sodium cooled reactor applications is given
in Reference 165.

The selection of chrome plating for the inlet nozzle was based upon
its successful performance for similar applications in EBR-II and verification
testing for FFTF. Reference 48 reports that the compatibility of chromium
plating with EBR-II primary sodium coolant was determined by two techniques.
First, stainless steel components that had been chromium-plated were examined
af ter years of exposure to primary sodium in the reactor. Second, a special
subassembly was exposed to EBPs-II primary segium for 13 months in which a

51 loss of chromium plating of as little as 10- in. could be detected by
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gravimetric means. The results obtained indicate that chromium plating is
completely compatible with the flowigg EBR-II primary sodium coolant at
temperatures at least as high ag 840 F, which is higher than the CRBRP
sodium inlet temperature of 730 F at the chromium plated inlet nozzle.

The FFTF testing consisted of withdrawal and insertion of a full
size assembly under prototypic and experimental core configurations. Nozzles
of 316 SS or chromium plated SS were used in contact with Inconel 718 liners-
(prototypic fgr FFTF and CRBRP). Tests were run in air and in high purity
sodium at 400 F (refueling temperature). The occurran .e of wear and material
transfer on the nozzle, piston ring and liner surface, as well as axial with-
drawal forces and lateral forces at the load pad and nozzle receptacle regions
were determined as a function of the following FFTF parameters (which umbrella
the CRBRP design and environment):

e nozzle design,
e nozzle surface material,

deflection of the fuel assembly duct produced by thermal expansion,e

irradiation induced creep and/or swelling distortion,
deflection of adjacent load pad configurations, ande

IVTM grapple misalignmente

Testing results verified that selection of the chromium plated sur-
face in place of stainless steel (see Figures 2 and 3 in Reference 165) would
provide superior resistunce to nozzle wear damage, not cause damage to the
long-life receptacle and provide withdrawal forces well below the IVTM (for
CRBRP) and IVHM (for FFTF) capability.

Dissimilar materials mentioned above may be in contact as described
below:

1. In the fuel rod attachment assembly, the Inconel 718-locking bar mates
with surrounding parts made of type 316 stainless steel (316SS). The
locking bar is located in a hole in the top of the attachment assembly.

2. The chrome plated Inconel 718 piston rings are located in grooves in
the 316SS inlet nozzle.

3. The 316SS inlet nozzle mates with the Incone! 718 receptacle in the
lower inlet module (LIM). The inlet nozzle is chrome plated at
potential points of contact with the LIM.

The materials indicated above were selected specifically to pre-
clude galling and self-welding. In addition, the Above Core Load Pad and
Top Load Pad are chrome-carbide hard surfaced to prevent galling and self-

51 welding at inter-assembly contact points.
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4.2.1.2.3 Radial Blanket Assembly

The functions of the radial blanket assemblics are:

a. Provide, contain and position the fertile material for conversion
to plutonium.

D. Produce heat for the Primary Heat Transport System.

Provide radial shielding of the core support structures and the radialt

c.
shield.

A radial blanket assembly consists of 61 rods arrayed in a tri-
angular pitch and supported in a haxagonal duct. The duct is axially and

laterally positioned by the inlet nozzle at the lower end; additional lateral
positioning is provided by 2 rows of load pads at intermediate elevations
located on the outside of the assembly. The assembly is also axially positioned
by the hydraulic balance system acting on the inlet nozzle, The outlet nozzle
at the upper end has an internal shoulder to accommodate the refueling grapple.

Radial Blanket Rod

The radial blanket rod is shown in Figure 4.2-13. Each rod consists
of cold worked stainless steel cladding surrounding depleted UO2 pellets and
a fission gas plenum above the fuel pellet column. The rods are fixed to the
assembly at the lower end and spaced at intermediate points along the lengthThe radial blanket cladding tubewith helical wire wrap with a 4 inch pitch.
prevents contact between the pellets and sodium, and prevents radioactiveThe radial blanketfission gas from being released to the primary system.
pellets are manufactured from depleted uranium oxide with the dimensions
given in Table 4.2-5. The fuel pellet column is held in place during ship-
ping and handling by a helical coil holddown spring. The spring is designed
to not interfere with the thermal expansion of the fuel pellet column during
reactor operation. The dimensions of the cladding and rod are given in
Table 4.2-5. The lower end cap provides a keyhole slot which mates with an
attachment rail to positive y locate the rod within the assembly. After thel

51 rod essembly, a tag gas is released into the fission gas plenum.
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The spacer wire is made of cold-worked Type 316 stainless steel
and is wound in a clockwise helical spiral around the blanket rods with
sufficie.it preload to prevent wire slacker.ing during operation. The wire
is wound with a 4 inch pitch and the ends of the wire wrap are welded to
the end plugs.

Radial Blanket Assembh

The radial blanket assembly is shown in Figure 4.2-14. The keydimensions are compiled in Table 4.2-5. The features of the radial blanket
assembly are similar to the Core Fuel As:embly with the following exceptions:
1. The raJial blanket rod bundle contains 61 rods.
2. All radial blanket assemblies are identical before irradiation.
3. The discriminator post is different, preventing insertion of a control,

inner blanket or fuel assembly into a radial blanket location or a
radial blanket into a control, inner blanket or fuel assembly location.

4. Four different orifices are built into the lower inlet modules of theradial blanket region of the reactor, see Section 4.4.

The radial Janket residence time in the inner row is four years.
The lifetime in the. :ner row of radial blankets is limited to five years
because experience and materials data for longer irradiations are not yet
availabl e. Radial blanket shuffling is not currently planned; however,
shuffling or rotation of the radial blanket assemblies is possible if more
detailed analysis reveals the desirability for such operations.

4.2.1.2.4 Inner Blanket Assembly Design

The inner blanket assemblies perform functions (a) and (b) of
Section 4.2.1.2.3. They are located in the core where they are surrounded
by fuel and control assemblies. The inner blankets use the basic features
of the radial blanket assembly design; in particular, the blanket rod
bundle configuration and duct design are identical for the two types of
assemblies. With this approach the inner blanket design can be based on
much of the development and test data which is being or will be generated
for the radial blanket assembly. Inis minimizes the need for additionaldevelopment (see Section 4.2.1.5).

The inlet nozzle, shield block, and orificing of the inner blanket
is designed to interface with the inlet modules in the inner core region. To
accomplish this design, features similar to those of the fuel assembly inlet
and hardware are adopted. Unlike most of the radial blanket assemblies
significant flow orificing will be incorporated into the lewer end of the

51 inner blanket assemblies.
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The assembly discrimination system will prevent insertion of an
inner blanket assembly into a fuel, control, or radial blanket assembly
position.

4.2.1.2.5 Discrimination System for Correct Loading Assurance

The fuel and inner blanket assemblies are designed to be inserted
in discrete positions throughout the reactor core. Each fuel and inner
blanket assembly position in the core requires a particular assembly type.

The assembly type is determined by the required amount of flow
through the assembly. There are a total of six distinct fuel assembly types
and three distinct inner blanket assembly types. However, the discriminator

on one of the inner blanket assenibly types is the same as one of the fuel
assembly discriminators. This is to allow alternation between an inner blanket
assembly and a fuel assembly at uniquely defined core locations (see Figure
4.2-10A). Thus, eight different discriminator configurations, or eight
different assembly types are located in the fuel / inner blanket region of the
core. These eight different types of assemblies are located in a unique
pattern that is repeated for each 60 degree sector of the core. Figure 4.2-10A
shows a typical core segment containing all cf the different types of
assemblies.

All radial blanket assemblies are identical' the correc' amount of,

flow for each blanket position is regulated by orifices located in the assembly
and in the lower internals inlet module receptacle. Any radial blanket assembly
can be inserted into any location in the radial blanket zone. The potential
for and consequences of an incorrect radial blanket placement are discussed in
Section 15.4.3.

.

To prevent overheating and possible melting of the fuel the following
design basis of subsection 4.2.1.1.2.3 (item 6) must be satisfied and the
following operaHonal error must be prevented:

Inclusion of an incorrect type component into a fuel assembly
which would result in improper fuel loading, improper flow
orificing, or insertion into an undercooled position in the core.

The following subsections describe how the required protection is
provided.

a. Insertion of the fuel or inner blanket assembly into a fuel or inner
blanket assembly position v.here it would be undercooled is prevented
by a mechanical core location discrimination system. It consists of
eight unique 2.35-inch long discriminator posts at the bottom end of

51 the inlet nozzles that are distinguished by combinations of post and
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blind axial hole diameters. This geometry was selected for its manu-
facturing simplicity and independence of orientation to the load pad
hexagonal geometry. The discriminator posts interface with 2.30-inch
high discriminator inserts which have matching hole and post diameters.
The discriminator inserts are made of Inconel 718 and are located at
the bottom of the receptacles in the lower internals inlet modules.
The post and hold diameters vary to form the eight types of one-way
fuel and inner blanket assembly discriminators identified in Figure
4.2-15. Tiie diameters were chosen to minimize the refueling stresses
for both the normal and mis-loaded condition. If a fuel or inner blanket
assembly is inserted into an incorrect fuel or inner blanket assembly
location, the discriminating features will not match; the receptacle
insert will not accept the fuel or inner blanket assembly discriminator
post and will stop the assembly 2.30-inches short of its fully inserted
position. The resulting 2.30-inch height difference is detected by the
in-vessel transfer machine axial position locating system. In addition
the IVTM cannot release the assembly frc.n le grapple. Thus, loading
of a fuel or inner blanket assembly into an incorrect fuel or inner
blanket assembly location is prevented.

b. Loading of fuel and inner blanket assemblies into control assembly
locations is prevented by a similar system of discriminators as described
above.

The radial blanket and removable shield assembly inlet nozzle and
receptacle diameters are smaller than the fuel assembly no.zle and
receptacle diameters. Thus, insertion of a fuel or inner blanket
assembly in these locations is precluded. Insertion of radial blanket
or shield assemblies into fuel assembly locations is prevented by inter-
ference between the inserts in the receptacles for fuel and inner
blanket assemblies and the inlet nozzles of the radial blanket nd
shield assemblies which do not have corresponding interfacing fectures.
Incorrect insertion in these cases will also result in a height difference
of 2.30 inches or more that is detected by the IVTM and which will pre-
vent release of the assembly from the grapple.

c. Each of the six unique fuel assembly types is composed of one of six
unique types of inlet nozzles, one of six unique types of orifice
assemblies, and a handling sucket assembly that has a unique arrange-
ment of identification notches for an individual fuel assembly.

d. Each of the three unique inner blanket assembly types is composed of
one of three unique types of inlet nozzles, one of three unique ty,.es
of orifice assemblies, and a handling socket assembly that has a
unique arrangement of .dentification notches for an individual inner
blanket assembly.

51
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@ Prevention of improper combination of these fuel assembly components
with variable geometries for the purpose of distinguishing between
orifice configurations, core lattice position and identification is
insured by adhering to high level quality assurance procedures. These
include measuring component dimensions and visual inspection of com-
ponent features and identification markings. All variable geometry com-
ponents have identification features or letters that are visible through-
out the entire assembly process.

4.2.1.3 Design Evaluation

The fuel rods are designed and analyzed to meet the design criteria
of Section 4.2.1.1.2.2 far the design environments which envelope the steady
state and transient environment presented in Sections 4.3 and 4.4. The

analytical methods utilized to assure fuel rod conformance with the cladding
strain limit and CDF criteria are described in Sections 4.2.1.1.2.2 and 15.1.2.1.
The conservatism of the rod performance capabilities calculated with CDF and
strain limit analytical technioues and criteria will be verified by com-
paring actual fuel rod lifetimes from the steady state and transient test pro-
grams (References 162 and 168) with corresponding rod design lifetimes calcu-
lated using these techniques and criteria. To assure a valid verification,

the test rod will:

1. Be subjected to steady state and transient environments whose sN erity
levels envelope those of the CRBR design environment and

2. Provide sufficient data to allow conservative extrapolation to those
CRBR conditions which cannot be duplicated in the current test facilities.

Thus, the analytical tools which are used to preclude failure M
fuel during steady state and transient reactor operation will be verified
by direct comparison with representative rod lifetime data.

The work performed to date towards verifying the analytical metbods
and criteria is described in Refe:ences 75, 57 and Section 15.1.2.1, ad is
sumarized ta Tables 4.2-B, 4.2-D, and 4.2-E.

The data used in this verification work was obtained from in-reactor
test programs in which over 1000 rods have Men tested in environments typical
of the CRBFP, and from ex-reactor, materials p.operty test programs in which
hundreds of individual tests of several different types (e.g. , stress rupture,
FCTT, etc.) have been perfonned.

In Reference 75, a strain limit procedure for determining. rod steady

state lifetime similar to that described in Section 4.2.1.3.1.2 was utilized
to calculate the design lifetimes of several EBR-II test rods which were
exposed to a temperature and burnup range encompassing CRBRP operation. The
major differences in the procedure used for experimental verification and

51 the CRPR design procedure of Table 4.2-A are:
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flominal cladding temperatures were utilized in the verification worka.
calculations.
design hot spot temperatures (see Section 4.4), and therefore wouldThe CRBR fuel rod design procedure utilizes the cladding
predict shorter lifetimes than the procedure used in the verificationstudy.

b.
The thermal stress due to the temperature gradient across the cladding
wall was neglected in the verification study. In the CRBRP design pro -
cedure, this thermal stress is assumed to be relieved entirely byductility limited thermal creep. This assumption adds to the total
cladding ductility limited strain, and therefore results in shorter
fuel rod lifetime predictions with the CRBRP design procedure thanwith the veri fication procedure.

No fuel cladding mechanical interaction (FCMI) was considered in the
c.

verification study. In the L.'BR design procedure, FCMI loads are con-
sidered, and under certain conditions can reduce the calculated rod
lifetime compared to fuel rods which are loaded by plenum gas pressurealone.

Even with these assumptions, the procedure and the corresponding strain51
limit were shown to be conservative as summarized in Table 4.2-B.

O

f

4.2-56

Amend. 51
Sept. 1979

Sfi,'30ts;



Further verification of the conservatism of the cladding lifetime
determined by the strain limit techniques is found in the results of FFTF
fuel rod transient tests. These tests are described in detail in Reference 57;

the pertinent results are given in Tables 4.2-D and 4.2-E. For these tables
the cladding strain limit criteria and the calculational techniques outlined
in Reference S7 were used to calculate the expected rod failure limits. As

I shown in Tables 4.2-D and 4.2-E, only one of the rods tmted failed below
the predicted levels. This single failure appears anamolous , since a rod-

subjected to the sane pre-transient environment but twice the transient
stress level than the anamolous rod failed at higher temperatures. Thus,

,

both steady state and transient test results indicate the cladding strain;

limit analysis techniques and de. sign criteria are conservative.!

Verification of various aspects of the CDF technique using a variety
of materials test data is described in Section 15.1.2.1. These verification'

studies have shown that:

The cladding mechanical damage due to a series of loading conditicnsa.
is the sum of the damage due to each load;

b. The materials property models in the CDF procedure are basically correct.
,

.'
i c. Thc method used in the CDF to analyze transients is correct;
i
i

; d. The distribution of experimentally observed failure times lies within
! the uncertainty bands around the nominal failure times predicted by the
' CDF procedure.

Preliminary work which corepared experimentally observed rod lifetiresI

from steady state EBR-II tests with the lifetimes predicted for these rods by
the CUF procedure also showed the CDT procedure to be conservative. This work'

will be updated in the future using rore accurate values for the reactor
| environnent, as noted below.
|

|
The rod cladding loads utilized in both the strain limit and CDF

verification calculations summarized above was assumed to be due to fuel rod,

internal gas pressure only. Also, the combined steady state and transient
,

; experirental environments used in these verification studies do not completelv
erivelope CRCRP conditions. Additional experimental fuel rod lifetime and'

Cladding loading data must therefore be obtained before the verification of
fucl rod design criteria and analysis techniques can be conpleted. Also,

the published values for the in-reactor environments for the completed fuel
rod tests of interest are preliminary. Further analysis verification work
will be performed with the final environment values only. The general
verification plans for the CDF design procedure is discussed in Section
15.1.2.1, while the application of specific steady state and transient fuel
rod tests to the various aspects of design analysis verification is given in
Table 4.J-65. The experiments to obtain additional data for verification

38
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(References 162 and 168) and the refinement of the in-reactcr environment
values for completed fuel rod tests are currently in progress. Based on
the information given in Table 4.2-65, a general plan for the CDF and strain
limit design procedure verification activities is given in Table 4.2-5A.
The fuel rod design analysis verification work will be completed and re-
ported in the FSAR.

The purpose of the design analysis techniques and criteria (both
CDF and strain limit) is to assure that the design lifetime of a particular
rod aesign is sufficient to meet performance objectives (i.e., preclude
failure). The verification calculacions indicated above are intended to
assure these calculated design lifetimes are conservative (i.e., that the
fuel rod perfo,mance objectives will actually be met). The various models
which are utilized in the design analysis techniques (e.g., material stress-
strain cur ve, material UTS vs. temperature data) should be realistic, yet
the design analysis procedure and criteria must be capable of precluding
failure. The verification results obtained to date (see Tables 4.2-B, 4.2-0,
4.2-E, and Section 15.1.2.1) indicate that this is indeed true for the models
and techniques used in the CDF and strain limit design procedures. As noted
above, these veritication studies will be extended in the future to include
experimental fuel rod environments which envelope both steady state and
transient CRBR conditions. Thus, the viability of the analytical procedures
and criteria can be adequately demonstrated without showing that each model
within these analytical procedures is always conservative for every con-
ceivable combination of environmental conditions. Alternatives and fallback
positions are defined in Section 4.2.1.6 in the event that future testing
and analytical efforts do not verify the adequacy of the preliminary design
limits and techniques.

There is a direct relationship between the analytical fuel and
blanket rod performance results, the reactor damage prevention methods (plant
protection system), and reactor control points such as total plant power
and core mixed mean outlet temperatures. The fuel and blenket rod are
designed and analyzed to meet their design criteria for a specified steady
state and transient core design environment. As discussed above, correlation
with test results v:ill verify the conservatism of the design proceJures, and
will assure that rods which meet these criteria will fulfill their performance
objectives for the specified design environment. The plant protection system
and control points are designed to limit the actual reactor steady state and
transient environment to severity levels below those of the design environ-
ment. Thus, performance of the plant protection and control systems within
their specifications will assure that the fuel and blanket assemblies operate
within their design environment limits. This assurance of specified core
environment levels, in combination with the verified fuel rod design pro-
cedures discussed previously, in turn assures that the CRBR fuel will meet

51 its lifetime objectives.
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4.2.1.3.1 Fuel and Blanket Rods

An analysis of the CRBRP fuel and blanket rod designs was per-
formed to show that the design requirements of subsection 4.2.1.1.2.2 are
satisfied for the worst initial core operating conditions. The analysis
concentrated upon the steady state (normal) conditions and the design
transients for upset and emergency conditions that were expected to belife limiting. The basis for this selection was experience from the FFTF
fuel assembly design evaluation and the analysis of experimental oxide-
fueled assemblies which are being irradiated in EBR-II. The steady state
and transient analyses are described below; the analyses of the consequences
of faulted and accident conditions are considered on an individual eventbasis in the appropriate subsections of Chapter 15.

In all design calculations, design basis temperatures and pressures
were assumed which equal or envelope those described in Section 4.4. These
temperatures and pressures, when utilized with design basis materials pro-
perties, cladding wastages rates, and fuel swelling models, resulted in design
strcsses and strains with conservative design margins. Stress effects on
irratiation swelling and swelling effects on irradiation creep were included
when needed to obtain conservative results.

In accordance with the design bases of subsection 4.2.1.1 de-
tailed analyses were also performed for the blanket components in the
areas of thermal hydraulics, stress, deflection, flow induced vibration,
seismic response, and irradiation damage. The blanket assembly failure
mechanisms considered were ductility limited creep rupture strain, over-
stressing due to steady-state and transient loads and temperatures, and inter-
ference between adjacent parts. Additional consideration must be given to
the increased uncertainties in material properties over long radial blanket
component lifetimes.

In these analyses, the postulated failure modes for the blanket
assemblies and the fuel assemblies are generally the same. Therefore, the
same basic analytical tools were used for the analysis of both. Some design
conditions which are more severe in the radial blanket than in the fuel assembly
are the large radial temperature gradients and larger required component life-times.

The radial blanket can survive these conditions becauss the neutron
fluxes, temperatures, and damaging effect of transients are lass severe than51 in the fuel assembly region.
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4.2.1.3.1.1 Fuel and Blanket Rod Damage Mechanisms Steady State Loads

Based upon previous experience, the primary sources of steady
state cladding damage that were considered in the first core evaluation
included the following:

A. Secondary stresses due to differential growth are generated by the
radial temperature gradient through the cladding thickness. All
cladding temperatures used in the analysis enveloped the design basis
hot spot temperatures reported in Section 4.4.

B. Fission gas release during life generates pressure stresses on the
sealed fuel rod cladding. The fission gas pressures used were deter-
mined as discussed in Section 4.4.

C. Wastage effects reduce cladding thickness and strength as described
in subsection 4.2.1.1.3.4.

D. Fuel-cladding contact pressure is generated by differential growth
with respect to the fuel pellet. Fuel-cladding mechanical inter-
action was investigated by use of detailed fuel pin performance codes.
Such codes are necessary to integrate the various phenomena occurring
in the fuel and cladding which determine the stress at the fuel-cladding
interface. The basic element of such codes is a thermomechanical stress
strain analysis system which analyzes the interactions occurring between
the fuel and cladding and within each of these components. The codes
were used to incorporate thermal expansion, swelling, creep, and r ' tic
defonnations of the fuel and clad and hot pressing and restructuroig of
the fuel into columnar, equiaxed, and undisturbed zones.

The fuel swelling calculation is based on a phenomenologica' model
of fission gas forming bubbles that achieve equilibrium with their su" face
tension and the hydrostatic stress in the fuel and are later release 6 to the
plenum. Since independent measurements do not exist, the fuel swelling and
restructuring models are calibrated from measurements of irradiated fuel rods.
These rods cover a broad range of operating conditions with linear pegerfrom6to19kw/ft;g2 to 12 atom %; cladding temperature, 900 to 1300 F;

2 (E > 0.1 Mev); fuel density, 88 to 961 theoretical;fluence, 0 to 8 x 10 n/cm
and fuel centerline temperatures up to melting.

Fuel rod performance codes with their mechanical analysis and
materials models determined from independent experiments and fuel swelling
and restructuring calibrated to a variety of fuel irradiations are used to
calculate fuel clad mechanical interaction (FCMI). This interaction is

51 caused by differences in swelling between fuel and cladding. Cladding swelling
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has an incubation period in which the swelling rate is low. During this
time the fuel swelling generally closes the fabricated fuel-clad gap and
generates a fuel-clad interaction stress. After the incubation period the
increased clad swelling relieves the interaction stress. Under certain
conditions, this increased cladding swelling results in re-opening the fuel
clad gap. This has been observed experimentally with solution treated cladding
in EBR-II.

The code used in the ongoing calculations of cladding loads is
LIFE, Reference 175, (see Appendix A). LIFE was developed by Argonne National
Laboratory as a fuel performance code with the capability of following the
reactor power history. The magnitude and duration of the fuel-cladding mechanical
contact are calculated with the LIFE code. LIFE has been adopted as the
national fuel pin modeling code and is undergoing further development at
ANL, W-ARD, HEDL, AI and GE. Limitations on the current version of the
LIFE code (LIFE-III) and the methodology by which it is applied to fuel and
blanket rod analysis is discussed in Section 4.2.1.1.3.5.

Two types of rods were investigated for FCMI effects: those with
the highest end-of-life damage due to fission gas loads, and those which
experienced the highest percent increase in steady state power level between
cycles. The first type of rods are the least capable of withstanding any
additional loading of any variety. In the second type of rod, the power in-
crease at middle-of-life could lead to FCMI due to fuel-cladding differential
thermal expansion, particularly if previous conditions resulted in a closed
fuel-cladding gap at the time of the power increase.

The specific axial locations along the rods for which the scoping
calculations showed the most significant FCMI loads and whose environments
are acceptably covered by the experimental data base were investigated in
detail for FCMI effects on rod lifetime. A corewide map of end-of-life
cladding steady state CDF for the hot spot of the hot rod in each assembly
is given and discussed in Section 4.2.1.3.1.2. The hot rod of radial
blanket assembly 201, which experiences a 12 power jump between cycles 2
and 3, was chosen for investigation of power jump effects. In addition to
experiencing a relatively high power jump, this rod also has one of the
higher cladding CDF values at end-of-life.

Steady state FCMI loads were calculated for the hot rods of fuel
assemblies 10 and 14, inner blanket assembly 67, and radial blanket
assembly 201 (see Figure 4.2-108). These rods were found to sustain the
highest cladding damage due to fission gas pressure alcne (see Section
4.2.1.3.1.2.1 below). Between cycles, a 10 hour drop to zero power followed
by a 10 hour rise to full power was assumed. The FCMI pressure values
calculated by LIFE III for the fuel rods were adjusted to account for the
greater cladding wastage which is assumed in the CRBR for design evaluations.

51 For example, in the LIFE III calculations, the initial cladding thickness
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of 15 mils typically decreased by a maximum of 2 mils at X/L = .75. In
the fuel rod design code FRST (see Section 4.2.1.3.1.2.2 below), the initial
cladding thickness of 13.5 mils typically decreased by 6 mils over the
design lifetime at X/L = 75. To compensate for this effect, the FCMI loads
calculated by LIFE for the fuel rods, were multiplied by the ratio of the
average cladding thickness calculated by FRST to that calculated by LIFE
III over the rod design lifetime for each rod and axial location considered.
Pending calibration of the LIFE code for blanket rods, the blanket rod
FCMI loads were not adjustea for cladding wastage when input to the
design code for added conservatism.

The results of these calculations are shown in Figures 4.2-17A,
4.2-178, 4.2-17C and 4.2-17D. These figures are plots of total internal
cladding pressure (plenum gas pressure + FCMI pressure) at the three
cladding axial locations under consideration. The straight line pressure
histories are due to plenum gas pressure only while the non-linear portions
of these pressure history plots indicate the occurrence of FCMI loading.

The effects of the mid-life power increase on FCMI in the hot rods
of radial blanket assembly 201 was investigated with the LIFE-III code by
varying the power ramp rate at the beginning of the third cycle. For this
study, three third cycle startup programs were considered:

Normal startup (3 loop operation)e

e Fast startup (30 min.)
e Programmed startup

The three startup procedures used in the analysis are shown in
Figure 4.2-16. The fast startup was based on the maximum possible ramp
rate achievable in the reactor, i . e . , 3 7, per minute. The progranned start-
up was based on an earlier fuel pin power-to-melt uncertainty analysis for
CRBR (Section 4.4).

Figure 4.2-24 shows the maximum calculated FCMI loads during the
third cycle startup for the three startup schemes described above. This
figure demonstrates that the FCMI loading calculated by LIFE III due to
mid-life power increases in radial blanket rods can be significantly altered
by varying the rates at which these rods are brought up to power at the
beginning of the cycle when the power increase occurs. The effects of
these cladding loadings on rod lifetime, and the overall conclusions de-
rived from these calculations are discussed in Section 4. 2.1. 3.1. 2.

Based upon experience with FFTF and EBR-II fuel assembly design,
the following mechanisms were expected to be of secondary importance with
respect to cladding damage in CRBRP but important to overall fuel and

51 blanket rod performance.
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1. Cladding Wire Wrap Interaction
Rod growth exceeding the wire wrap growth results in compressive and
helical bending stresses in the rod and tensile stresses in the wire
wrap. This loading might produce cladding damage or wire wrap breakage.
Wire wrap breakage or slackening with respect to the cladding might
allow either excessive vibration causing additional fretting and wear
or fatigue, damage, or alternatively slumping in such a way as to
disrupt the inter-rod spacing and corresponding coolant flow.

2. Bundle-Duct Interaction

The fuel or blanket rod bundle cross-section could grow faster than the
duct cross-section giving interference to such an extent that the fuel
rods see localized stresses and strains at the planes of lateral support
provided by the wire wrap. Conversely, the duct cross-section could grow
at a faster rate than the fuel rod bundle giving increased clearance
between the bundle and the duct. As a result, the fuel rod bundle may
either vibrate giving increased fretting and wear and increased f;tigue
damage or the coolant flow may redistribute causing local fuei rod
overheating in the center pins and leading once again to increased
cladding damage.

3. Rod Bow

Fuel Rods

The fuel rod bow is dictated by the wire wrap pitch. One design require-
ment is that the fuel rod bow due to temperature gradients across the
fuel rod and axial loads and the growth of the rods shall not decrease
significantly the nominal coolant flow channel between adjacent fuel rods.
Based on FFTF analyses, the above mentioned design requirement is expec+ed
to be satisfied and no limit on fuel pin perfonnance imposed. Analysis
and a prototypic irradiation test to confirm the above conclusion will
be performed.

Blanket Rods

The contact forces between the blanket rods are caused primarily by
bowing due to the radial thermal and flux gradients across the
blanket assemblies. These contact forces control the cladding fretting
wear, which is a component of the total cladding wastage rate. The
bowing of the blanket rod should generally result in larger contact
forces than in the fuel assembly. This is due to the larger temperature
gradients across the blanket rods and the greater blanket rod stiffness

51 as compared to the core fuel rods.
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The contact forces between the blanket rods were calculated as a
function of time over the blanket assembly lifetime for a row of nine
rods using the AT15YS computer code. The blanket rods were modeled as
a linear series of two-dimensional beam elements with regularly spaced
friction link gap elements for lateral restraint. Loads were assumed
to be due to axial and radial thermal and neutron flux gradients
typical of the blanket assembly. The temperature gradients and dis-
placement boundary conditions were chosen to give conservative results.

3 Stress effects on irradiation swelling and swelling effects on irradiation
creep were neglected. Except for short transient forces lasting for
a few minutes, the maximum rod-rod contact force was found to be < 4 lb.
and would result in less wear than that used in the cladding strain
calculations where wear is calculated as a function of contact force.

In a blanket assembly, cladding temperature and neutron fluence in-
creases as distance from the core center decreases (i.e., the temperature
and flux gradients are positive towards the core center). The portion
of the blanket rod cladding facing the core center thus tends to expand
more than the cladding facing away from the core center. For an uncon-
strained geometry, this would cause the blanket rods to bow toward the
core center during reactor operation (see Figure 4.2-88). However, because
of the duct constraint, the rods were actually held relatively straight
by the rod-rod and rod-duct contact forces. This results in the rod
cladding facing the center of the core being subjected to a compressive
stress, while the portion of the cladding facing away from the core is
under a tensile stress. Based on the irradiation creep and swelling
formulation given in Reference 153, irradiation creep and stress enhanced
irradiation swelling tend to relax these stresses. As these stresses
relax, the rod-rod contact forces are reduced. Thus, neglecting stress
effected irradiation swelling, and swelling enhanced creep, results in
higher rod-rod contact forces during the core residency time considered
in the calculation, and is therefore a conservative approach.

4. Rod Vibration and Fatigue

Fuel Rods

The primary concerns regarding fuel rod vibration are fatigue failure
of the cladding and wire wrap and the potential for excessive cladding
and wire wrap fretting and wear which could reduce the load carrying capa-
bility of these components. Fuel assembly design features critical to
fuel rod vibration, such as fuel rod diameter, cladding thickness, wire
wrap diameter and axial pitch and bundle porosity, are identical to
those used in the FFTF fuel assembly. Therefore, based upon FFTF water
and sodium flow test results, no problems are expected in these areas.
However, water flow tests and irradiation tests are planned to verify
this conclusion (see subsection 4.2.1.5).

4.2-63
Amend. 51
Sept. 1979

353TN



The FFTF Fuel Assembly Flow Vibration Test results are reported in
great detail in Reference 169 and are summarized in Reference 170.
The results from these flow vibration tests demonstrate that fuel rod
vibrations in FFTF and CRBRP fuel assemblies will be small. The FFTF
fuel assembly flow vibration test is directly applicable to CRBRP fuel
design. The relevance of these data for CRBRP design and the correlation
of these data with recent irradiation test data is discussed in the
topical report " Flow Induced Vibration of Fuel Rods in CRBRP", sub-
mitted in February, 1977. The additional flow-vibration test of a
CRBRP fuel assembly is planned to confirm tnat the rod vibration
amplitudes are as low or lower than those measured in the FFTF fuel
assembly flow vibration test.

The results of fuel rod bundle irradiation tests on cladding with
vibratory wear, including all 37 rod bundles, are reported in Reference
101, Section VC-4. These results will also be discussed in the topical
report," Flow Induced Vibration of Fuel Rods in CRBRP". These 61 rod
bundle irradiation tests designated as P13, Pl4, and Pl4A are being
performed in EBR-II to substantiate the present assumption that a small
rod-bundle-duct clearance will prevent significant rod vibratory wear.
Preliminary results from interin examination of these tests were re-
ported at the "CRBRP Fuel Meeting" with NRC, October 13 and 14,1976 in
Bethesda, Maryland (additional details are contained in the handout from
that meeting HEDL-T1-76035-2, " Reference Fuel Steady State Irradiation
Program" and Appendix ). An examination of the P13 and Pl4 test at a
burnup of 45,000 MWD /MTD exhibited insignificant cladding and wire wrap
wear. In Table 4.2-67 the test parameters of the P13, Pl4 and P14A test
assemblies are compared with those test assemblies which exhibited signif-
icant wear. The major differences in the design between both types of
assemblies are the smaller initial porosity of the P13, P14 and P14A test
series and the use of 20% cold worked type 316 stainless steel ducts. The
use of this duct material in conjunction with cold worked cladding main-
tained or decreased the small initial rod bundle porosity with increasing
burnup. In earlier tests the rods did exhibit vibratory wear because
the large initial rod bundle porosity was amplified by inserting low
swelling cold worked type 316 stainless steel cladding into a fast
swelling type 304 stainless steel duct. A comparison of the rod bundle
porosity of many assemblies in Figure 4.2-129 shows that those assemblies
which experienced porosity greater than 6 mils per ring did experience
vibratory wear. The irradiation and examination schedules for these
tests are included in the Reference Fuel Steady State Irradiation Pro-

51 gram Plan, Reference 162, Page A-23.
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A water flow test of a prototypic FFTF and nearly prototypic CRBRP
fuel assembly showed that the maximum fuel rod vibration occurred at
the top of the fuel rod bunale and was on the order of 2 to 5 mils
pea k-to-pea k . A preliminary assessment revealed that the alternating
stress and corresponding strain range associated with the range of
peak amplitudes of vibration is 2.8 to 7.0 times lower than the

- fatigue endurance limit given in ASME Code Case 1331-8. For the wire
wrap the ratio is from 2.2 to 5.4. It is expected that these ratios
are sufficient to account for any degradation in fatigue strength due
to sodium exposure and irradiation damage. Fuel rod vibration induced
fatigue damage is therefore expected to be negligible. More detailed
analysis will be performed to confirm this when CRBRP testing results
are available.

Blanket Rods

At this time the maximum vibration amplitude of the blanket rod is not
known. However, the vibration amplitude is limited by the available
rattle space between radial blanket rods which is approximately 0.003
in, on the average. Vibrations with larger amplitudes could occur
locally if the rod bundle is tightly compacted in other regions of the
assembly cross section. However, it was noted that damaging core fuel
rod vibration is not expected. Vibrations are less likely to occur
in the blanket rod bundle because (a) the blanket fuel rods are stiffer,
(b) blanket rod vibration frequencies are higher, (c) flow velocities
are lower in the blanket assembly, (d) the thermal gradient is larger
than in the fuel assembly bundle, and (e) the average radial rattle space
for each rod is approximately the same in the fuel and blanket assemblies.
All known correlations for flow induced rod vibration predict insignificant
bending vibration amplitudes. However, vibration modes can be postulated
other tiian the vibration of a single rod. When considered as an entity,
the rod bundle is a mass-spring system which can vibrate laterally. The
rod bundle has a relatively large mass and a small spring constant, and
therefore has a low vibrational frequency. Vibration of the entire bundle
could be caused by pressure differentials across the rod bundle or by
transmission of reactor structural vibration.

Rod vibrations, if they occur, might potentially lead to local cladding
wear. Fatigue failure or degradation of cladding strength is not likely
to occur because the bending stresses and strains caused by postulated
vibrations are small. For example, a 0.003 inch vibration amplitude -5
over a 12 inch length causes a bending stress of only 4404 psi and 5.' x 10
in/in. bending strain, which is far below the endurance limit of Type 316
SS. Therefore, no significant degradation of cladding strength due to
radial blanket rod bending vibration is expected. The necessary con-
ditions for cladding wear to occur, such as vibration amplitudes, sur-
face conditions, and temperatures, are not well understood and will be

51 evaluated.

Amend. 514.2-55 Sept. 1979

35055



Flow vibration tests of a prototypic FFTF control rod absorber
assembly have been performed and the results reported in Reference 29a.
These results indicate rod vibration less than 1 mil RMS. The blanket
rod assemblies will operate at flow rates equivalent to those utilized
in Reference 29a, and the dimensions and stiffness of the tested
rod bundle are of the same order of magnitude as those of the blanket
rod bundle. Thus, the blanket rod vibration amplitude is also ex-
pected to be less than 1 mil RMS.

A blanket rod bundle flow test in air and in water will be performed.
If a blanket rod bundle vibration test does become necessary, the
vibration response of selectively instrumented blanket rods will be
determined in this flow test, to demonstrate freedom from severe flow
induced vibration within the available space.

Although blanket rod vibration is not expected to cause random failures,
it is shown in Section 15.4 that random rod failures are not a safety
hazard. Hence, blanket rod vibrations or their consequences likewise
pose no safety hazard.

5. L!sium Migration and Axial Blanket Pellet Interaction

There are two general aspects of cesium migration and axial blanket
interaction. The fi,~t deals with the complex combination of con-
ditions that favor the Cs-UO reaction. The second deals with those2design parameters that would preclude a sevor mechanical interaction
if the CS-UO reaction occurred.2

The reaction of cesium with hyperstoichiometric urania was investigated
at ANL. The experiments suggest the following equation for the re-
action (Reference 2).

2 Cs(g) + UO +x + (1 - x/2)0 CS UO4 (s)2 2 2

The standard free energy of formulation of cesium uranate is given by

G = -453350 + 9.16T cal /molfg

Here
x = the deviation from stoichiometry

UT = temperature in K

51 g,s = gaseous and solid phases respectively
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If the fission product cesium is free to migrate to the cooler ends
of the fuel pin it will react with urania to form Cs UO whose molar2 4volume is m3.5 times than that of the UO '2

Obviously, if there is insufficient voidage available to accommodate
the Cs9UO reaction product, then a mechanical interaction with the

4
claddihg will result.

The propensity for the axial migration of cesium is sensitive to
the prevailing operating conditions, particularly as they affect the
availability of fission product molybdenum. Given the proper thermo-
dynamic conditions, Cs and Mo will react with available oxygen to form
Cs Mo0 which will deposit at the fuel-cladding interface and sub-p g
sequently react with the stainless steel. Thermochemical studies at
ANL (Reference 159) have shown the following reaction-

2 Cs(g) + Mo + 20 (g) -+ Cs M 0 (s)
2 2 4

362000 + 35.68T (O ) cal /molKAG =
7g

The Cs mod reaction competes for the edlybdenum which may also com-
binewithhoblemetalstobedepositedasmetallicinclusionswithin9

the (U, Pu) 0 fuel. This alloying process is favored .. high9
temperaures ahd low 0/M ratios within the fuel. In his case, the

gaseous cesium is free to migrate axially toward the cooler regions
of the fuel pin. The conditions that partition the two competing
molybdenum reactions are not known exactly. However, observations
from EBR-II irradiated fuel pins (e.g., Reference 161) suggest the

51 scheme shown in Figure 4.2-9A.
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Clearly, the Cs Mo0 reaction is undesirable from the standpoint
2 4of cladding attack and a low 0/M ratio is specified to minimize the reaction.

reactionThus, for all practical purposes it must be assumed that the CsV07
will occur in some CRBRP fuel pins. In this regard it must be assured that
sufficient voidage is available for the Cs 004 product. Voidage is defined

2 reaction product andas that free space required to accommodate the Cs2
preclude a severe mechanical interaction with the dding.

The fonnation of cesium-uranate also depends on the stoichiometry
of the urania in the axial blanket pellets. Formation of a significant

amount of Cs U0 is expected only if the urania is hyper-stoichiometric.
2 4The reaction of cesium with hyper-stoichiometric urania is limited by the

excess oxygen in urunia. The volume change that accompanies the formation
of Cs U0 can be calculated from the following reaction:

2 4

x Cs + UO +x = x/2 Cs UO4 + 2-xUO
2 2 2

The difference, AV, between the volume of reaction products and
volume V inside the fuel pin is given by

'(
I -

^
4+(1-f)V

" -IV Cs 00
UO2

2+x 2 _t
v

where

Psm = fractional smeared density

b24.6%))V " " U

U0 +x
2+x

2

2(24.6$))V I U
UO

2

4(85.3%))VC = molar volume of Cs UO
3 UO 2
2 4

By setting aV equal to zero in the above equation, the following
expression relates the initial value of the smeared density and the initial
value of the deviation from stoichiometry such that the maximum value
(x of deviation forms a mixture that exactly fills the available space.
Thga8x)pressionis:

V

UO +x 1 2
U0

2
x -

**
_

Cs 00 -V $2 4 UO "
2+* S530382 ,

29
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If no credit is allowed for accommodation of the reaction pro-

duct by the UO2 pellet porosity, then p becomes the ratio of pellet to

cladding cross sectional area. Thismodficationoftheaboveequationis
reflected in Figure 4.2-98. Theoretically mechanical interaction between
the Cs UO reaction product and the cladding would not be expected until

2 3
100 ' oT thd voidage in the pellet to cladding gap was expended. However,

as shown by the X on Figure 4.2-9B, reference fuel pin PNL-8-25 irradiated
in EBR-II to a peak burnup of n60 MWD /kg (Reference 160) did experience
a slight local cladding strain in the vicinity of a cesium activity peak
when on a nominal basis only 952 of the gap voidage had been consumed.
Note that pin PNL-8-25 did not experience cladding breach. This difference
in theoretical versus observed voidage to preclude mechanical interaction
may be hypothesized as being due to pellet and cladding surface irregularities,
non-uniform reaction product formation of the reaction product being less
than 100J dense.

The above considerations have been factored into the design of

the U0 CRBRP axial blanket pellets adjacent to fuel. Based upon fabrication
9

experibnce with similar FFTF insulation pellets, the UO2 pellet initial
0/M ratio should be less than 2.005 and the ratio of cross sectional areas
should be within the range of 88.47 to 92.2 ' (90.251 nominal). As shown
in Figure 4.2-9B, this is well below the thresholds for severe mechanical
interaction of the reaction product with the cladding.

With regard to the experimental data base and its uncertainty, the
examination of reference fuel pins irradiated in EBR-II for cesium migration
and insulator (blanket) pellet reaction is reported in Section VH of Ref-
erence 101. Of the approximately 100 pins examined after the wire wraps
were removed, three high power, high burnup pins show both cladding strain
and a sharp peak in cesiuni gama activity at the interface between the bottom
of the fuel column and the insulator pellets. However, none of the three

had failed. To date, seven pins have been completely examined after being
irradiated to high burnup (>50,000 mwd /T). All seven had operated at peak
powers in excess of 11 LW/f t. Other high power pins have been examined
at burnups from 60 to 50,000 mwd /T and lower power pins have been examined at
burnups ranging from 2,000 to 43,000 mwd /T. None of the latter have shown
cladding strain or cesium segragation at the insulator pellets. It is noted
in Reference 101, that the three pins exhibiting strain due to cesium reaction
PNL-5B-25, PML-8-ll and PNL-8-25 were quite similar to other pins in the EBR-II
subassemblies which showed no evidence of cladding strain due to cesium reaction.

The planned EBR-II and FFTF irradiation tests that will pro-
vide additional information on cesium migration and associated cladding
reaction and pellet interaction effects is given in Reference 1 of the
Reference Fuel Steady-State Irradiation Program Plan (Reference 162) which
was provided in Response to Question 241.56. Specifically, Table 4.2-62
of the PSAR (Table II in the program plan) identifies the following areas

51 of investigation:
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II. Solid and Volatile Fission Product Migration

5. Cesium migration in long pins.
6. Effect of cesium migration in mechanical strain.
7. Confirmation of design fixe';.
8. Effect of low 0/M fuel (0/M<l.95).
9. Tests in FFTF (effect of peaked axial power profile).

IV. Fuel-Cladding Chemical Interactions.

16. Ef:ects on cladding mechanical properties.
17. Correlation of temperature and burnup effects.
18. Effect of 07 potential'(0/M and fission product spectrum).
19. Effects of getters.
20. Effects of all Pu fissioring in FFTF (EBR-II tests included

enriched uranium).
21. Effect of FFTF axial power profile.

The schedule for tBR-II testing to support CRBRP FSAR submittal
is given in Figure A-1 of the program plan (Reference 162) while the schedule
for FFTF testing in support of CRBRP initial core operation is given in
Figure A-3 of Reference 161. Figure A-2 gives the EBR-II irradiation
experiments, described in Table A-1, which support activities II and IV
above.

Fuel and Blanket Rod Cladding Design Transients

The CRBRP design duty cycle which is described in Appendix B
classifies all operational events as normal, upset, emergency and faulted.
Individual and faulted events are described and analyzed in the appro-
priate subsections of Chapter 15.

Si
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The upset and emergency events of the design duty cycle were
first categorized according to their effect on cladding temperature and
type of initiating mechanism. For the transients of Appendix B, the
three categories are considered as follows:

Down Transients

Cladding temperature decreases to values below those for
normal steady state operation. Because the cladding transient
strcngth is highly non-linear with temperature (see subsection
15.1.2.1), significantly higher loading can be acconinodated
during reduced temperature operation. Therefore, in this pre-
liminary assessment no additional cladding damage was associated
with this type of transient.

Undercooling Type Up Transients

Cladding temperature increases to values above normal operation
due primarily to a re action in coolant flow. Fuel temperature
does not change significantly. The damaging effect of these
transients is due primarily to the increased fission gas pressure
and reduced cladding strength.

Reactivity Insertion Type Up Transients

Both cladding and fuel temperatures increase above their normal
operational values due to higher power generation without pro-
portionately higher coolant flow. In addition to the damaging
mechanism identified for undercooling transients, there is a
potential for increased fuel-cladding mechanical interaction and
additional fission gas release. Fuel-cladding mechanical inter-
action was neglected in this preliminary evaluation for reasons
discussed later.

Ideally,each damaging up transient of Appendix B should be fully
characterized and evaluated according to its effect on fuel rod cladding
performance. flowever,the more practical approach is to umbrella these
events in a conservative manner that is, the damage due to the umbrella
events would exceed the damage of the combined individual events. This
would normally involve the following steps:

1. The major categories of damaging events would be subdivided according
to transient duration. For example, fast acting transients which
usually achieve higher cladding temperature would be categorized

51 against longer acting lower temperature transients.
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2. Each transient within these categories would be qualitatively examined
for potential cladding damage with respect to its normal operating con-
ditions at event initiation. Further subdivision may be required. For
example, transients during startup with reduced temperature and power
as initial conditions may be less damaging than normal full power
operation.

3. Finally, within each category the transient which would probably pro-
duce the most damage would be selected as the umbrella transient.
The umbrella event frequency would be established by encompassing all
damaging events within that category.

Based on these considerations, the U-2b,0BE, E-16, and SSE
(60t step) events were chosen as the most damaging events for each transient
category. These events were therefore utilized in the fuel and blanket
rod performance evaluctions. These events are described in Table 4.2-59.
The cladding temperature histories during the umbrella transients for both
fuel and blanket rods are shown in Figure 4.2-24E through 4.2-24J.

No transient FCMI effects were included in the CDF analyses
presented here. For these calculations, the very conservative cladding
transient temperatures and duty cycle indicated above were assumed. For
the cladding strain analyses, the procedure used to calculate transient
FCMI for the FFTF evaluations was utilized (Reference 57 and 173). This
procedure is described in Section 4.2.1.3.1.2.2 below.

As a better understanding of the transient behavior of prototypic
irradiated cladding evolves, the design duty cycle is defined in more de-
tail and the PPS design and trip settings are finalized, the fuel rod
cladding transient analysis will be updated as follows:

1. The cumulative damage function analysis procedures and the inelastic
strain criteria and associated procedures will be continually updated
to it. corporate all recent testing data relative to irradiated materials
properties and fuel rod failure mechanisms.

2. The design duty cycle events will be examined more thoroughly for
time effects, initial state points, and probable damage (e.g., effect
of down transients) as indicated by the revised CDF analysis procedures.

3. More realistic umbrella events and frequencies will be defined based
upon the above examination.

Sodium Voiding Accidents

The mechanical effects of gas bubble passage through the core
51 have been treated in Section 15.4.1.5.6.
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4.2.1.3.1.2 Rod Performance Analysis Results

4.2.1.3.1.2.1 Cladding CDF

The cumulative damage function (CDF) histories were calculated
for the hot rods of the active core assemblies and checked against the CDF
limit given in Section 4.2.1.1. For this assessment, only the effect of
steady state and transient plenum gas pressure and steady state FCMI are
specifically included.

Maximum design basis cladding temperatures were used in these
analyses. Also, the properties and behavior of the cladding material at
the 99T confidence limit were assumed, i.e. , the probability that the most
conservative value of each material property was used is 992.

Clearly, this assumption defines the most conservative condition
for evaluation of the design requirement case.

In general, results are conservative when an upper limit on rate
correlations is used, and when a lower limit on strength correlations is used.
An example of where using upper material property design limits is con-
servative is the calculation of internal and external cladding degradation.
Maximum values of sodium corrosion, fretting wear, and fuel-cladding chemical
interaction result in the minimum end of life cladding thickness. This re-
sults in conservatively high cladding stresses and a conservative lifetime
prediction.

The cladding CDF evaluation assumes the upset transients are applied
at equal time intervals throughout cladding life, with the emergency event
applied at end-of-life. Cladding temperature increases during all transients
were set equal to the maximum values. Degradation of the cladding materials
properties due to the environment at the time of transient occurrence was
included in all CDF calculations.

The FURFAN computer code is used to calculate the steady state and
transient CDF histories (See Section 15.1.2.1). Cladding temperatures, steady
state plenum pressures, local rod burnup, and steady state FCMI pressure
histories are input to this code. A minimum beginning-of-life cladding thick-
ness of 0.0135 inch, which is consistent with cladding tolerance and defect
allowances, is assumed. The cladding material wastage rates and mechanical
properties are discussed in Section 4.2.1.1.

Initially, the cladding steady state CDF history at the hot spot
due to plenum gas pressure only is evaluated for each hot rod in the core.
These results are then used as bases for further analysis as follows:

1. The fuel and blanket rods with the highest end-of-life, steady state
51 CDF are analyzed for transient effects using the FURFAN code.
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2. The fuel and blanket rods with the highest end-of-life, steady state
CDF are analyzed for steady state FCMI loads as describea in Section
4.2.1.3. The total plenum gas plus FCMI loads are then utilized
in FURFAN to assess the total cladding internal pressure effects on
rod performance. Since FCMI occurs in general over the middle-to-lower
sections of the rod, the CDF of the rod must be calculated at locations
other than the cladding hot spot when assessing FCMI effects.

3. The fuel and blanket rods which experience the highest power increase
between cycles are also analyzed for FCMI (see Section 4.2.1.3.1.1).
If any appreciable FCMI occurs in these rods, the CDF histories due
to total internal pressure are calculated for those axial locations
where the FCMI exists.

Fuel Rods

The end-of-life, steady state CDF values for the hot rod of each
fuel assembly in the core calculated according to the methods and assumption
described above, are shown in Figure 4.2-25. The lifetime for these rods
is defined as the duration of cycles 1 and 2 or 328 full power days (fpd).

The first core fuel rods all attain their goal design lifetime of
328 fpd when steady state plenum gas pressure loading only is considered.

Based on the steady state results of Figure 4.2-25, the hot rods
of fuel assemblies 10, 11, 14 and 24 were analyzed for transient effects at
the cladding hot spot. These rods have che highest calculated steady state
CDF at the cladding hot spot at end-of-life. The transient duty cycle and
the cladding temperature histories at the hot spot due to these transients
are described in Sections 4.4 and 4.2.1.3.

The effects of the transient duty cycle on the fuel rod lifetime was
assessed With the CDF transient limit cun es. This technique is described
in detail in Section 15.1.2.1 and has been illustrated by an example in Section
4.2.1.1. Briefly, in this method, the maximum transient cladding temperatures
'nd the maximum allowable transient clac''ing temperatures as determined by the
CDF technique are plotted as a function of time on the same graph. The time
at which the plots intersect determine the rod lifetime due to steady state
and transient conditions. If the goal lifetime is achieved without these
plots intersecting, the difference between the maximum and the allowable
transient cladding temperature at the goal lifetime (i.e., 328 days) gives

51 a measure of the cladding margin remaining at that time.
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The transient limit curve for the hot spot location on the hot rod
of assembly 14 is shown in Figure 4.2-26A. This curve shogs that this rod
achieves the goal lifetime of 328 days with a margin of 18 F at the hot
spot. The remainder of the fuel rods considered achieve goal lifetime
with larger calculated margins or at the lower peak power.

At rod locations below the hot spot, FCMI loads are calculated to
occur in addition to the plenum gas pressure loads. Thus, even though the
cladding temperatures at these locations are lower than at the hot spot, the
increased loading may cause more rapid damage accumulation.

To investigate this possibility, the hot rod of fuel assembly 14
was selected for detailed calculation. This rod achieved goal lifetime with
a small positive margin remaining at the hot spot, and therefore is one of
the most severely loaded fuel rods in'the core. For the CDF analyses, cladding
design temperatures were utilized for the axial locations under investigation
(X/L = .33, .50 and .75). The total cladding pressures are shown in Figure
4.2-17A. The transient limit curve technique was used to evaluate cladding
performance at these axial locations.

The results of this calculation are shown in Figure 4.2-26B, which
is the transient limit curve for the cladding axial location X/L = .75 of
the rod under consideration. This figure shows this cladding location achieves _
goal lifetime with considerable cladding transient temperature margin. The
end-of-life transient temperature margins for the X/L = .33 and X/L = .5 locations
are even greater than for the X/L = .75 location.

Blanket Rods

The end-of-life, steady state CDF values for the hot rods of each
blanket assembly, calculated according to the methods and assumptions described
above, are shown in Figure 4.2-27. The lifetime for the inner blanket rods
is the first two cycles, or 328 full power days. The inner row of the radial
blanket has a four cycle lifetime, while the outer row of the radial blanket
has a five cycle lifetime. For this study, the radial blanket inner row was

analyzed for the first four cycles of operation, or 878 full power days, and
the outer row of radial blankets was analyzed for the first five years of
operation, or 1153 full power days.

For loading due to fission gas pressure only, the inner blanket
hot rods generally have a lower steady state CDF at end-of-life than do the
radial blanket rods. This also provides margin for any effects the inner
blanket rods may experience due to the power increase which occurs after
the first cycle of operation in many inner blanket assemblies (see Figure

51 4.2-16).
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From the data of Figure 4.2-27, the hot rods of outer blanket
assembly 201, and inner blanket assembly 67 were calculated to have the
highest end-of-life CDF values at the hot spot for each blanket type.
These rods were analyzed for transient effects at the hot spot using the
methods and assumptions previously described for the fuel rods. The re-
sults of these analyses are shown in Figure 4.2-28A and 4.2-28B. These
results show that these blanket rods achieve the goal life with the transient
limit curves at end-of-life lying above the peak transient cladding hot
spot temperature. The transient temperature margin at end-of-life for the
other blanket rods are greater than the margins for the hot rods of assemblies
201 and 67.

As noted in Section 4.2.1.1, the LIFE III code has not been calibrated
for blanket rods. However, _he magnitude of the calculated blanket rod FCMI
loads as a function of rod power, temperature, etc., correlate well with the
calculated fuel rod FCMI dependence on these parameters. This indicates the
LIFE III models are mathematically capable of predicting blanket rod FCMI
results. To compensate for the uncertainty in blanket rod FCMI magnitude due
to lack of specific calibrations, the blanket rod wastage was assumed to equal
the conservative design cladding wastage. This resulted in conservative calcu-
lated FCMI stresses.

The effects of these calculated steady state FCMI loads and the
transient duty cycle on cladding lifetime at axial locations X/L = 0.46 and
0.62 were determined for the hot rods of outer blanket assembly 201 and inner
blanket assembly 67. The cladding temperature assumptions and transient limit
curve techniques utilized for these blanket rods are identical to those utilized
for the fuel rods. The total cladding internal pressures are shown in Figures
4.2-17C and 4.2-17D for the axial locations considered. These calculations
predict that at end-of-life, the CDF limit curves for these axial locations
on both blanket rods lie above the cladding peak transient temperatures at
the hot spot location.

Mid-Life Power Increase Effects

As noted in Section 4.2.1.1, the LIFE III code has not been cali-
brated to calculate the magnitude of FCMI loads for this type of environment
change. However, the code models are capable of predicting the qualitative
physical relation between FCMI and power change rate over the periods of time
typical of reactor startup. Thus, for this study, blanket rod cladding per-
formance with these startup programs at the beginning of the third cycle
were calculated and compared. These startup programs were described in detail
in Section 4. 2.1. 3.1.1.

The cladding CDF due to the most severe startup loading (100R power
at 37 per minute) was calculated with the FURFAN code. Results of these
analyses are shown in Table 4.2-10. Steady state CDF values are shown for
878 EFPD (4 cycles of operation) with and without accounting for the power
jump. Comparison of the results shows that even in the worst case the mid-life
power jump, per se, has no significant deleterious effect on the steady

61 state performance capability (CDF) of the blanket rod. g(agf',
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4.2.1.3.1.2.2 Cladding Ductility Limited Strap

The FRST computer code (see Appendix A) was used to calculate
fuel rod cladding ductility limited strain versus time. This code pro-
vides a means of calculating effects of time-varying cladding temperature,
plenum pressure, cladding wastage, and fuel-cladding contact pressure on the
cladding ductility limited strain as defined in Section 4.2.1.1.2.2. This
is done by utilizing the cladding thermal and pressure loads which equal cr
envelope those of Section 4.4 in the solution annealed 316 SS thermal creep
equation, referenced in Section 4.2.1.1. Cladding wastage and steady state
fuel-cladding contact pressure effects are considered in the cladding load
calculations. Irradiation creep and swelling strains are also calculated
by FRST using the 202 cold worked 316 SS models. The FRST calculational pro-
cedure has been verified against both' hand calculations and MINIGRO code re-
sults.

For conservatism, the FRST computer code used the material modeling
assumptions presented in Section 4.2.1.1, all pertinent initial environmental
conditions considered for the fuel rod cladding strain calculations are also
described or referenced in this section.

A sub-routine to the FRST code which calculates the cladding plastic
strain increment and thermal creep strain rate during the transient, was used
to determine the effects of transients on cladding strain accumulation. For
the cladding material, the solution annealed 316 SS thermal creep strain
relation, specified in Section 4.2.1.1, and the stress-strain relationship
given in Figure 15.1.2-22, were assumed. Fission gas plenum pressure and flow
at the time of transient occurrence is input to this sub-routine from the steady
state analysis results. During a given transient, the sub-routine adjusts
this pressure to reflect increased fission gas pressure transient for cladding
differential expansion, and the time varying cladding temperature. During the
transient, the code calculates the cladding stress, and utilizes this stress and
the cladding temperature in the solution annealed 316 SS thermal creep equation
to calculate the cladding strain rate due to the transient. Whenever the
cladding stress exceeds the material proportional elastic limit given by the
stress-stain-temperature relation of Figure 15.1.2-22, the code uses the
mathematical equation of this relation to calculate cladding plastic strain,
and this value is added to the plastic strain to obtain the total cladding
transient ductility limited strain. This technique, which is the same as
used for FFTF, is described and verified in References 57 and 173.

A minimum beginning-of-life cladding thickness of 0.0135 inches was
assumed, which allows for design tolerances and defect allowances. The cladding
material wastage rates and mechanical properties are discussed in Section
4.2.1.2. The pertinent initial conditions used for these calculations were

51 previously described in this section.
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Strain Limit Analysis Results

Cladding ductility limited strain history calculations for steady
state operation were first performed for the hot rods of the equilibrium
core fuel assemblies assuming cladding loading due to plenum gas pressure
only. The lifetime for these rods is defined as two equilibrium cycles,
or 550 full power days. The results of the analyses are sumarized on
Table 4.2-11, which lists the end-of-life cladding ductility limited strain
at the cladding hot spot for the hot rod of each assembly. The table shows
that the highest steady state strain accumulated by any fuel assembly at
the hot spot is 0.042%, versus an allowable of 0.2:

Cladding ductility limited strain calculations for steady state
operation were also performed for the hot rods of selected cycle 1 and 2
inner blanket assemblies (550 fpd life) and selected cycle 1 to 4 radial blanket
assemblies (875 fpd life) using the FXT computer code. The outer tow of
radial blankets (1150 fpd lifetime) operate at much lower cladding temperatures
and stresses than do the inner row of radial blankets, and therefore accumulate
less cladding strain. The inner and radial blanket assemblies with the highest
pressures and temperatures were analyzed because their maximum cladding strains
enveloped those of the remaining assemblies. The results show that the inner
blanket assemblies have steady state ductility limited strains well below their
allowable limit of 0.21. Radial blanket assemblies 201, 203 and 206 were
analyzed, and found to have steady state cladding hot spot strains of 0.0075,
0.0281, and 0.022% respectively at end-of-life. These strains, which are ex-
pected to be the highest to occur in the radial blanket rods, are well below
the design limit of 0.15.

The cladding strains resulting from the combined gas pressure and
FCMI loads were calculated at the X/L = .33, .50, .75 and 1.0 axial locations
for the hot rod of fuel assembly 10, and at X/L = 0.31, 0.62, and 0.81 for
inner blanket assembly 67, and outer blanket assembly 206. As indicated above
and in Table 4.2-11, these rods have the highest end-of-life cladding hot
spot strains for their respective types. The total internal pressure histories
at these axial locations for the rods of interest are shown in Figure 4.2-17B
through 4.2-17D. For these calculations, cladding temperatures under the spacer
wire with statistical hot channel factors at the 2 o confidence level were
utilized. The results of these calculations are presented in Table 4.2-14.
These results show that the tuel and blanket rods considered in this study
achieved goal lifetimes with ductility limited strains less than the limit
when FCMI pressures were included in cladding loads.

The effects of the design transient duty cycle of Section 4.2.1.3
on cladding ductility limited strain was also determined with the FRST code.
The hot rods of fuel assembly 10, inner blanket assembly 67, and radial
blanket assembly 206 were investigated at the axial locations previously
noted. Transient FCMI effects were included as described above. The maximum
total (steady state and transient) cladding ductility limited strain for all
axial locations equalled 0.2771 for the fuel rod, 0.028% for the radial
blanket rod, and 0.004 4 for the inner blanket rod. Since these strains are

51 all less than the limit, all rods achieve goal lifetime.
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h4.2.1.3.1.2.3 Wire Wrap Loads

During the fuel and blanket rod design life, the relationship
between spacer wire legnth and rod exial height changes. The predominant
sources of this differential elongation are:

1. Differential wire and cladding thermal expansion;

2. Differential irradiation induced axial swelling of the wire and fuel
rod cladding;

3. Change of the fuel rod cladding length due to internal fission gas
pressure effects;

4. Increase of the fuel rod cladding diameter due to fission gas pressure
and irradiation induced swelling which increases the required legnth of
the wire helical path.

If the axial component of the wire growth is greater than the fuel
rod cladding growth, wire slackening occurs. If the cladding growth is larger
than the wire growth, then the wire and cladding are deformed to accommodate
the differential growth. The four modes of deformation are:

1. Axial elongation of the wire;

2 Helical bending of the cladding which allows the wire to assume a
shorter path;

3. Axial compression of the cladding;

4. Torsional deformation (twisting) of the cladding.

Excessively tight wire wrap may rupture, potentially causing increased
cladding fretting wear, and potentially disturbing the flow path locally. To
determine the wire load such that the axial components of wire and cladding
elongation are compatable, wire stress, cladding stress, and cladding and wire
deformation are calculated as a function of time with the WRAPUP D computer
code (Reference 163). In the event the wire slackens to zero stress, the wire

slack, which is the difference between the actual total wire length and the
wire length necessary for complete contact the blanket and fuel rods at zero
stress, can also be calculated with the WRAPUP D code. The maximum wire stresses
and strains are checked against the limits given in Section 4.2.1.1.

Uncertainties in wire-cladding interaction modes and in material
responses to in-reactor environments are accounted for by adjustable input
parameters to the WRAPUP D code. Until WRAPUP D verification against
experimental data is accomplished to reduce these uncertainties, reasonable
worst case combinations of material creep and swelling rates, wire-cladding

51 frictional forces, and material wastage configurations are used to calculate
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wire wrap lifetimes for the fuel and blanket rods. The details of how these
combinations are achieved in the WRAPUP D code are described in Reference 163.
For the WRAPUP D analysis of the CRBR fuel and blanket rods, conditions were
chosen to produce maximum wire stress and maximum wire strain for the specified
core environments as follows:

a. Maximum Wire Stress

This condition is produced by assuming maximum irradiation swelling,
minimum irradiation creep, zero wastage at the wire-cladding interface
line, zero wire-cladding slippage, and core midplane conditions (maximum
ire-cladding temperature difference).

b. Maximum Wire Strain

This is achieved by assuming the same conditions as for the maximum
wire stress, except that free wire-cladding slippage is utilized, and the
rod axial temperature distribution is considered.

The justification for these assumptions is given in Reference 163.

To estimate the wire wrap performance of the fuel and blanket rods,
the wire stress and ductility limited creep strain histories were calculated
for the hot rods of fuel assembly 14, inner blanket assembly 67, and outer
blanket assembly 203. As shown in Figures 4.2-25 and 4.2-27, these rods
have relatively high end-of-life steady state CDF values for each rod type.
Circumferentially averaged design cladding temperatures at the upper 2 a con-
fidence limit were utilized in this calculation while the spacer wire tem-
perature was assumea to the upper 20 hot channel temperature (see Section
4.4). This results in a conservative temperature differential between the
wire and the cladding. Fast neutron flux values from Section 4.3 were also
utilized in these calculations. Pr evious studies have shown FCMI effects on
wire loads to be negligable, so these effects were not considered.

The results of the wire wrap performance calculations are summarized
in Table 4.2-15. This table also presents the wire stress and strain safety
margins based on the criteria of Section 4.2.1.1. These results show the
spacer wire on the rods investigated in this study meet their lifetime goals
with wide margins of safety.

In addition to the wire failure mechanisms considered above, it is
also possible for the wire wrap to grow in legnth relative to the cladding
and become loose. It has been postulated that excessively loose wire could
rub over the cladding, causing rod-rod cladding contact and hot spots. How-
ever, EBR-II experimental results (Reference 163) have shown that test rods
with extremely loose wire wrap suffered no damage until assembly reconstitution

51 loads caused wire displacements and cladding contact between rods. These test
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rods were wrapped with solution annealed 316 stainless steel, and therefore
exper:enced much more wire loosening than is possible in the CRBR rods, which
are wrapped with 90;', cold worked 316 stainless steel. Also.the CRBR fuel
and blanket assembl.as will not be disassembled and reconstituted during their
lifetime. Finally, scoping calculations predicted wire wrap maximum slack
in fuel and blanket rods to be less than 0.1 inch at end-of-life. For these
reasons, wire loosening is not considered an important contributor of fuel
rod failure.

Preliminary studies on the effects of transients on the wire wrap
performance completed to date show that:

a. Transient effects on the wire wrap are primarily due to differential
thermal expansion between the wire and cladding and therefore are
governed by the coolant-cladding temperature differential during the
transient.

b. The coolant-cladding temperature differential increases by a maximum of
15: above its steady state value for approximately 5 minutes during the
worst duty cycle upset transient considered. Preliminary calculations
show that the wire ductility limited strains due to tiis loading do
not exceed the wire wrap tarnsient design limit. These calculations
will be performed using a validated version of WRAPUP D and updated
environments and reported in accordance with the schedule for submittal
of the FSAR. 9Due to these considerations, a detailed analysis of the effects of

wire rupture, especially simultaneous wire rupture, is unnecessary at this
time.

The effect of temperature gradients across the rod on the wire
stress was also neglected. Both effects cause higher stresses on the blanket
wire wrap than on the fuel rod wire wrap because in the blanket assemblies:

a. The wire diameter is smaller

b. The rod stiffness is greater

c. The temperature gradients across the rods are larger

d. The wire pitch is smaller.

'he mtential consequence of wire loosening or rupture on the
assembly periormance is less severe than that for a small local flow blockage.
The impact of local flow blockages and flow recovery are evaluated in Section

51 15.4.
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4.2.1.3.1.2.4 Fatigue Ef fects in Fuel Rods,

A scoping calculation was performed to assess the fuel rod cladding
fatigue damage due to the current CRBRP duty cycle. The types of transients
considered include:

a. Normal scram followed by a normal startep to former power level.

b. Reactor trip from full power followed by a subsequent startup to former
power level,

c. Reactivity insertion upset event, followed by a scram and subsequent
startup to former power level.

For each type of transient considered, cladding fatigue loadi1gs
were assumed to be caused by:

,

Plenum pressure changes

b. Changes in the temperature gradient across the cladding

c. Steady state fuel cladding mechanical contact pressure.

The strain versus cycles to failure curves and creep failures inter-
action assumptions of ASME Code Case 1592, Sections T-1413 and T-1423 were
utilized for the cladding, since fatigue data on irradiated 201 CW 316 SS is
limited. Such data that do exist (Reference 167) show this approximation to
be conservative. The following assumptions , vere also made for this calculation.

Ua. During the hold at hot standby (600 F) between a scram and subsequent
startup, no cladding thermal or irradiation creep occurs. The cladding
thermal creep equation discussed in Reference 1 and the negligible
fast neutron flux during hot standby shows this to be an acceptable
assumption.

b. Af ter a combined scram and startup to the former power level, the < ladding
loading due to fuel-cladding mechanical interaction does not cxceed that
which existed prior to the scram. This assumption is consistent with
results of LIFE code calculations.

c. Fuel-cladding mechanical interaction (FCMI) effects during the upset
reactivity insertion transients were not directly assessed. However, for
the relatively small number of transients of this type postulated , FCMI
cladding stresses would have to exceed the cladding proportional elastic
limit for fatigue effects to be significant. The magnitude of this inter-
action is not quantified at this time, but it is under investigation (see
Reference 168).51
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d. The fatigue damage D to the fuel rod cladding for a particular strain
range Ac is expressed as

D = (n VNi)3c t

where ni is the number of applied cycles of the strain range, and Ni is
the allowable number of cycles for that strain range. The total cladding

fatigue dan.sje is

D (" }
t Ac

Ac

which is the sum of the fatigue damage components due to the individual
fatigue strain ranges. Per the methodology of Reference 167, the design
limit is Dt=1.0.

The total fatigue damage to the fuel rod cladding due to the transients
and loads listed above was calculated to equal

-3
D 4 x 10
t

O
and is summarized in Table 4.2-66.

As noted, this does not include the effects of transient FCMI stresses.
Based on the methodology of Code Case 1592 to Section III of the ASME Code
(Section T-1413 and T-1423), creep-fatigue interaction is negligible for this
low value of fatigue damage. Thus, no cladding lifetime reduction is expected
from fatigue effects, provided FCMI stresses do not significantly exceed the
cladding proportional elastic limit.

The methodology for including fatigue effects into the CDF procedure
is discussed in detail in PSAR Section 4.2.1.1.2.2.

4.2.1.3.1.2.5 Load Follow Capability

The CRBRP plant control system and other pertinent features are
being designed to provide load following capability. However, at this point

in time and current status of technical knowledge on the behavior of fuel
assemblies under load follow conditions is essentially nonexistent. A ten-
tative test program to verify load following capability is described in Table
4.2-9. Because of in-reactor simulation, results could not be available for

SI initial core design. The fall back position is either one of two possibilities:
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a. A verification of the in-pile performance utilizing a CRBRP fuel sur-
veillance program and pertinent testing to confirm analytical pre-
dictions, followed by derating the core burn-up capabilities, if
necessary.

b. Not to load follow for initial cycles of CRBRP operation until the in-pile
performance is simulated in FFTF and adequately understood.

4.2.1.3.2 Fuel and Blanket Assembly Structural Evaluation

4.2.1.3.2.1 Duct Dilation

Dilation of the hexagohal ducts can occur due to volumetric growth
Caused by irradiation swelling, tharmal expansion, and thermal and irradiation
creep due to internal coolant pressure. To preclude possible difficulties
during refueling, current design practice requires the dilated duct diameter
to be less than the assembly pitch except at the load pad areas. To assure
the fuel and blanket assemblies meet this requirement, the duct dilation was
calculated for selected assemblies over the axial region most likely to exceed
the pitch line.

Duct dilation due to the thermal-hydraulic and nuclear environments
was calculated as a function of time. The computer model used for these calcu-
lations is shown in Figure 4.2-29. The upper bound design basis creep and
swelling correlations which were used in the duct dilation analysis are dis-
cussed in Section 4.2.1.l.3.1. The duct dilation calculational method was
verified by comparing analysis results with independent calculations using
similar input conditions. During steady state operation, the duct experiences
a temperature that increases over the length of the active core and is nearly
constant both below and above the active core. The pressure differential across
the duct wall is greatest at the bottom of the duct and decreases along its
length. For this study, the duct temperature and fast neutron flux distri-
butions described in Sections 4.4 and 4.3 respectively, were utilized. Based
on a scoping examination of the assembly ducts with the highest temperatura-flux
combination, the ducts of radial blanket assembly 201, inner blanket assembly
67 and fuel assembly 45 were chosen for detailed analysis.

The analysis results are shown in Figures 4.2-30, 4.2-31A, and 4.2-318.
Figure 4.2-30 illustrates the shape of the duct cross section after irradiation
creep and swelling. The line at 108 mils in Figures 4.2-31A and B represents
the allowable duct dilation based on the thermally expanded assembly pitch
dimension. For all cases considered, the maximum duct expansion did not exceed

51 this limi t.
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4.2.1.3.2.2 Rod Bundle-Duct Interaction

Due to the higher average rod temperatures, the fuel and blanket
rod bundle cross sections can grow faster than the duct cross sections at
the same axial location. This can cause interferences between the rod bundles
and ducts, resulting in fuel and blanket rod distortions additional cladding
stresses, and increased cladding temperatures. However, as noted below,
analytical and experimental results demonstrate that moderate amounts of rod
bundle-duct interference will not significantly reduce rod lifetime.

The rod bundle growth is influenced by irradiation swelling of the
rods and wires, by thermal expansion of both, and by irradiation induced creep
of the cladding under internal pressure. Initially (at beginning of life), a
gao exists between the duct and the ro'd bundle, assuming the bundle is in a
perfectly straight, tight configuration. The minimum value of the gap is 0.015
inch in the fuel assemblies and 0.006 inch in the blanket assemblies. Sig-
nificant compression of the rod bundles (i.e., rod bundle-duct interference)
is achieved only after differential bundle-duct growth causes this gap to close,
and the fully compressed rod bundle begins to press against the duct. This
differential growth between the rod bundle and duct is accommodated by the
following mechanisms:

1. helical distortion of the rods,

2. rod dispersion, i.e, displacement of the rods from their nominal locatior.s
in the bundle.

These mechanisms are all described in detail in Reference 172.
Briefly, the rod helical distortion is caused by loads applied to the rods at
the wire wrap contact points due to the bundle-duct interference (see Reference
172). This distortion stresses the rods, and in extreme cases can shorten

the cladding lifetime by causing excessive strain accumulation. The rod helical
distortion can be reduced by the dispersion mechanisms. However, excessive

rod dispersion can decrease the coolant channel flow areas to the extent that
cladding hot spots cccur causing premature failure.

Previous studies (Reference 172) have demonstrated that for fuel
rods, rod bundle-duct interferences on the order of one wire wrap diameter
(0.056") cause neither excessive cladding stresses or hot spot temperatures.
Thus, as a desigri guideline, maximum rod bundle-duct interaction is to be
maintained less than one wire wrap diameter in the fuel assemblies. This
same guideline is also currently applied to the blanket assemblies (where
the wire wrap diameter is 0.033 in.), even though the blanket rod bundles are
much stiffer than the fuel rod bundles, and no data comparable to that for
the fuel rod bundle is currently available. The rationale behind applying
this bundle-duct interference guideline to the blanket assemblies is dis-
cussed below.

51
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To calculate the actual amount of bundle-duct interference in the
CRbR core assemblies, the free cross-section expansion of selected rod bundles
was calculated and compared to the dilation of the corresponding duct cross
sections. Duct loading was assumed due to coolant pressure only, which re-
sulted in conservatively high values of calculated bundle-duct interference.
For a given assembly, the bundle-duct interference equals the rod bundle cross
section dilation, minus the sum of the duct dilation and the initial bundle-duct
clearance. Negative values of interference indicate that for the time and
location considered, a net clearance between the rod bundle and duct still
exists.

For this study, the rod bundle-duct interferences at end-of-life (the
maximum value) were calculated for fuel assembly 45, inner blanket assembly
67, and radial blanket assembly 201. The rod bundle growth was based on the
assembly nominal average cladding temperature, and the neutron flux environ-
ments presented in Section 4.3. Maximum rod material irradiation creep and
swelling rates consistent with the relationships discussed in Section 4.2.1.1.3
were also assumed. The design minimum rod bundle-duct initial clearance values
noted above were utilized in the interference calculation, along with the duct
dilation values presented in Section 4.2.1.3.2.1.

The results of these analyses are shown in Figures 4.2-32 and 4.2-33.
These results show that the maximum rod bundle duct interference in the fuel
and blanket assemblies considered did not significantly exceed the guideline
values of one wire wrap diameter. Also, the maximum fuel rod bundle-duct
clearance did not exceed 6 mils / ring which is the empirically-determined
porosity below which fretting wear is not expected to occur (see Figure
4.2-129 and Section 4.2.1.3.1.1).

Because of the relative stiffness of the blanket rod bundle as com-
pared to the fuel rod bundle, the cladding stresses due to a given amount of
helical distortion will be much higher in the blanket rods than in the fuel
rods if no stress relaxation mechanisms are considered. However, irradiation

creep relaxes much of the helical distortion stresses due to bundle-duct inter-
action in the fuel rods; it is anticipated that this will also occur in the

blanket rods. In addition, local dimpling deformation of the cladding con-
tributes somewhat to the compressibility of the rod bundle.

The limit on the blanket rod bundle duct interaction will be verified
as a result of the following analytical and experimental process:

e The blanket rod bundle / duct interaction analysis will be repeated with
updated material property data, temperatures, and models.

e The blanket rod bundle compressibility will be determined in a rod
bundle compaction test, the results will be extrapolated analytically
to inreactor conditions.51
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e The above two results will yield a bundle / duct interaction force and the
resultant cladding stress. The cladding stress, which generally relaxes
rapidly due to irradiation induced creep, will be considered in the design
evaluation.

e As a result of this analysis, the adequacy of the minimum blanket rod
bundle / duct clearance will be determined. It will be determined as part

of the final blanket design process, and the results will be provided
to the NRC in the FSAR. Further information is given in the response to

Question 241.105.

Final experimental verification of the adequacy of the design will
be obtained from irradiation testing of a radial blanket assembly (WBA-40)
in FFTF.

4.2.1.3.2.3 Stress Analysis of Core Assembly Structural Components

As was the case for the rod evaluations, the CRBRP fuel and blanket
assembly structural components were analyzed to show that the design require-
ments of subsection 4.2.1.1 are satisfied for the operating conditions of sub-
section 4.2.1.1 which, based upon previous experience, were expected to be
life limiting.

These analyses were comprised of the following steps:

1. Determination of the most significant loading mechanisms;

2. Determination of the critical assembly structural regions;

3. Detennination of the magnitudes of the enveloping loads and environ-
ments applied to these regions;

4. Formulation of suitable materials property models for the regions;

5. Calculation of the stresses, deflections, and dan. age in the components
due to the loads and environments;

6. romparison of the calculated stresses, deflections, and damage to the
uctural criteria of Section 4.2.1.1 to determint structural margins.

These steps nre perforned separately for the fuel and Hanket
assemblies, although the considerations and analysis i n nniques applied to
both assembly types were s imilar. A brief description of the considerations and
techniques is presented below, as well as summaries of the enveloping loads and
margins for tb limiting fuel ar.d blanket assembly structural regions. The
detailed analysis of the fuel assembly structure is given in Reference 171,
while the corresponding stress report for the blanket assembly structure will be

51 submitted prior to the FSAR.
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4.2.1.3.2.3.1 Loads Specification

A typical core assembly in CRBRP is subjected to varying environ-
ment and load conditions depending upon its relative location and interface
with other core and out of core components. The loads required for the
structural analyses are core restraint loads, seismic loads, thermal loads
and hydraulic loads. In addition, since the core assemblies operate in- an
irradiated environment, fluence and heat generation rates are also important.
As a result of the requirements discussed in Section 4.2.1.1, the loads data
must include values for all the environmental and loading conditions listed
above.

4.2.1.3.2.3.2 Selection of Data Locations

The various assembly loads identified above are selected for
specific radial locations across the core depending on the type of loading con-
dition and the type of analysis for which these loads are needed. In addition,

the selection is also based on assuming the " worst case" loads to occur in
the assembly under the " worst case" environmental conditions.

Figure 4.2-11 shows the schematic elevation view of a typical fuel
assembly. The critical locations along the fuel assembly where the loads are
quantified are the shield block region, the duct mid core region (CMP)* and
load pad region ( ACLP)+, and the outlet nozzle region (TLP) A. The shield
block region is characterized by thick walls and relatively high coolant
pressure and thermal gradients. The mid core region is characterized by peak
material degradation due to irradiation effects resulting in loss of residual
ductility. The load pad region is characterized by high seismic and core
restraint loads whereas the outlet nozzle region is characterized by high

temperatures and temperature gradients.

Additional fuel assembly cc.ponents identified as requiring loads
specificat;on are the orifice plates and the fuel rod attachment assembly.
The fuel assembly orifice plates are located at the top of inlet nozzle. The
nuclear, thermal and seismic load conditions are the same as in the inlet nozzle
region. The fuel rod attachment assembly is located at the top of shield block
region. The nuclear, thermal and seismic load conditions are same as in the
shield block region. In addition, the dead weight of the fuel rod bundle (217
rods) supported by the attachment bar is approximately 235 lb.

Based on the results of the fuel assembly structural analysis and
an evaluation of the significant blanket assembly loads, the critical regions
of the blanket assembly (Figure 4.2-14) identified for detailed load and
structural analysis are the shield block region, the load pad region (ACLP)+,
the outlet nozzle region (TLP)A, and the blanket rod attachment assembly.
These regions have the same characteristics as their counterparts in the

51 fuel assembly.
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4.2.1.3.2.3.3 Loads and Environments for Core Assembly Components

The maximum calculated values of the loads and environments to
which the fuel and blanket regions are subjected are given in Tables 4.2-8A,
4.2-8B, 4.2-8C, 4.2-12 and 4.2-13. These maximum values were often assumed
to occur simultaneously and on the same assmbly, although this does not
actually happen. The details of the assembly component loading is discussed
in Reference 171. Brief descriptions of how these loads and environments
were determined are given below.

fluclear Data

The nuclear data utilized in these analyses in terms of assembly-
average total flux, assembly-average fast flux fraction and axial distributions
of total and fast flux in fuel and blanket assemblies equal or envelope that
given in Section 4.2 for the most significantly loaded structural components.
The fluences are calculated by assuming that the BOC flux distribution is appro-
priate for the first half of the cycle end the E0C flux distribution is appro-
priate for the second half of the cycle. Table 4.2-8A gives values of the design
total and fast fluences at various axial locations for the fuel assembly, while
the design total and fast fluences for the blanket assembly duct region and non-
duct components are given in Table 4.1-12.

Steady State Thermal Environment

The steady state design temperatures utilized in these analyses
equal or envelope those given in Section 4.4. For the fuel assembly components,
the steady state duct temperatures and temperature gradients defined at BOCl
provide the worst case. Therefore, the steady state fuel assembly thermal
conditions described in this section are based on BOCl data. Both beginning-and
end-of-life temperature and temperature gradients are utilized in the blanket
assembly region structural analyses.

Tables 4.2-8A and 4.2-12 give the maximum steady state temperatures,
cross-assembly temperature gradients, and assembly-to-neighboring assembly
temperature gradients for the fuel and blanket assembly regions, respectively.
The maximum gradients were assumed to occur throughout the life of the
assembl ies.

Thermal Transients

The duty cycle for fuel and blanket assemblies is defined in Section
4.2.1.3 and Appendix B. Given therein is the definition, classification and

frequency of various thermal transients applicable tc the fuel and blanket
assembly structural components. In certain cases, t6 duty cycle evaluation
requires that the mechanical loading associated with an earthquake be combined

51 with the thermal loading due to transients.
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As in the case of the fuel and blanket rods, umbrella transients
were thcsen fo, the various core assembly regions. These are the most
severe 1 or 2 transients in each category which, for design purposes, are
assumed to occur at a frequency equal to the total number of transients in
the duty cycle. In the shield block and inlet nozzle region for the fuel
and blanket assemblies, the umbrella thermal transients ar- U-18 (loss of
offsite power), and E-4a (saturated steam line rupture). For the other- fuel
and blanket assembly regions, the E-16 transient (three loop natural cir-
culation) was chosen as the umbrella thermal transient f or both upset and
emergency conditions. The fuel assembly region temperature and temperature
gradient histories for these various transients are given in Reference 171.
Similar data for the blanket assembly regions will be given in the blanket
assembly structural analysis stress report.

Core Restraint Loads a

Core restraint loads s. e developed due co duct-to-duct interaction
at the load pads caused by cross flat temperature and flux gradients and
swelling in core assemblies. Preliminary analyses indicate no duct-to-duct
contact occurs in the mid core region. These loads have a peak value at
beginning of life, decreasing rapidly in early life due to creep relaxation
and subsequently increasing again slov.ly due to Swelling. The loads re-
ported here are the peak beginning of life loads.

The maximum design, interduct forces on the load pads are given in
Table 4.2-8B and 4.2-12A for the fuel and blanket assemblies, respectively.
The direction and application of these forces are shown in Figure 4.2-33A.
Further details of the core restraint contact loads are given ir, Reference
171. The maximum bending moments in the core assemblies due ta steady
state temperatures and flux conditions and core restraint are also given ir
Tables 4.2-8A and 4.2-12 for the critical regions on the assemblies. The
bending moment at the top load plane is zero for both assembly types.

[lydraulic Conditions

The maximum nominal duct coolant pressures at plant thermal hydraulic
design conditions are given in Tables 4.2-8A and 4.2-12 for various assembly
locations. The coolant pressure in the core assembly ducts decreases linearly
with axial location to approximately 1 psi at the top of the rod bundle. The
coolant pressures given in Table 4.2-8A for the orifice plate and rod attach-
ment represent the coolant pressure drops across these comporents.

Seismic Loads

The seismic loads are loads generated in core assemblies due to
seismic activity at the plant site. Based on the design duty cycle, the
seismic events are represented by two earthquakes - the operating basis
earthquake (OBE) and the safe shutdown earthquake (SSE) - and loads produced

51 by the worst of the two earthquakes were accounted for in the analyses.
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The horizontal seismic loads in fuel assembly ducts at the above
core load pad were determined by a finite-element planar model of the core
cross section referenced in (171). The loads from this model are the "likely

worst case" interduct forces applied at the above core load pad under a
lateral, unit gravitational, quasi-static loading in one horizontal direction.
To apply the 19 ACLP loads from the finite element core model to the duct
analysis, the following procedure was adopted:

(a) The portion of the fuel assembly weight supported at the load pad was
added to the calculated loads. This weight was distributed evenly at
each load pad corner.

(b) The lg loads from the planar core model calculation were multiplied
by the appropriate seismic acceleration factor for each load pad.

(c) The seismic loads from the planar core model are applicable to the duct at
the above core load pad. The top load pad forces were calculated by
multiplying the above core load pad forces by a load factor which is
equal to the ratio of the assembly weight supported at the top load pad
divided by the assembly weight supported at the above core load pad.
The top load pad seisaic load effects were found to be negligible com-
pared to the effects of other transients on this region.

Various core assembly locations were screened to determine the
worst loaded duct. The interduct ACLP design seismic forces at these lo-
cations calculated according to the above procedure are given in Tables
4.2-8B and n2-13 and the tabulated forces are identified in Figure 4.2-33A.
The maximum vertical forces due to OBE and SSE events at various characteristic
locations are given in Table 4.2-8C for both the fuel ano blanket assemblies.

For the core assemblies, the frequency of the CBE event is detarmined
by prorating the given number of design events for the plant life (30 years)
into the component lifetime in years and rounding up to the next higher whole
number. Each event is characterized by 10 peak response cycles. The ex-
tremely unlikely SSE event is assumed to occur once.

4.2.1.3.2.3.4 Materials Property Considerations

For both the fuel and b'anket assemblies, the duct (including the
ACLP) is made of 20% cold worked 316 stainless steel (20r CW 316 SS). All

other components considered in the structural analyses consist of solution
annealed 316 stainless steel (SA 316 SS). The pertinent properties of these
materials must be adjusted for temrerature and fluence effects. The most
important properties of these materials and the methods or sources from which
their nurcical values as functions of fluence and/or temperature are obtained
re given below.

51
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Thermal Properties

These values were obtained from Reference 153 for both material
types. This reference also gives the temperature dependence of these pro-
perties.

Elastic Properties

These values and their temperature dependence were also obtained
from Reference 153 for both material types.

Stress-Strain Curves

Reference 153 data was utilized to construct the stress-strain curves
for unirradiated 20% CW 316 SS and for unirradiated and irradiated SA 316 as
a function of temperature and fluence. Reference 171 describes how the inelastic
material properties were derived for irradiated 20% CW 316 SS from the data of
Reference 176. Fluence effects were considered by utilizing the average values
of the beginning and end-of-life stress strain curves. Data scatter was accounted
for by utilizing the minimum property values for irradiated 20% CW 316 SS, 80s
of the average values for unirradiated 20% CW 316 SS, and 90% of the average
property values for irradiated and unirradiated SA 316 SS.

Fracture strain

The true minimum irradiated fractuge strain (cf, min) for both material
types over the temperature range 800 to y 00 F ps a function of fluenge
(E>0.1 Mev, where (4t) is in units of 10 n/cm ) and temperature (Tm F) is
given by the following relations (see Reference 171)

'f, min " 'f for ( t) < (;t)o

(N) " ( Ucf, min " f o

where,
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Fatigue Properties

For both material types, the Manson Universal Slopes Method was used
to construct fatigue curves from the elastic and inelastic property values
of the materials. Irradiation and temperature effects were accounted for
by including them in the pertinent properties. Multiaxial stress states were
accounted for by applying the higher of the equivalent or maximum principal
strain range to the fatigue curves. Data scatter was included by reducing
the uniaxial fatigue life by a factor of 2 on strain range or a factor of 20
on life, whichever is more severe. This process is described in detail in
Reference 177.

Stress Rupture

Stress rupture properties for irradiated SA 316 SS are based on tne
minimum properties given in Reference 175, while Reference 58 presents this
data for 20% CW 316 SS.

4.2.1.3.2.3.5 Analysis Methods

The fuel and blanket assembly structural evaluation was performed
in accordance with the criteria identified in Section 4.2.1.1 which assure
that the intended function of these assemblies is not impaired over the CRBR
first core, comprising a total of 328 full power days for the fuel and inner
blanket assemblies, and 878 or 1153 days for the radial blanket assenblies.
The criteria protect against the crack initiation failure modes of local ductile
rupture and combined creep-fatigue damage. In addition, the excessive de-
formation failure modes or peak plus accumulation and residual deformation are
protected against by the criteria. The core assembly structural evaluation
was based on the loading magnitudes and currently available materials data
identified above.

The detailed analyses of the fuel assembly structural components
identified above are presented in Reference 171. A similar analysis for the
blanket assembly components will be presented in the blanket assembly structural
design support document, to be released prior to the FSAR. The analysis and
evaluation techniques used for both assembly types are generally quite similar.
A brief description of those assembly component structural analysis techniques
is given below.

The structural evaluation approach adopted for the fuel assembly
shield block, CMP and ACLP hex ducts, TLP outlet nozzle, attachment assembly,
and orifice plate was to construct analytical models for the respective regions
in relation to prominent design features and loading conditions which would
orovide worst case structural damage. This same approach was taken for the
olanket assembly components, except for the blanket assembly attachment region,

51 an experimentai determination of the worst case structural damage was made.
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In the assembly component structural analysis and evaluation, a
loading analysis was first made that considered the mechanical, seismic, core
restraint, and thermal steady state and transient loads presented above in
establishing the number of characteristics of a worst case transient sequence
that umbrellas all expected transients for the region or component during the
CRBR first core operation. Next, an inelastic structural analysis of the
component or region was made for a single worst case time independent t~ransient
sequence and time dependent hold time to calculate the strains and dimensional
changes from which total lifetime bounding values were calculated. The ANSYS
Computer Program (Apoendix A) was used extensively in the analytical approach
adopted for the struc' ural evaluation. This is a finite element structurai
analysis code, to whirh a component or region model, materials properties,
and steady state and transient boundary conditions are input. With tM s code,
the same model can be used to calculate component temperatures due to a
boundary condition input, and the thermal stresses resulting from these
temperatures. Both time dependent and steady state component structural
analyses are performed, depending on the loading condition. Finally, the
time dependent and steady state analysis results were compared to the criteria
limits to determine the adequacy of the camponent or assembly region performance.

The procedure for evaluating peak plus accumulated and resioual
deformations in relation to deformation limits was relatively direct as the
inelastic deformations due to the applied transient-hold cycles are known
from the ANSYS displacement solutions. However, for comparisons of the
stress and strain response with crack initiation failure mode criteria, the
structural evaluation procedure is not direct because a detailed examination
of local multiaxial stress and strain behavior in relation to uniaxial tensile
and biaxial pressurized tube data is required prior to evaluating the local
ductile rupture and combined creep-fatigue factors. Further, the component
models include a large number of finite elements (see Figure 4.2-33B, for
example) which must be screened to determine the worst location for crack
initiation. Accordingly, an important consideration in performing a thorough
structural evaluation of crack initiation is a means of processing the stress
and strain response into a format that permits a ready comparison with allow-
able limits. In this evaluation, a special purpose damage processor was
written to access the stresc and strain response data determined by ANSYS for
each converged time-independent and dependent solution throughout the worst
case duty cycle and identified the element with the maximum local ductile rupture
and combined creep damage factors. These worst damage factors were then com-
pared to the criteria limits.

The structural performance of the blanket rod attachment assembly
was assessed by a series of assembly drop tests. In these tests, a test
assembly which included a prototypically loaded blanket rod attachment assembly
was dropped from successively increasing heights up to a maximum drop height
of 3 inches. This resulted in blanket rod attachment loadings far in excess

51 of values expected to occur in service.
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Several tests of duct sections and irradiated materials have been
performed (Reference 178) and additional tests are planned to confirm the
conservatism of the analysis and the adequacy of the design.

4.2.1.3.2.3.6 Design Margins

The bounding design margins for the critical fuel and blanket
assembly components or regions due to the loadings discussed in Section
4.2.1.3.2.3.3 and based on the criteria presented in Section 4.2.1.1 are
given in Tables 4.2-16 and 4.2-17. These results show that all components
and regions considered achieved design lifetime within the limits pre-
scribed by the structural design criteria of Table 4.2-7. The drop tests
on the blanket rod attachment assembly indicated that no deformation of this
component occurs up to a drop height of 3 inches. After a 3 inch drop on

a r'gid plate, which produces loads in this component far in excess of ex-
pected values, a slight buckling was observed in one part of the blanket
rod attachment assembly which in no way would have impaired the function of
the assembly. Thus, it is concluded that all structural components of the
fuel and blanket assemblies meets their structural requirements.

4.2.1.4 Irradiation Experience

4.2.1.4.1 Fuel Rods

The design of mixed-oxide fuel rods has been developed from
t,heoretical models and a broad range of irradiation experiment results. The
theoretical developments of the phenomenological models considered in the
evaluation of fuel rod behavior have been discussed in the literature.
Verification and modification of these models is primarily based on the data
and subsequent analyses derived from the irradiation tests performed in the
U.S. and abroad. It is the purpose of this subsection to review the irradiation
experience to date and the applicability of the test results to the CRBRP fuel
rod or blanket rod design and their anticipated performance.

The LMFBR Fuel Development Program includes an extensive irradiation
testing program for the verification of FFTF and CRBRP fuel rod design
adequacy. The irradiation testing program includes steady state testing of
fuel rod asserblies in EBR-II and encapsulated rods in the General Electric
Test Reactor. Transient overpower and flow coastdown tests on fresh and
irradiated fuel rods are conducted in capsules and self-contained loops in
the TREAT facility. The transient testing program, has two major test series,
engineering proof testing and transient overpower testing.

Figure 4.2-34 illustrates the numbers and schedules of tests which
ha* 1::- - we being conducted in the various development areas. The steady

SI state irradiatio.: testing program provides for design verification by testing

An end. 51
4.2-95 Sept. 1979

q?~. g. ,

u d Q . ..i. )



prototypic fuel rods at linear heat ratings, cladding temperatures and
burgups representative of operating conditions expected in FFTF and CRBRP.
9C0 g operation refers to the initial operating conditions of the FFTF and
1100 F operation refers to rated FFTF core operating conditions. git should be
noted that the FFTF fuel rod hot spot cladding temperature at 900 F operation
corresponds to the CRBRP fuel rod cladding got spot temperature at end of
design life. The thirteen tests at the 900 F operation conditions incltide
37 and 61 rod EBR-II subassembly tests. Some of these are representative
of earlier FFTF fuel rod designs (quarter-inch diameter rods clad in solution
treated 304 or 316 stainless steel). These tests have been continued because
they provide a broader data base for the formulation of fugl rod performance
analysis models. The fuel rod hot spot temperature at 900 F operation
corresponds to the CRBRP fuel rod cladding hot spot temperature at end-of-life.
Although these lower temperatures simulate only end-of-life CRBRP conditions,
the results are used in evaluating particular attributes (i.e. , wastage) incor-
porated directly or indirectly into performance models ana/or are used in
design verification through extrapolational procedures. An example of how
the data may be used in an overall sense has been given in PSAR Section
4.2.1.1.g.7andalsointheresponsetoQuestion241.85. The five tests in
the 1100 F operation range are conduc'.ed in 37 rod EBR-II subassemblies.

The fuel design criteria of subsection 4.2.1.1.2.2 specified that no
fuel melting should occur at a 15 percent overpower condition. In-reactor fuel
rod tests to establich the thermal performance limits of the FFTF fuel have been
conducted. These tests will provide information for designing CRBRP fuel. The
six thermal performance tests include two 19-roa assemblies and a 37-rod instru-
mented subassembly in EBR-II and special capsule irradiation tests on vendor
fuel in the GETR. General Electric Company's Breeder Reactor Operation has
also conducted a thermal performance test of mixed oxide fuel rods in ECR-II
which included rods manufactured by HEDL that were siblings to the rods used
in the HEDL tests. Postirradiation examination of the rods is underway at
LASL. Preliminary results further substantiate the earlier HEDL thermal
performance test results. Both the capsule irradiation progran for FFTF driver
fuel rods and the irradiation program for vendor produced fuel pellets in
EBR-II are described in detail in Task D - Vendor Fuel Irradiation of Reference
164. Tests within this task are conducted in the General Electric Test Re-
actor (GETR) and in EBR-II. Data for comparison of general performance of
HEDL to vendor fuel to intermediate goal burnup is obtained at prototypic
FFTF rated core heat rate and cladding temperatures in instrumented capsules
irradiated in the GETR Radially Adjustable Facility Tube (RAFT) facilities.
Thermal performance is compared in special capsules irradiated sequentially in
the GETR trail-cable facility. Fast flux fuel performance is compared in

51 a 37-rod, high cladding temperature test currently being irradiated in EBR-II.
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Three main conditions of irradiation performance are being tested:
1) ganeral performance of randomly selected rods at prototypic heat rates
and to low and intermediate burnup in GETR-Raf t Capsules, 2) thennal per-
formance of randomly selected fuel to establish relative oower-to-melt
using GETR trail-cable capsules, and 3) low power, fast flux, high cladding
tempera ture performance of randcmly selected fuel in a 17-rod EBR-II test,
HEDL-P-15.

As explained in Reference 164, four FFTF fuel rods were selected
at random from available lots of accepted rods, two fron each fuel vendor,

and four comparison rods were fabricated by HEDL. All were encapsulated
and irradia ted in GETR-Raf t facilities. Parts of HEDL-vendor rods were
removed after s 10,000 and 36,000 MWD /MTM for disassembly examination and
evaluation. Examination was scheduled to be completed during the first
half of 1976 but has not yet been reported.

In the thermal performance series, four capsules of HEDL-vendor
fabricated fuel and a calibration capsule of HEDL fabricated fuel were

irradiated. On the basis of the calibration capsule results, the remaining
capsules were tested to cause partial centerline melting of the fuel column.
Destructive examination will establish the comoarability of oower-to-melt
of HEDL and vendor fuel . Examination was scheduled to be conpleted during
the first hal f of 1976. Recommendations on operation of FFif cores 1-4 from
the capsule tests are scheduled during the first half of 1978 (see Figure
D-2, Reference 164) . The results of these capsule tests will aid in the
CRBRP fuel design by providina thennal performance data comparisons of vendor
produced fuel versus the HEDL produced f uel that was tested previously.
CRBRP will utilize the data to establish whether there is a larger or ||smaller margin to melt, and whether there is a typical effect on vendor
fuel performance which must be taken into account throuoh design margin
adjustment. The EBR-II tests of vendor fuel will aid in a comparison of

HEDL-vendor fuel fast flux performance including fission aas release confir-
mation at lower power, fuel stability and consistent migration and potential go
fuel cladding chemical interactions. The schedule for the HEDL-P-15

'

test is given in Fiqure A-2 of Reference 164.

Fuel rod ultimate life and fuel rod cladding failure mechanisms
and modes are being detennined in tests that are deliberately continued until
cladding failure occurs. Plans are also being formulated for conducting
irradiation tests on fuel rods which have failed to establish rod and fuel
assembly behavior under these conditions. The HEDL fuel development program
includes ten run-to-failure tests. Five failed rods are now under detailed
examination. The consequences of mixcd oxide fuel rods failing by natural
causes have been consistently benign. There has been no failure propagation
or explosive release of fission gases. The cladding defects are typically
grain boundary separations, and are so small that special examination
techniques have been developed to find them. Identification of EBR-II
subassemblies which contained xenon tagged failed rods was quite
s traight fo rwa rd . The RTCB task of the Reference Fuel Steadv-State Irradiation
Progran (Reference 164), utilizes fuel rods containing prototypic cladding,
a temperature range applicable to FFTF and CRBRP, and are contained in
EBR-II subassemblies with other fuel rods of the same design and containing
the same materials so that the data are significant and the subassembly
spacing system is representative of current LMFBR design. Fuel rods selected

29
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for RTCB testing in EBR-Il are irradiated until a cladding breach is de-
tected by fission gas release. Af ter a breach is detected, the assembly is

immediately removed from the reactor and the breached rod is identified.
Tne breached rod and selected sibling rods are examined to establish the
cause and mechanism of the breach. The results of these examinations to-
gether with the fabrication and irradiation variables form the basis for
establishing fuel rod lifetime criteria and models for determining the . excess
lifetime beyond the design lifetime of the fuel rods. A specific example
of the use of these and other obtained data has been given in PSAR Section
4.2.1.1.2.2.

The scope and up-to-date schedule for RTCB testing has been given
in Reference 164 in more detail and the results of examinations of RTCB
experiments have been reported in Reference 101. The RTCB assemblies for
irradiation in EBR-II are shown in Table B-1 of Reference 164. A milestone
schedule for the EBR-II testing is shown in Figure B-1 of Reference 164.

FFTF driver fuel rods manufactured by the two vendors supplying
fuel for the FFTF and potentially CRBRP are being irradiated in capsules in
the GETR to establish their irradiation performance in comparison with the
HEDL-prepared fuel and fuel rods used throughout the irradiation testing pro-
gram. Vendor-produced fuel pellets will also be irradiated in special rods
in EBR-II to further demonstrate the satisfactory dimensional stability of
the FFTF and CRBRP fuel. The five vendor fuel tests include two rods from
each vendor irradiated in capsules in GETR. Three of these rods and their
matching HEDL rods were discharged at goal exposures of ten thousand and
thirty thousand mwd /T and are undergoing postirradiation examination. Per-
formance of tte vendor fuel rods has been completely satisfactory.

A more detailed description of the tests and test results obtained
and illustrated in Figure 4.2-34 may be found in Reference 101.

In addition to the secondary references provided in Reference 101,
a National Reference Fuel Steady State Irradiation Program Plan is being
formulated and a sucmary provided to NRC in June,1976. Program Plan sub-
tasks are: Steady-State Irradiation Performance, Run-to-Cladding Breech,
Run-Beyond-Cladding Breach, Vendor Fuel Irradiation, Fuel Performance Analysis
and Prediction, and Load Following. The program activities are summarized in
Table 4.2-62 whic i is taken from a preliminary draft of the program plan.
The National Reference Fuel Steady-State Program Plan will include a schedule
respansive to specific milestone needs of CRBRP. Test data from these pro-
grams will be reported periodically in status reports similar to Reference
101.

The National Reference Fuel Steady-State Irradiation Program includes
a range of in-reactor environments that encompass these of CRBRP. Data
from these tests will be used in developing and verifying the fuel performance
models which will be utilized in CRBRP fuel design. An example of this
application of steady state irradiation data is given in Section 4.2.1.1.2.2.

51 In addition, the steady state program provides rods for transient testing.
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Conmitment to a precise method of utilization of the specific
scientific information from each test is not feasible at this time because
of the multiple alternatives that exist, in applying the results to the
design, follow on testing, surveillance, and reactor operations. How-
ever, preliminary planning for utilization of ongoing and planned EBR-II
testing has been formulated and is provided for information in Table 4.2-65.
TM s preliminary planning identifies a metl 3d of potentially verifying the
adequacy of the CRBRP fuel design from the extensive EBR-II test programs
without need for extensive follow-on effort.

Figure 4.2-35 illustrates the growing number of stainless-steel-clad,
mixed oxide fuel rods in the U.S. Program which have been irradiated in
EBR-II to greater than the FFTF/CRBRP initial peak fuel goal burnup of 80,000
mwd /T. This graph does not illustrati the larger statistics of the foreign
programs, i.e., Dounreay and Rapsodie. .iowever, each of the rods illustrated

in this figure is much more extensively characterized both before and after
irradiation, a feature which provides more precise information from each
irradiation test in the U.S. Program. This does not imply that better
characterization necessarily leads to better periormance predictability over
larger statistics. Rather more precise information may be derived from each
irradiation test if thorough pre / post characterization work is utilized.
Features which are characterized prior to irradiation vary somewhat in
attributes but generally include the following:

a. - pellet 0/M ratio, density, smear density

b. - pellet diameter

c. - cladding outer / inner diameter

d. - fuel column length

e. - cladding racchanical properties

f. - cladding chemistry

Features characterized following irradiation also vary but

generally include:

a. - fission gas release

b. - fuel stability and consistent migration

c. - pellet diameter and central hole dimensions

d. - cladding profilometry and/or diameter

e. - pellet density and/or column length change

f. - fuel cladding chenical interaction

51 9. - fuel / cladding gap
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Significant results obtained from the steady state test orogram
to date are summarized as follows:

1. Sodium corrosion, fuel-cladding chemical interaction, and
manufactJring tolerances have all been demonstrated to be less
than the current design wastage allowances.

2. Dimensional stability of the fuel has been predictable and
sati sf actory . There is no " Fuel Densification" problem.

3. Thennal performance capability revealed by integral tests has
exceeded the design requirement for linear heat rating by 20?>.
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4. To the extent tested, natural fuel rod cladding failures
were benign. This experience agrees well with results
from foreign programs.

The fuel rods referred to in Figure 4.2-35, from the test
programs of Figure 4.2-34, are described in reference 101. These fuel
rods may be compared to the CRBRP fuel rod design parameters described
in Table 4.2-4. The test environments given in Reference 101 may be
compared to the steady-state operating conditions for CRBRP given in
Table 4.2-61. Comparing the CRBRP conditions with those in reference
101 the major differences are in the fluence /burnup ratio, axial power
dis,tribution, and coolant velocity temperature combinations. FFTF fuel
performance verification discussed above will provide more data to
verify both the CRBRP fuel design and/or analytical methods.

The LMFBR fuel transient. testing program being conducted by
HEDL complements that being pursued by Argonne National Laboratory's
reactor analysis and safety division. A commonality is provided to both
programs by the HEDL EBR-II steady state irradiation testing program
which is the source of irradiated prototypic fuel rods used in the
transient tests.

The HEDL program includes two principal test series, engineering
proof tests and transient overpower tests. The objective of the engineering
proof test series is to confirm the ability of the FFTF and CRBRP fuel
rod to withstand events terminated by the plant protection system (PPS),
without exceeding their design limits. The test matrix which was based
on very conservative design analyses of the FFTF fuel rod, includes fast
and slow reactivity insertion ($3/sec. and 3c/sec.) and a loss of cooling
test for variable fuel rod linear power, fluence to burnup ratio and
cladding temperature. To the extent tested, the results showed that for
the PPS terminated events, design limits for the FFTF fuel rod were only
distantly approached. This test series also includes reirradiation to
fuel clad breach, in EBR-II, of rods subjected to terminated events in
TREAT, to further demonstrate the PPS terminated events have no deleterious
effects on subsequent fuel rod performance and lifetime.

Overpower tests determine the fuel rod cladding failure
threshold for terminated events. Data from these tests are used in the
formulation of analytic models to describe fuel rod performance up to
the point of cladding failure. Mechanisms which cause cladding failure
and the location of the failure are of primary interest. Post failure
behavior of fuel rods and assemblies under transient overpower conditions
are addressed experimentally in the ANL-E Series tests. These tests are
of primary interest for perfonning analyses of the more severe faulted
conditions and hypothetical accidents. The test program matrix includes
simulating 60t/sec. and $3/sec. transient overpower conditions on
encapsulated, previously irradiated prototypic FFTF/CRBRP fuel rods. An
important parameter in the test program is the steady state irradiation
linear heat rating of the rod because cladding failure threshold depends
on the microstructure of the irradiated fuel. The test program also
includes plans for a test of fuel rods with full-length FFTF/CRBRP fuel

51 c lumns in a flowing sodium (MK-IIC) loop . g
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In evaluating the relative fuel damage potential for
the transient events in the CRBRP design duty cycle, engineering
judgement was applied. The general procedure and rationale used
for determining the design basis umbrella transients for fuel
performance analyses and transient testing is as follows:

1. For undercooling transients, maximum cladding temperature
increase and transient duration (time) are the primary factors
considered. Maximum cladding temperature increase is important
because of the significant reduction in cladding tensile and
rupture strength and significant increase in thermal creep rate
with increasing temperature. Furthermore, maximum cladding
temperature gives an indication of plenum temperature increase
which, by the ideal gas law, would increase the fission gas
pressure within the constant volume of the fuel rod. Time or
duration of the transient is important because the creep rupture
damage (thermal creep strain) is time dependent.

2. For overpower transients, maximum cladding temperature increase
and transient duration are also considered. In addition,
maximum fuel temperature and the fuel to cladding temperature
difference are used to evaluate transieat severity. Maximum
fuel temperature is considered because as fuel temperature
increases, the fission gas stored in the fuel either expands,
increasing fuel cladding mechanical interaction (FCMI). or is
released, increasing the fission gas loading. Fuel to cladding
temperature difference is considered because it is the driving
force for FCMI due to differential thermal expansion.

While a value for FCMI and the corresponding cladding damage
may not be calculated for each transient in the CRBRP duty cycle,
FCMI and cladding damage are definitely considered in formulating
the CRBRP design-basis umbrella transients. The verification of the
above rationale, consideration of second order effects (e.g., rate of
change) and determination of the worst conditions for a given transient
are provided by the LMFBR Mixed 0xide Fuel Transient Testing Program
Plan described in Reference 168. The detailed logic for the integrated
CRBRP/FFTF transient testing portion of this program is also given in
Reference 168.

Briefly, there are two primary types of transient events
considered in the Transient Testing Program: undercooling events
and overpower events. For the undercooling events, there are four sets
of tests currently planned; for the overpower events, there are seven
test sets. Each set has a specific purpose. For the undercooling
event test, these purposes are:

1. Determine the worst transient event;

2. Check for the worst time in the fuel road life for the transient
51 to occur;
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3. Determine the margin to cladding failure after transient
occurrence;

4. Check the effects of breached cladding on fuel rod transient
behavior.

Four of the sets of overpower fuel rod tests have the
same purposes as above. In addition, three other overpower test
sets are planned to:

1. Determine the effects of rate of change on environment;

2. Determine the effs. cts of prior transients;

3. Determine the effects of fuel microstructural changes.

The integrated CRBRP/FFTF Transient Testing Program is broad
in scope. It is designed to determine the worst PPS terminated
undercooling or overpower conditions or events. If the worst events
for CRBRP are not encompassed by the current (PSAR) at:alyzed umbrella

51 conditions, new umbrellas will be chosen and eventually analyzed.

O
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As part of the National Reference Fuel Steady-State Irradiation
Program and the National LMFBR Mixed 0xide Fuel Transient Performance Program,
run-to and beyond cladding breach programs are planned for steady-state
irradia tion in EBR-II to meet the CPERP renuirements.

The Run-to-Cladding-Breach tests of the Reference Fuel Steady-
State Irradiation Programs provide the experimental test data to establish the
reference fuel lifetime, establish the cause and mechanism of the
cladding breaches, establish the consequences of a steady-state cladding
breach, and provide the requisite fuel pin lifetime statistics to devclop
and verify design and performance codes. The test proqram is desiqncd to
irradiate prototypic fuel pins in EBR-II until a cladding breach occurs in
one fuel pin in the test assembly. Reference 101 discusses seven rods withbreached cladding, confirming that: 1) a cladding breach has no deleterious
effect on the subassembly hardware or on the neighboring fuel rods. 2) the
leakage of fission gas through the breach is slow and gradual, 3) the fissures
appear to form af ter considerable plastic deformation of the claddina,
4) there is no evidence that fuel sodium contact is an inTnediate consequenceof a claddinq breach.

The run-beyond claddinq breach program activities are given in
34 J Toble 4.2-62, items 39 and 40. The run-beyond-claddinq-breach tests of the

Reference Fuel Steady-Sta te Irradiation Program provide the experintntal
basis for long-term operation of CRBRP with breached fuel pins residing in
the core. Activities carried out under this task will: 1) include continued
irradiation of fuel pins af ter they sustain an inreactor cladding breach and
2) provide predictability of events subsequent to a fuel pin cladding breach.
An additional accomplishment under this Task will be to provide breached fuel
pins to the transient test program. These breached fuel pins will be tran-
sient tested to confinn the satisfactory performance of breached fuel pins
durinq a typical design basis Plant Protection Systen terminated transient.

The irradiation of breached fuel pins in EBR-II will provide:
1) reactor operational experience with breached fuel pins, 2) confirmation
of the capability of reactor instrumentation to monitor fuel and fission
product release from a breached fuel pin, 3) verification of the capability
to detect a new cladding breach with a previously breached fuel pin residing
in the core, 4) data on the growth of a cladding fissure af ter breach,
5) potential for fuel washout, and 6) insight into any possible tendency
for failure propagation to neiqhboring fuel pins.

Extensive analytical and experimental results (summarized in Section
Ib.4)denonstrate that the probability of a local in-core fault leading to a
condition where substantial damage is propagated throughout the assembly isex tremely remote. In addition, many of the mechanisms involved in local
failures are inherently benign and/or self-limiting.

The evidence oresented in Section 15.4 shows that existing cxper-
imental data is adequate to confirm the safety of the reactor from the pot-ential propagation of local faults.

'20
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A complimentary out-of-reactor program of testing cladding
from irradiated fuel rods is being conducted in support of this
effort. The significant results obtained from the HEDL transient
testing program are summarized as follows:

1. Fuel microstructure of the steady state irradiatioa
history of a fuel rod affects the fuel rod cladding failure
threshold.

2. No significant fuel rod damage has been observed for PPS
simulated terminated events.

3. An empirical correlation for fuel rod cladding failure
threshold is being developed.

References 53 through 57 provide currently available fuel
rod transient test data and descriptions of analytical models that have
either been formulated from the data or evaluated against the data.
In addition, a first phase verification of the Cumulative Damage
Function procedure based upon some of this transient test data is
summarized in Section 15.1.2 and presented in more detail in Reference
58. A second phase verification study based upon additional irradiation
test data is planned and will be reported on periodically as discussed
in Section 15.1.2.

At this time, the LMFBR fuel development program has concentrated
primarily on testing the FFTF fuel rod for FFTF initial and rated
core operating conditions. This program provides useful information
for initial design and analyses of the CRBRP design and operating
conditions. However, as the CRBRP design and operating conditions
evolve, the LMFBR fuel development program will be reviewed in detail.
Where necessary, additional testing will be planned to support CRBRP
cladding integrity limits, fuel assembly design bases and performance
predictions.

As an example, for the current CRBRP design, initial
(Pu/U + Pu) contents of 33 w/o are needed. Although the fuel programs
previously mentioned have concentrated on (PU/U + Pu) contents of 25 w/o,
significant differences are not anticipated. Plans are underway to
confirm these points. In particular, cladding wastage (FCCI), con-
stituent migration, solid and volatile fission product migration, fuel
rod thermal performance, and fuel / sodium (RBCB) tests are in the
preliminary planning stages.

In addition, modest fabrication development testing is also
in the preliminay planning stage to confirm that the higher (Pu/U + Pu)
content does not result in unforeseen fabrication difficulties. These
tests are primarily associated with potential inhomogeneous effects

51 which could affect fuel pellet specifications.
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The fuel rod tests in EBR-II described in References 162
oad 168 can not be used directly to establish or extrapolate to the
expected fuel failure statistics of the CRBRP core. These EBR-II
experiments are in many instances intended to resolve key issues by
providing data for models which are used to analyze fuel rod behavior
and lifetime. For example, models for fission gas release, solid and
volatile fission product migration, fuel cladding chemical interactions,
thermal performance, bundle-duct interactions, etc., are all derived
from the EBR-II experimental data. In addition, certain operations such
as reconstitution take place in many of the EBR-II tests and are
believed to have contributed to subsequent failures. Clearly, there

will be no reconstitution of CRBRP assemblies. Hence, failures
attributable to such a non-prototypic process are in no way representative
of expected CRBR fuel rod performance.

In addition to the above considerations, certain results
which are obtained can lead to improvements in the overall design.

i One example may be found in the bundle-duct interaction area, where
| significant learning was obtained, through fai1 Jres, on the amount of

wear as a function of bundle porosity (see References 101 and 176).
The failures found led to a currelation which as, in turn, provided,

j a superior support system. Obviously, failures of this type should
: not be attributed to designs employing the superior support system.

The operating CRBR fuel may also, through the design process,
, have built-in conservatisms which are not reflected in the EBR-II fuel
! rod failure statistics. For example, as part of the design analysis

procedure, the CRBR fuel rods are assumed to operate at hot channel and,

i hot spot temperatures at the upper 2a level of uncertainty. To
! validate the calculated fuel rod performance, EBR-II tests are performed
[ with nominal temperatures set equal to the expected CRBR 2a hot spot /
! hot channel temperatures. Thus, the EBR-II test rod population is
' exposed to a more severe temperature environment relative to that of
, the CRBR fuel rods. Again, this prevents EBR-II test rod failure
i statistics from being directly applicable to CRBR fuel rods.

,

Because of all the above considerations, it is concluded that

experimental EBR-II fuel rod failure rates are not typical of
expected CRBR fuel rod failure rates. Therefore, EBR-II failure

statistics cannot be used to formulate CRBR fuel rod failure statistics
without excluding failures due to non-prototypic loads and environments,
and accounting for significant differences in the environment distribution
that each population of pins encounters.

In addition to the U. S. steady-state irradiation program,
considerable data have been generated by the foreign programs on cold
worked 316 stainless steel clad rods. Burnups of 100,000 MWD /MT have
been achieved on PFR-type fuel pads in DFR. Although no base fuel rods
have been irradiated beyond f ailure in the U.S. , foreign experience includes
operations with failures for periods up to 2-1/2 years without apparent

51 significant mechanical effects on the fuel assembly.
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The results of foreign experience to high burnups (100,000)
MWD /MT) and operation with failed fuel are described in Reference 27
and in References 102 and 103. As noted previously, this data is used
to provide confidence that CRBRP design goals are achievable.

Test results from foreign programs are qualitatively assessed
for trends in fuel and fuel assembly behavior. However, foreign fuel
rod test data are not being used to quantitatively evo n te the
performance of CRBR fuel rods, or to formulate analytical models used
in their design. For this reason, a detailed comparison between foreign

51 test programs and CRBR is not necessary.
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4.2.1.4.2 Blanket Rods

The design of the CRBRP blanket rods has been developed
from theoretical models based on mixed oxide fuel rod experiments
and light water reactor fuel rod operating experience. No irradiation
experience with prototypic blanket rods is available. This section
reviews the irradiation experience which is applicable to the blanket
rods.

In 1970, several experiments were initiated which contained
mixed oxide fuel rods clad with reference 20% cold worked 316 stainless
steel tubing. These experiments investigated the effects of varying the
dmount of cold work on the performance of the claddir.g at high tempera-
tures and high fast fluences and studied the feasibility of increasing
the cladding operating temperature up to 1385 F. Results from the
fuel rod tests will be directly applicable to the blanket cladding
design; however, the perfonnance of the fuel pellets in these tests
is not applicable to the radial blanket. In addition to the U. S.
steady state irradiation program, considerable materials data have
been generated by foreign programs on cold worked 316 stainless steel.

In February 1974, a 7 rod blanket test was inserted into the
EBR-II reactor. The rods have diameters, temperatures, and power
ratings similar to CRBRP blanket rods. The experiment is to determine

the performance characteristics of blanket rods during steady-state
operation and for a step increase in power late in life. The power
step will simulate the effects of assembly rotation, an out-in shuffling
scheme, or a midlife power increase in the CRBRP.

The mixed oxide fuel rod irradiation tests provide basic

design information for analytical modeling of fuel rods. The analytical
design tools which are under development for fuel rods are also used for
blanket rods. The basic infonnation is generated in three development
programs:

1) Reference Cladding and Duct Test Plan (transmitted to
NRC via letter S:L:lll2, dated June 7, 1976)

2) Reference Fuel Steady State Irradiation Program (Reference
162)

3) Reference Fuel Transient Testing Program (Reference 168).

Tne technical information that will be obtained from these
programs and its utilization in fuel design are described in Section
4.2.1.4.1, includino information on both cladding behavior and fuel
behavior. The generated information will cover a parameter range which
generally envelops the environmental conditions for blanket rods (e.g.,
temperatures, fluences, flux, burnup, sodium velocities). However,
some blanket parameters (e.g. , the long radial blanket operating time) are
not enveloped and must be addressed by supplementary means. Table

51 Q241.74-1 (see the response to Question 241.74) identifies technical
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information obtained form fuel rod development that is applicable to
areas of technical uncertainty for blanket rods. This table also shows
how the information is supplemented by approved blanket rod irradiation
tests designated as WBA-20, WBA-21, WBA-40 and WBA-41. The fuel rod
test information and the blanket irradiation tests are also supplmented
by out of reactor tests which are included in Table Q241.74-1 and are
described in Table 4.2-20 of the PSAR.

The cladding materials data and other design information
obtained from the Reference Clacding and Duct Program is incorporated
in the design computer codes which are used for fuel and blanket rod
design. The. technical information incorporated in these codes is
listed in Table Q241.74-1 and includes:

Basic Cladding Material Properties (UTS, YS, Rupture Strength)e

e Cladding Wastage (inside and outside)
e Cladding Damage and Fcilure Properties
e Cladding Swelling and Creep

The applicability of these data to blanket rod design will be
assessed separately before submittal of the FSAR. Table Q241.74-1
also indicates how cladding data are supplmented by blanket rod
irradiation test data. However, even these test programs do not
eliminate the uncertainty caused by extrapolation of available cladding
performance date from sl0,000 hours to the goal operating time of
$21,000 hours. Confirmation of the validity of the extrapolation will
be obtained from irradiation of WBA-40 in FFTF, which will test

operation of the CRBRP blanket.

This test and the other planned blanket irradiation tests
were described at the CRBRP Fuel Meeting with NRC, October 13 and 14,
1976 in Bethesda, Maryland. (Additional details on test WBA-20 are
contained in the handout from that meeting entitled " Radial Blanket
Rod Test", H. D. Garkisch.)

4.2.1.5 Testing and Inspection Plans

4.2.1.5.1 Fuel Assembly Design Verification Tests

To verify the adequacy of design features unique to the CRBRP
fuel assembly, a testing program has been identified. This program
is based upon a thorough review of existing FFTF and LMFBR Base
Technology programs for applicability to CRBRP fuel assembly design.
For example, Table 4.2-18 addresses the application of the FFTF fuel
assembly design verification tests. LMFBR Base Technology programs
such as those discussed in subsection 4.2.1.3.1.3 and the National
Irradiation Creep Experiments are expected to provide a better under-
standing of in-reactor behavior and performance potential. Verification
of the specific CRBRP fuel assembly design would probably not be addressed.
As a result of this assessment, the design verification tests of Table

51 4.2-19 have been identified. It is planned that all out-of-pile test
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data resulting from the design verification program should be
available prior to final design release and either verify the
ddequaCy of the design feature in question or dictate required modi-
fications for adequate design conservatism. For test data when not
available prior to the fuel manufacturing release, the information will be
used to limit performance objectives during the initial core operation.

The HEDL PPS terminated transient overpowcr (HOP) and
undercooling (HUC) tests and the unterminated (up to cladding breach)
transient overpower tests (HUT) that are planned to support CRBRP fuel
rod design are given in the " Plan for National LMFBR Mixed 0xide Fuel
Transient Performance Program" (also referred to as simply Program
Plan). This Program Plan also supports FFTF, advanced oxide system
design and general analytical methods development. A summary of
transient tests that support CRBRP was provided to NRC in May, 1976.
The impact of this test progr'am and the associated transient testing
schedule on the CRBRP design, is that the experimental data from the
post EBR-II irradiation transient testing program will be utilized
directly to :upport CRBRP design and FSAR submittal,

The general objectives of the LMFBR Mixed Oxide Fuel Transient
Performance Program relative to CRBRP are as follows:

1) To acquire experimental data so that analytical models
describing transient behavior of prototypic fuel and cladding
can be developed and independently verified. The data shall
envelope the expected range in the CRBRP design and
steady-state and transient operational parameters.

2) To provide experimental data so that new or existing
cladding damage models and the associated limits for each
level of damage severity can be substantiated. Testing;

in this category would be aimed at determining the amount
of damage accrued during a specific type of transient
event as well as the allowable limit for a given damage
severity level. Again, the expected range in CRBRP design
and operational parameters shall be considered.

I 3) To furnish well-documented experimental data which will
| verify the adequacy of the CRBRP fuel rod design to

accommodate design basis transients. Predicted design
margins for CRBRP shall also be experimentally established.

The referenced Program Plan is responsive to the first two
CRBRP objectives by including activities for transient performance code
and associated analytical models development. Moreover, specific experiments
are included in the Program Plan to provide data to resolve key

51 uncertainties in current analytical models and to provide a wider range
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of integral test conditions for transient performance code development,
calibration and verification. The methods developed must be capable
of analyzing single transients, multiple transients, and post-transients
operation for fuel rod ccnditions up to and including cladding breach.
Documentation of validated analytic methods is planned to meet
objectives 1 and 2 consistent with CRBRP milestones. Results of
tests that support FFTF and advanced oxide fuel designs will also
be used in development of validated analytic methods.

The preliminary testing program and schedule to directly
support objective 3 for CRBRP fuel design is also included in the

; Program Plan. Specifically, a set of steady-state irradiation conditions
' and a corresponding set of umbrella transients to envelope multiple
|testingneedsareincludedintheProgramPlan. This testing program

is responsive to the specific CRBRP fuel rod design basis transients
summarized in Table 4.2-59, and the tables and figures referenced
therein. Approximately 25 transient experiments are planned to envelope
the CRBRP design basis transients. This program is focused upon EBR-II

; irradiated fuel rod transient testing in support of the initial cycles
' of CRBRP operation. Transient tests will be performed primarily in

This|TREATwithsometestinginanappropriatelossofflowfacility.
, CRBRP transient testing program will guide the planning of future test

prograr,is as follows :

1) Test results will dictate which rod burnup or microstructural
conditions are of primary significance for a given transient
event,

2) Test results will provide severity comparisons to that the
,

transient testing scope can be limited to a minimum number!

| of worst events, and

3) Results of pre and post transient examinations in conjunction
with the corresponding transient performance will provide
guidance as to the key fuel or cladding parameters that
must be measured during surveillance.

In summary, the current * CRBRP transient testing program is,

!respondingtoCRBRPneedsbysupplying:
|

A set of well-documented experimentally-verified design tools

f to analyze the response of CRBRP fuel pins to design basis
transients, and

Experimental evidence to demonstrate both the conservatism of
the design analyses and the transient performance limits of
fuel pins in CRBRP

As knowledge is derived from early tests, the detailed test matrices*

in the Program Plan will be updated and changed as necessary to
focum testing efforts on most pressing data needs. NRC will be

51 advised of the changes.
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4.2.1.5.2 Fuel Assembly Fabrication and Site Examination Quality
Assurance Provisions

A. Fabrication Examination

A comprehensive quality assurance program will be employed
I during all phases of the fuel assembly fabrication to ensure compliance
with design parameters to high degree of certainty. During final design,
the details of the program were documented in the fabrication
specifications. In the fonnalization of these specifications, all
available Regulatory Guides and the DOE Reactor Development and
Technology Standards used for FFTF fuel assembly fabrication were
considered. In general, the fuel pellet characteristics will be
measured using sampling plans that insure 95% compliance with 95%
confidence (95/95). For the fuel rods, fuel assembly duct tubes and
fuel assembly hardware, dimensional inspection will typically be 100%.
Following is a list of typical inspections and the corresponding reference
inspection techniques specified that are included in the fabrication
specifications.

a. Fuel Pellet Fissile Content: 95/95 sampling plan; calculated
from mass spectrometry for isotopic content; controlled
potential coulometry for plutonium content, and weight per
unit length measurement.

b. Fuel Pellet Weight / Unit Length: 95/95 sampling plan;
calculated from dimensional and weight measurements.

c. Fuel Pellet Dimensions: 95/95 sampling plan; measurement
using either micrometer or air gauge.

d. Oxygen-to-Metal Ratio: 90/90 sampling plan; thermogravimetry.

e. Fuel Rod Pellet Type (Plutonium Content): 100% autoradiography,

f. Fuel Rod Component Placement: 100% radiography.

g. Fuel Rod Dimensions: 100% inspection; standard gauging.

h. Fuel Rod End Cap to Cladding Tube Weld: Lot qualification,

metallographic examination, and 100% radiography, visual
examination, and dimensional using go no-go gauge.

i. Fuel Assembly Duct Tube Material Properties: Applicable
lot sampling; chemical analysis for composition, applicable
ASTM Standards for grain size, corrosion resistance. tensile

51 testing, and hardness.
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J. Fuel Assembly Duct (Iltrasonic Inspection: 100%; pulse-echo.
in accordance with applicable RDT Standard.

k. Fuel Assembly Duct Dimensions: 100%; standard gauging.

1. Fuel Assembly End Hardware Dimensions: 100Z; standard gauging.

B. On-Site Acceptance Tests

To assure that damage during shipping, loading and unt ading
or from sabotage has not occurred, a standard inspection procedure will
be performed on every fuel assembly entering the plant site. Similar to
the inspection for incoming light water reactor and CFTF assemblies,
this procedure consists of:

I a. Examination of the shipping centainer for broken seals,
' dents, penetrations, sheared bolts or any sign of shipmer.t

damage and verification that the shipping container shock,

indicators were not tripped.

I b. A tandard visual inspectiv of the assembly for dents, nicks,
and gouges, especially in the area of hexagonal load pad,

I corners, shield block corners, the inlct nozzle, piston ring
I and discrimination post, and correct assembly identification

by verifying fuel rod top end caps, handling socket identification,
discrimination post geome 'y and a:sembly serial number.
Visual inspection of acceicrometers on the fuel assembly to
confirm that the maximim aliowable 1., ads have not been

exceeded.

Defects determined during visual examination shall be photographed
and selective dimensional inspection of external features shall be
performed using manual general purpose tools that are commercially
available. This inspection would be performed to detennine if defects are
of such an insignificant nature to be acceptable. A photographic record
will be maintained for all accepted defects.

4.2.1.5.3 Blanket Assembly Planned Design Verification Tests

The inner and radial blanket assemblies have no equivalent
in the FFTF reactor. The assembly hardware (inlet nozzle, outlet
nozzle, and duct) are similar to the CRBRP core fuel assembly hardware,
however, significant differences between the fuel and radial and inner
blanket assemblies require the design verification tests presented here.
The blanket rods have outside diameters and fuel pellets which are
similar to LWR fuel rods. Thus, this LWR fuel rod fabrication technology

51 can be used to fabricate and inspect the blanket rods.
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Planned blanket design verification tests are listed in
Table 4.2-20 along with the activity descriptions and planned completion

These tests will be performed unless data can be obtaineC
| dates.through analysis or from other tests. The load pad strength and duct
bending stiffness test, and rod cladding rupture tests are component
verification tests, determining the strength characteristics of important
blanket components which differ significantly from corresponding core .
fuel assembly components. The rod irradiation in EBR-II will verify the
performance of blanket rods in a fast sodium reactor environment.
The performance of the entire blanket rod bundle in a fast sodium reactor
will be tested by the rod bundle irradiation test in FFTF.

4.2.1.5.4 B]anket Assembly Examination Quality Assurance Provisions

A. Fabricator Acceptance Tests

A comprehensive quality assurance progum will be employed
during all phases of the blanket assembly fabrication to insure compliance
with design paramaters to a high degree of cortainty. The program
is planned to comply with stringent commercial fuel fabrication standards.

| The radial blanket fuel pellet characteristics will be measured using
applicable sampling plans. The blanket rods, ducts and other hardware
will generally have 100? dimensional inspection. Following is a list

j of typical inspections and the probable reference techniques specified
! (other techniques equal to or better than the listed te:hniques may

|beused).
a. Blanket Fuel Isotopic Content: Applicable sampling plan;

Calculated from mass spectrometry for isotopic content and
weight per unit lenght measurement.

!

b. Clanket Fuel Pellet Density: Applicable sampling plan;
calculated from dimensional and weight measurements and

.

thermogravimetry for oxygen-to-metal ratio.
|
i c. Blanket Fuel Pellet Dimensions: Applicable sampling plan;
I thermogravimetry.

d. Oxygen-to-Metal Ratio: Applicable sampling plan; thermo-
g ravimetry.

e. Blanket Rod Component Placement: 100; radiographic of
upper fuel column.

f. Blanket Rod Dimensions: 100% standard gauging.

g. Blanket Rod End Cap to Cladding Tube Weld: Lot qualification,

metallographic examination, radiography, visual examination,
51 nd dimensional examination using go no-go gauge.
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h. Blanket Assembly Duct Tube Material Properties:
Applicable lot sampling; chemical analysis for composition,
applicable E-Spec for grain size, corrosion resistance,
tensile testing, and hardness.

i. Blanket Assembly Duct Ultrasonic Inspection: 100%;
pulse-echo, in accordance with applicable E-Spec.

J. Blanket Assembly Duct Dimensions: 100%; standard gauging.

k. Blanket Assembly End Hardware Dimensions: 100%; standard gauging.

B. On-Site Acceptance Tests

lo assure that damage during shipping, loading and unloading
or from sabotage has not occurred, a standard inspection procedure
will be perfonned or every blanket assembly entering the plant site.
This procedure will consist of:

a. Examination of the shipping container for broken seals,
penetrations or any sign of shipment damage and verification
that the shipping container shock indicators were not tripped.

b. A standard visual inspection of the assembly for dents,
nicks, and gouge!, especially in the area of hexagonal load
pad corners, shield block corners, the inlet nozzle, piston
ririg, and discriinination post; and correct assembly identification
by verifying fuel rod top end caps, handling socket identification,
discrimination post geometry and assembly serial number.
Visual inspection of accelerometers on the fuel assembly
to confirm that the maximum allowable loads have not been
exceeded.

c. A standard dimensional inspection shall verify that the
assembly straightness and overall twist are within the
drawing tolerances.

Defects determined during visual examination will be photo-
graphed and measured. This inspection would be performed to determine
if defects are of such an insignificant nature to be acceptable. A
photographic record will be maintained for all accepted defects.

4.2.1.6 Alternatives and Fallback Positions

Design requirements and preliminary integrity limits for
fuel and blankets are defined in Sections 4.2.1.1.2.2 and 15.1.2

51 respectively. Currently, two alternative limits are utilized
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in assessing cladding integrity during nonnal, upset and emergency
events. These are: 1) cumulative damage function (CDF) and
2) cladding strain (calculated as defined in Sections 4.2.1.1.2.2 and
15.1.2.2). These limits are intended to nreclude cladding failure.

Preliminary verification of the limits and the techniques utilized in
assessing CRBRP fuel and blanket rods against the limits are
summarized in Sections 4.2.1.1.2.2. and 15.1.2.2 for cladding strain,
and Section 15.1.2.1 and Reference 4.2-58 for the CDF. Further
development and verification of these limits and techniques based on the
results of the irradiation experience summaried in Section 4.2.1.4
and the tests summarized in Section 4.2.1.5 is planned consistent with
the schedule for submittal of the FSAR. In addition, the CRBRP design
includes systems that will enable detection and location of failed
fuel (see Section 7.5.5). A preliminary assessment of the performar.ce
of failed fuel is given in Section 4.2.1.1.3.8 and further data
relative to operation with failed fuel will be available prior to
the FSAR from run-beyond-cladding breach testing in EBR-II.

Within the framework of this overall approach, several alternatives
and fallback positions are available for implementation if future
testing and analytical efforts do not verify the adequacy of the
preliminary design limits and techniques. Specifically, fallback
positions are available in the following five areas:

1. Design Limits and Techniques

2. Design Features

3. FFTF Testing

4. CRBRP Surveillance

5. CRBRP Operating Limits

Fallbacks for Design Limits and Techniques

If the CDF and strain limits utilized in preliminary design
cannot be adequately verified for final design purposes, four alternatives
are avaiable as fallbacks. These are:

1. Develop a new analytical technique based on a statistical approach
and empirical data. Consistent with the event classification
and cladding damage severity limits given in Table 15.1.2-i, a
small fraction of fuel rod cladding failures are permitted during
emergency events. In contrast, the preliminary limits were
formulated to preclude Cladding failure.
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2. Reduce the allowable CDF and/or strain limit downward as
required to conservatively envelop future test results.

3. Adopt completely either the CDF or the strain limit if the
other cannot be verified.j

4. Develop a new design criterion based on either an analytical or
empirical approach.

These fallbacks will be implemented as required during the
evolutionary design process prior to FSAR submittal.

Fallbacks for Design Features

The results of ongoing and planned tests can also be used
to adjust features of the design. Figure 4.2-35A illustrates the
relationship between the current design and licensing schedules and
provides several examples of design features that could be adjusted as
a result of ongoing tests. Such changes will be considered during
the evolutionary design process that extends to a release to initiate
fabrication of the CRBRP first core fuel.

' Testing and Operational Fallbacks _

The final three areas in which fallback positions arei

available involve FFTF testing and CRBRP operation and surveillance.
j Driver core assemblies, surveillance assemblies, and test assemblies
j in FFTF will prnvide significant experience and data on the performance
i of reference LMFBR fuel. Although these data will not be available
, until af ter fabrication of CRBRP first core fuel has begun, they will
! be available for FSAR submittal and review. The data can be used to
' confirm previous results, resolve any remaining issues and reduce

uncertainties and design allowances.

Data derived from surveillance of CRBRP operations and core
assemblies can also be utilized as a fallback if the design limits and
techniques cannot be completely verified prior to CRBRP operation (see
Section 4.2.1.1.4). Such data can be used for final verification of
overall of overall performance, verification of the effects on perform-
ance of differences between actual operating conditions and those used
in design evaluations and development tests, and reduction of uncertain-
ties and allowances.

As a final fallback, the CRBRP operating limits can be
adjusted. Reactor power, allowable fuel burnup, and operating temperature
(either as a function of power or through the use of values measured
during operation) can be adjusted consistent with the extent to which

51 the design limits are verified.
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Numerous combinations exist for the implementation of these
final three fallback positions. In addition, the extent to which they
are needed for verification purposes cannot be accurately assessed
until final design and the ongoing and planned testing is completed.
Plans to utilize these fallbacks for verification or to increase the
ultimate operational limits for the reactor will be prepared on a
schedule consistent with that for preparation of the FSAR.

4.2.2 Reactor Vessel Internals
i

' 4.2.2.1 Design Bases

4.2.2.1.1 Functional Requirements

Two major assemblies form the reactor internals support
structure. These are the multiple component lower internals structure
(LIS) and the multiple component upper internals structure (UIS).
An additional major system is the core restraint system (CRS), which
consists of the core formers and the removable radial shielding.

i The lower internals structure consists of the core support
. strt'cture, lower inlet-modules, bypass flow modules, fixed radial

| shielding, fuel transfer and storage assembly, and horizontal baffle.
i Support for the core formers of the core restraint system is provided
by the lower internals structure.

i

,

| The following are primary functional requirements for these
components. Also included are the maintainability and surveillance
requirements.

4.2.2.1.1.1 Core Support Structure

The core support structure consists of the core plate, the
core barrel, and the module liners. The core plate and support cone
form the upper surface of the inlet plenum, provide the structure for
the upper surface of the inlet plenum and provide the structure for
support of the core. The core barrel encloses the core and provides a
base for the core former rings. The core support structure is welded
to the support cone which is an integral part of the reactor vessel. As
a permanent structure,it must be designed for the " stretch" conditions *
and have a design life of 30 years. The core support structure has
the following principal function requirements:

a) Provide support for the weight of the core assemblies, lower
inlet modules, bypass flow modules, fuel transfer and
storage assembly, horizontal baffle, fixed radial shielding,
removable radial shielding, spacers and core formers.

51 * See Section 1.1
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b) Transmit reaction loads due to pressure differences, weights

and seismic disturbances to the interface with the reactor
vessel.

c) Withstand all specified loading conditions without exceeding
the design primary and secondary stress limits for the
appropriate loading categories as specified in Section III
of the 1974 Edition of the ASME Boiler and Pressure Vessel
Code.

d) Provide the foundation for vertical and horizontal restraint of
the core and removable shield assemblies.

e) Control (limit) axial deflections of the core relative to the
control rods, which are supported by the reactor closure head,

f) Provide a stable base for the core former rings.

g) Provide, together with features of the upper internal structure,
adequate alignment between the upper and lower internals.

h) Provide features to preclude major flow blockage at the module
liner inlet.

i) Distribute coolant to the inlet modules and bypass flow modules
which in turn distribute the coolant to the reactor assemblies.

j) Distribute coolant to the fuel transfer and storage assembly,
and to provide the coolant for the reactor vessel / liner

I annulus.

k) Provide features to minimize gas entrapment during sodium fill.

1) Provide interface features with the horizontal baffle for the
degree of sealing required to limit the metal temperature of
the core barrel.

m) The CSS shall have a maximum deflection of 0.150 inch upward,
under the maximum design AP.

4.2.2.1.1.2 Lower Inlet Modules (LIM)

The lower inlet modules are removable components of the lower
internals structure. They are designed to fit into and seal with the
core support structure module liners with strainer holes in the modules
aligning with coolant slots in the liners. Each module directs the
coolant flow to seven reactor assemblies which could consist of fuel,
control, blanket, and removable radial shielding assemblies and combi-
nations thereof depending on core location. There are a total of 61

51 modules, the outer 24 of which will be designed to divert flow by bypass e
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orifices to provide coolant flow to the bypass flow module / removable
radial shielding and the core barrel / reactor vessel annulus. Al though
the modules are 30 year life components, they will be designed to be
removable. The inlet modules have the following principal functional
requirements:

a) Support, vertically position and restrain downward position
and restrain horizontally the reactor assemblies during assembly
operation and refaeling of the reactor using hydraulic
balance features where required.

b) Distribute and provide coolant to the various reactor assemblies
(fuel assemblies, blanket assemblies, control rod assemblies,
and removable radial shielding).

c) Provide a source of low pressure bypass coolant to the bypass
flow module / removable radial shield assemblies and the core
barrel / reactor vessel annulus.

d) Provide features to assure correct placement of the reactor
assemblies in a safe location.

e) Maintain a pressure boundary between the high pressure region
and low pressure region within the reactor vessel and limit
the leakage flow across the boundary.

f) Provide a low impedance flow path through the LIM for the Secon-
dary Control Rod System bypass flow.

g) Provide retention of loose debris greater than 0.25 in. in
diameter to preclude blockage of the reactor assembly rod
bundles.

h) Provide for the retention of the modules during normal reactor
operation using hydraulic balance features where required.

i) Assure that the LIM can be removed through the Upper Internals
Structure and the IVTM port.

j) Maintain nominal primary coolant flow and preclude any adverse
change oi flow paths.

k) Provide a capability to use multiple coolant flo,w sources in the
core support structure module liner.

4.2.2.1.1.3 Bypass Flow Modules

The Bypass Flow Modules (BPFM) shown in Figure 4.2-41A, are
supported by the Core Support Structure (CSS). Subsequently, the BPFM

51 supports and positions the Fixed Radial Shield (FRS) and Removable Radial
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Shield (RRS) assemblies. The BPFM is designed as a permanent component.
The BPFM receives low pressure coolant from the inlet modules and
distributes the coolant to the RRS assemblies. A total of 6 BPFM provides
a flow to a total of 264 RRS and each is designed to meet the following
functional requirements.

a) Support and position a total of 44 removable radial shieldi

assemblies per module during reactor assembly, operation,
and refueling.

b) Distribute and provide coolant to each of the radial shield
assemblies supported.

;

c) Provide positive mechanical discrimination features to insure
placement of only removable radial shield assemblies into any

! of the receptacles in the bypass flow modules.
|

d) Provide a redundant flow path for the coolant which feeds the'

RRS assemblies.

e) Support and position the FRS.

f) Provide a thirty year life (22.5 full power years) with no
planned maintenance.

4.2.2.1.1.4 Fixed Radial Shielding

I The fixed radial shielding is located inside the core barrel
beyond the radius of the removable radial shielding and rests on the
bypass flow module and beneath the lower core former. The fixed radial
shielding is designed for the 30 year plant life. The functional
requirements for this component are:

a) In conjunction with the removable radial shielding assemblies,
the fixed radial shielding will provide radiation protection

for the core barrel and reactor vessel. This shielding will
contribute to the overall reactor shielding system. The
minimum ductility provided by the combination of the fixed
and removable radial shielding is 10% residual ductility for
the core barrel and reactor vessel. This value is based on
the total elongation at end of design life and includes effects
due to stretch conditions.

b) Operate for a thirty year life at seventy-five percent plant
capaci ty factor. The minimum ductility limits (based on total
elongation) for the fixed radial shielding are the following:

Shielding Material at Attachments 10/

Shielding Material Remote from Attachments 55g
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4.2.2.1.1.5 Fuel Transfer and Storage Assembly

Reactor refueling requires bringing new fuel into the reactor
vessel and removing the spent fuel. The fuel is brought in and out
through the vessel head by the ex-vessel transfer machine. A transfer
position is required so that the ex-vessel machine can decouple and move
out of the way so that the in-vessel transfer machine can grapple the
assembly and continue the fuel handling operation.

Operational flexibility in scheduling fuel replacement requires
the capability for interim storage of two irradiated fuel assemblies.

Accumulation of material property trend data requires a position
for exposing the surveillance specimens to the appropriate environmental
conditions.

The above needs are met by the fuel transfer and storage assembly
which has the following principal functional requirements.

a) Provide support for the weight of the core component transfer
container, stored core components and surveillance specimens
and fixtures.

b) Transmit reaction loads due to pressure differences, weights
and seismic disturbances to the core support structure.

c) Provide features which allow cooling of the stored fuel
assemblies.

d) Provide interface 3- tarec ' at promote sealing with the horizon-
51 tal baffle.
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e) Provide for positional alignment with the ex-vessel handling
machine head port.

Of) Provide interface features which permit differential thermal
expansion between the fuel transfer and storage assembly and
the core support structure.

4.2.2.1.1.6 Florizontal Baffle

The horizontal baffle forms the upper boundary of the core barrel /
reactor vessel annulus and physically separates the hot sodum in the
outlet plenum from the cooler bypass flow sodium in the ccre barrel / reactor
vessel annulus. The horizontal baffle has the following functional
requirements:

a) Limit heat flow from the outlet plenum sodium to the
core barrel / reactor vessel annulus sodium to an
acceptable level.

b) Form an effective hydraulic barrier between the core
barrel / reactor vessel annulus sodium and the outlet v
plenum sodium.

c) Insure that temperature oscillations on metal surfaces
in r adjacent to the coolant flow paths are

51
compatible with the horizontal baffle service life
requi rements .

d) Deleted
49

e) Position and support the upper end of the fuel transfer
and storage assembly,

f) Provide a guide for entry of the core component pot
and passage of sodium from the outlet plenum into the
fuel transfer and storage assembly.

g) Provide a thirty year service life (22.5 full power
years) with no planned maintenance.

h) Transmit the IVTM and EVTM transient mechanical loads
from the fuel transfer and storage assembly to the
core support structure and reactor vessel thermal liner.

i) Provide access through the horizontal baffle base plate
41 into the core barrel / reactor vessel annulus.
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4.2.2.1.1.7 Upper Internals Structure (UIS)

The upper internals structure * is located in the reactor outlet
plenum imediately above the core. This is an area characterized by a

demanding thermal fluids environment. The structure must be designed
to perform satisfactorily in this environment for the design life of
30 years while meeting the following functional requirements:

a) Provide secondary core holddown for the fuel, blanket,
and control assemblies.

b) Provide support for routing reactor system instrumentation
including that to selected fuel and blanket assemblies.

c) Assure alignment of the control rod shroud tubes in the
upper internals structure with the control rod ducts in
the core.

d) Provide means for ducting the core effluent to the upper
regions of the outlet plenum W as to effectively mitigate
stratification during the scram transient, and to promote
mixing during normal operational sequences.

e) Protect the control rod drivelines from potential flow induced
vibration excitation from cross flow in the outlet plenum.

f) Provide for mounting of the control rod scram arrest dashpots,
and for reaction of the associated scram arrest loading.

g) Provide access to the core to allow i.he withdrawal of a core
support structure inlet module.

h) Provide upper internals structure jacking mechanism (UISJM)
mounted on the Intermediate Rotating Plug (IRP), which will
engage with the upper internals support columns and lift
the upper internals structure to permit rotation for refueling.

i) The penetration of the upper internal structure columns through
the intermediate rotating plug shall incorporate shielding
approximating that of the uninterrupted head.

r For the sake of continuity and completeness, the UIS jacking mechanism
is included herein with the UIS.
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j) The penetration of the IRP by the upper internals structure
columns shall be provided with seals and above the head shielding,
so as to limit the irradiation dose to the head access area
to be compatible with a total head dose rate of 25 MREM /hr.

k) Provide a source of material for surveillance of the upper
internals structure.

1) Provide for the routing and support of the diagnostic instrumen-
tation required for initial confirmation of the satisfactory
performance of both the upper internals structure and the
outlet plenum flow control features.

m) Key the upper internals structure to the core barrel such that
the lateral movement is limited.

4.2.2.1.1.8 Core Restraint System

The core radial restraint system is comprised of formers mounted
on rings in the core carrel, and all the core assemblies supported within
those formers. Design of the system is Lased on the limited free bow
concept. Since it is not economically feasible to replace the core
ratraint system formers during the life of the plant, these components
shall be designed for a 30 year life. Principal functional requirements
to the core restraint system are as follows:

a) Provide means for the control of core motion so that it is
both predictable and safe.

b) The reactivity feedback attributable to the core restraint
system shall be such that Criteria 9 and 10 are satisfied for
reactor power range operations.

c) Limit the potential magnitude of core c.ompaction (and the
resulting reactivity insertion) due to postulated stickslip
motion to less than allowable values which assure that the
fuel and cladding will not be damaged. The allowable step
reactivity insertion magnitude is 60t at full power, and
854 at power levels of one megawatt or less.

d) Provision shall be made for release of core restraint inter-
assembly loads, such that refueling insertion and withdrawal
loads will not exceed 1000 lbs., including the bouyant
weight of the assembly being handled.

e) With the core in the refueling configuration, all core
components handling sockets must be positioned within plus or
minus 0.58 inches of true position.

51
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f) The core restraint system shall position the upper end of the
control assembly ducts to within plus or mirus 0.53 inches of
true position.

g) Positioning control of the fuel assembly duct nozzles shall
be such as to minimize lateral hydrodynamic forces imposed on
the upper internals structure instrumentation posts.

h) The core restraint system shall be designed to prevent a
general condition of duct-to-duct contact in the active core
region.

i) The design life for the core formers is 30 years for the 751
plant capacity factor.

j) Design of the core restraint system shall be consistent with
annual refueling.

k) The dynamic radial deflection of the inner profile of the Upper
Core Former (UCF) shall be less than 10.100 inch, relative
to the UCF centerline during an SSE or OBE event.

1) The Lower Core Former (LCF) radial deflection relative to
the LCF centerline during an SSE or OBE shall be limited to
less than 1 0.100 inch.

m) Provide vertical load reaction to the core barrel.

Core Former Structure (CFS)

The Core Former Structure provides the restraint to limit the
bowing of the core assemblies for the Core Restraint System. The CFS
consists of the Upper Core Former, the Support Ring, the Lower Core
Former, keyway inserts and azimuthal spacers. The CFS has the following
functional requirements:

a) The CFS provides the peripheral constraint for the reactor
core assemblies.

b) The CFS provides the lateral location and restraint for the
lower end of the UIS.

c) The CFS transmits the applied loads from the reactor core
assemblies and the UIS to the Core Barrel including upward
vertical loads.

d) The design life for the CFS is 30 years for the 75% plant
capacity factor.

51
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e) The CFS provides a structural attachment for the fixed radial
shield.

f) The CFS provides temporary vertical support for the UIS.

g) The CFS restricts lateral motions and provides accurate lateral
positioning of the lower end of the UIS.

4.2.2.1.1.9 Removable Radial Shielding (RRS)

The removable radial shield assemblies are core assemblies which
mechanically interface with the radial blanket assemblies, the core former
structure, the inlet and flow bypass modules, and the upper internals.
These assemblies have the following functional requirements:

a) Attenuate neutron fluence to levels consistent with 30 year
lifetime for peripheral components, based on the following
residual total elongation ductility limits:

Min. Ductili ty

Shielding Material Remote from 5%

Attachments

Shielding Material Attachments 10%

Core Barrel 10%

b) Maximize solid volume fraction within the limits required to
provide adequate cooling. To obtain adequate shielding with
316SS 80% minimum solid volume is required.

c) Maintain the RRS structural integrity by limiting RRS lifetime
to assure 1.0 percent minimum residual ductility based on total
elongation. In addition maximum operating steady state plus
transient strains must be less than 0.056 percent at a biaxial
stress ratio (longitudinal to circumferential) of 1:1 and less
than 0.33 percent at a 1:0 ratio. The allowable strain varies
approximately linearly with the biaxial stress ratio.

d) The removable radial shield assemblies are to be installed
and removed by normal fuel handling equipment.

e) Transmit lateral core restraint loads without contributing
significantly to the magnitude of these loads.

f) Provide circulation path for cooling to preserve structural

51 integri ty.
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4.2.2.1.1.10 Maintainability

The structures must be designed to facilitate sodium drainage.

Any structure or assembly which may ultimately require removal
from the reactor vessel for maintenance or inspection must be removable
through the head openings and must be provided with lifting lugs or
fixtures for use during these operations.

4.2.2.1.1.11 Surveillance

Irradiation damage data for specific locations is required such
that changes in material properties can be monitored. Material surveillance
coupons will be located such that accelerated irradiation data is available
at the time of normal coupon inspection for a particular component / location
of interest. This will enable a potential deteriorating condition to be
detected before the next scheduled coupon inspection.

4.2.2.1.1.12 Margin Beyond The Design Base Considerations

In addition to the functional requirements discussed previously,
the cere support structure and horizontal baffle shall be designed to
satisfy the margin beyond design basis considerations of CRBRP-3
(Reference 10 of Section 1.6). Structural Margin Beyond Design Base
(SMBDB) is not a design loading condition. However, it represents addi-
tional requirements to provide margin for highly improbable loading
conditions. These loads are postulated to arise from a core related event
during normal full power operation, independent of any other event.

4.2.2.1.2 Bases for Functional Requirements

Bases for the requirements of Section 4.2.2.1.1 are given below:

4.2.2.1.2.1 Core Support Structure

a) Requirement - Provide support for the weight of the core assemblies
inlet modules, bypass flow modules, fuel transfer and storage
assembly, horizontal baffle, fixed radial shielding, removable
radial shielding, spacers and core formers.

Bases - Self evident.

b) Requirement - Transmit reaction loads due to pressure differences,
weights and seismic disturbances to the interface with the
reactor vessel.

Bases - Self evident.
51
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c) Requirement - The core support structure must withstand all
specified loading conditions without exceeding the design
primary and secondary stress limits for the appropriate
leading categories as specified in Section III of the ASME
Boiler and Pressure Vessel Code.

Bases - The various load combinations produce deflections of
the CSS core plate and core barrel. The resulting deflections
can be evaluated for their suitability so long as the structure
returns to its zero position when the loads are ruaoved.
However, if yielding occurs the zero position and thus maximum
deflection positions would be indeterminate and thus the
predicted reactivity changes and relative clearances would be
indeterminate. Thus, the CSS must be designed such that the
primary stresses throughout the structure are below the
material yield.

d) Requirement - Provide the foundation for vertical and horizontal
restraint of the core and reactor assemblies.

Bases - Internally or externally induced loads on the core (fuel,
control and blanket assemblies) and removable shield assemblies
would result in motions of these ccmponents which could have
adverse reactivity effects unless the motion is limited by a
stable base in both the vertical and horizontal positions. The
CSS core plate and core barrel must be designed to limit these
motions such that the resulting clearances of the control rod
and control rod drive remain sufficient to provide reliable
scram capability.

e) Requirement - Control (limit) axial deflections of the core
relative to the control rods, which are supported by the head.

B_a_se_s - Vertical pressure and/or mechanical loading causes the
CSS to deflect vertically relative to the reactor vessel head.
The fuel assemblies, which are supported by the CSS, move
vertically with the CSS. The control rods however are supported
from the reactor vessel head and thus do not move with the CSS.
Deflections of the CSS produces differential axial motion of
the core relative to the control rods, thereby producing a
reactivity change in the core. The CSS must be designed to
limit axial motion such that the resulting reactivity change
does not result in exceeding the fuel damage limits for an
upset event.

4.2-129
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f) Requirement - Provide a stable base for the core former rings.

Bases - The core former rings are positioned by the core barrel.
The location and rigidity is critical as it limits the radial
motion of the core. All transverse loads from the core are
transmitted through the core former rings to the core barrel.

g) Requirement - Provide together with features of the upper
internals structure, adequate alignment between the upper and
lower internals.

Bases - Operation of the control rod driveline system is dependent
on the alignment of the control rod guide tubes in the upper
internal structure and the control assemblies located in the
core support structure by the core plate and the core restraint
system.

Monitoring of the outlet flow temperature from core assemblies
is done by instrumentation located in the flow ducts of the
upper internals structure. Accuracy of measurement is
dependent on the alignment of these flow ducts with their
respective core assembly outlet nozzles.

h) Requirement - Provide features to preclude major flow blockage
at the module liner inlet.

Bases - Blockage of coolant to the inlet module can create a
hazardous condition by starving any one or more of the core
assemblies within the module. This could occur regardless of
the precautions taken during assembly and construction. Thus
the CSS should have design features capable of capturing and
retaining loose debris, upstream of the module inlet.

i) Requirement - Distribute coolant for the inlet modules and
bypass flow modules which in turn distribute the coolant to
the reactor assemblies.

Bases - Adequate coolant is required to all reactor assemblies
so that requirements on upper temperature limits on the various
materials are not exceeded.

A relatively uniform flow is required at the inlet to fuel and
blanket core zones.

j) Requirement - Distribute coolant to the plenum which contains
the fuel transfer and storage assembly, and which provides

51 the coolant for the reactor vessel.
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Bases - Remove decay heat generated by the storage af irradiated
reactor assemblies, and provide coolant for the annulus
between the reactor vessel and vessel thermal liner to limit
the maximum temperature of the reactor vessel wall to an
acceptable value.

k) Requirement - Provide features to minimize gas en'.apment during
sodium refill.

Bases - If allowed to accumulate in the inlet plenum, trapped
gas could be carried into the coolant stream and cause temporary
coolant starvation to reactor assemblies. This would possibly
overheat fuel cladding material beyond its upper temperature
limit.

1) Requirement - Provide interface features with the horizontal
baffle for the degree of sealing required to limit the metal
temperature of the core barrel.

Bases - It is required that the core barrel temperature be at,
or clcse to, the temperature of the adjacent core former rings
to maintain the lateral location of the reactor assemblies.
To meet this requirement, only inlet / bypass coolant can be
in direct contact with the outside profile of the core barrel.

m) Requirement - The CSS shall have a maximum deflection of 0.150
inch upward under the maximum t2P.

Bases - The maximum step reactivity insertion due to a downward
deflection of 0.150 inches of the CCS plate is worth 174 For
a 176 step reactivity insertion at full power, the hog channel
maximum cladding temperature increase is less than 20 F.

4.2.2.1.2.2 Lower Inlet Modules

a) Reguirement - Support, vertically position and restrain downward,
ana position and restrain horizontally the reactor assemblies
during assembly, operation, and refueling of the reactor using
hydraulic balance features where required.

Bases - The pressure difference between the inlet and outlet
plena is sufficient to raise some reactor assemblies from their
required location. The function of the hydraulic balance
system is to equalize (balance) the pressure forces on the
fuel and blanket assemblies so that the there is little or
no lifting force. This design approach elininates the need
of a mechanical restraint to assure positive downward load

51 and facilitates the removal and installation of reactor assemblies.
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In the LIM design the criterion to be used is that the minimum
net axial restraining force shall be downward and approximately
equal to the buoyant weight of the lightest reactor assembly,
which is the fuel assembly (387 lb. in Na.).

It is intended to use hydraulic balance when the combination of
dead weight buoyancy and hydraulic loads produce a force which
does not meet the above criterion. To facilitate design and
fabrication, hydraulic balance will not be utilized for
restraint of the radial blanket and removable radial shield
assemblies where the criterion is met.

Control of reactor criticality requires accurate vertical and
horizontal positioning of the reactor assemblies during assembly,
operating and refueling.

b) Requirement - Distribute and provide coolant to the various
reactor assemblies (fuel assemblies, blanket assemblies, control
rod assemblies and removable radial shielding).

Bases - The core location of each LIM dictates its coolant flow
requi rements. The modules provide flow control unique w spect fic
core locations by orificing. High pressure flow thus controlled
is delivered to the fuel, blanket, and control rod assemblies.

c) Requirement - Provide a source of low pressure bypass coolant
to the bypass flow module removable radial shielding ersemblies
and the core barrel / reactor vessel annulus.

.

| Bases - Components encompassing the core must be cooled to
I limit their temperatures to acceptable values. The coolant
! passages from the inlet pienum to these components is via the
' CSS and peripheral modules.

d) Requirement - Provide features to assure correct placement
of the reactor assemblies in a safe location.

| Bases - The various reactor assemblies are required to be in
| discrete locations within the core to meet nuclear requirements

and assure adequate cooling. Thus the LIMs will incorporate'

: pin alignment devices to assure proper azimuthal orientation
'

of the modules. Various discriminators will be assembled into
each reactor assembly receptacle to ensure that only those
assemblies can be interchanged which will not result in an
undercooled assembly. The discriminators will have "no go"
devices such that they will limit axial travel and prevent

51 " seating" of an assembly when in an improper core location.
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e) Requirement - Maintain a pressure boundary between the high
pressure region and low pressure region within tne reactor vessel
and limit the leakage flow across the boundary.

Bases - Flow leakage must be limited to ensure adequate flow of
coolant to the fuel assemblies. The LIM is a 30 year component
designed to be removable and yet it must maintain a pressure
boundary between the high and low pressure regions. Therefore,

where differential movement is expected between mating parts
due to either thermal expansion or mechanical loads, dynamic
sealing devices must be incorporated. Thus, the module will

be designed to insure sealing utilizing piston rings and/or
other sealing devices within the state of the art that can be
used in the reactor environment.

f) Requirement - Provide a low impedance flow path through the LIM
for the Secondary Control Rod System bypass flow.

Bases - The secondary control rod system (SCRS) provides a
back-up shutdown capability and utilizes a hydraulic assist for
Insertion of the control rod. Approximately 75 percent of the
coolant flow is redirected downward to the module providing a
large pressure drop acr2ss a piston attached to the control
assembly. This pressure drop across tha piston provides the
insertion force required to assist insertion of the secondary,

control rods during a SCRAM. Therefore, the LIMs containing
SCRSs will incorporate flow conduits designed to minimize flow,

; losses through the module to the low pressure region in the
i CSS.

g) Requirement - Pr ovide reteation of loose debris greater than
0.25 in. in diameter, to preclude blockage of the reactor
assembly rod bundles.,

4

Bases - Blockage of coolant flow in fuel assemblies can create;

d hazardous condition. Should loose debris be present during
reactor operation despite the precautims taken during reactor
construction and sodium fill, the LIM will trap loose debris

greater than 0.25 in. diarreter and prevent a flow blockage
by means of strainer holes incorporated into the module stem.

h) Requirement - Provide for the retention of the modules during
normal reactor operation using hydraulic balance features where
required.

Bases - It is desirable that no mechanical devices be used for
51 retaining the LIM in the core support structure. Such devices
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are difficult to engage or disengage with remote handling
equipment and would impair the module removal capability. The
use of a hydraulic balance module retention feature satisfied
this requirement.

i) Requirement - Assure that the LIM can be removed through t%
Upper Internals Structure and the IVTM port.

Bases - The LIM configuration, dependent on core location,may
not be symmetrical about the longitudinal centerline. The
c.g. eccentricity from this centerline will cause tilting
of the module upon removal and installation. Handling tools
and module design will be such that the module will be
censtrained within a dimensional envelope capable of passing
through the most restrictive passage and components such as
the IVTM port. This requirement is necessary in order to
insure that the module can be removed from the reactor for
naintenance without the requirement for major disassembly
of the reactor internals.

j) Requirement - Maintain nominal primary coolant flow and preclude
any adverse damage of flow uths.

Bases - The LIM < sceptacle flew slot geometry, which interfaces
with reactor assembly inlet nozzle slots, is designed so that
flow is provided to the reactor assemblies in the event of
inadvertent rise of the assemblies due to loss of hydraulic
balance. Also, the strainer hole pattern in the LIM stem is
designed to provide adequate flow through the LIM in the event
of inadvertent rise of the LIM aue to loss of its hydraulic
balance.

k) Requirement - Provide capability to use multiple coolant flow
sources in the core support structure module liner.

Bases - The LIM stem is provided with strainer hole pattern
to interface with both the primary and secondary flow parts
in the core support structure module liners.

4.2.2.1.2.3 Bypass Flow Module

a) Requirement - Support and position a total of 44 removable radial
shield assemblies per module during reactor assembly, operation,
and refueling.

Bases - The shield assemblies as part of the core restraint
system require vertical and horizontal positioning within certain

51 tolerances to assure proper alignment of the core and conse-
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quently control reactor criticality. In addition, the position
of the removable radial shield assemblies must be such as not to
interfere with insertion and removal of adjacent inner assemblies
(radial blanket assemblies) during initial core loading and
subsequent refuel Hg conditions.

b) Reouirement - Distribute and provide coolant to each of the radial
shield assemblies supported.

Bases - The bypass flow existing from the LIM's and collecting
at the core plate periphery must be diverted to cool various con-
ponents (core barrel, pressure vessel, etc. ) which include the
shield assemblies whose maximum design outlet temperature is to
be maintained below 950 F. The bypass module is that component
which provides the hydraulic features to provide flow directly

51 to the shield assemblies.

O
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c) Reguirement_ - Provide positive mechanical discrimination features
to insure placement of only removable shield assemblies into any
of the receptacles in the bypass flow modules.

Bases - The fuel assemblies, radial blanket assemblies, and
control assemblies must be prevented from being placed in a
shield assembly location to assure safe operation. Thus a
discrimination feature system will be provided within the
bypass flow module receptacles to preclude the placement of any
of the above core assemblier. into a shie ld assembly location.

t d) Requirement - Provide 3 reduldant flow path for the coolant
which feeds the RRS assemblies.

Base - The RRS assenblies must have an adequate coolant flow
to prevent excessive temperatures which could contribute to
increased assembly bowing, creating problems with refueling.
In the unlikely event of flow blockaqe into one BPFM, the re-

7dundant flow passages will allow sufficient coolant flow to - -

that BPRM to keep the RRS assemblies within acceptable tem-
perature ranges.

4 e) Requirement - Support and position the Fixed Radial Shield
(FRS).

Base - The FRS require 3 support and positioning in the ver-
tical and horizontal direction within certain tolerances at
the base of the FRS. The BPFM is that component which satis-
fies these requirements.

f) Requirement - Provide a thirty year life (22.5 full years) with
no planned maintenance.

Base - The design of the FRS is such that it will not be re-
-

moved during the life of the reactor. Subsequently, the BPFM
has to be designed such that it requires no maintenance for the

38 life of the reactor.
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4.2.2.1.2.4 Fixed Radial Shielding

a) Requirement - In conjunction with the removable radial shielding,
tIie YiWd radial shielding will provide radiation protection for
the core barrel and reactor vessel. This shielding will con-
tribute to the overall reactor shielding system. The minimum
ductility provided by the combination of the fixed and removable
radial shielding is 10P residual ductility for the core barrel
and rerctor vessel. This value is based or, total elongation at
end of design life and includes effects due to stretch
conditions.

Bases - The combination < removable and fixed radial shielding
must assure that the core barrel and rcactor vessel remain
within ductile limits stated above. Should the ductility of the

material drop below the 10: level the ability of the material
36 | to yield locally would be reduced. The lack of residual

ductility would add uncertainty to the integrity of the structure.

The ductility of the structural regions of the core barrel and
reactor vessel must be maintained at a level which will insure
that ductile failure mode analysis used in analyzing the
design remains valid.

G
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b) Requirement - Operate for a thirty year life at seventy-five
percent plant capacity factor which also includes effects due
to stretch conditions. The minimum ductility limits (based on
total elongation) for the fixed radial shielding are the
following:

Shielding Material at Attachments 10L

Shielding Material Remote from Attachments 5%

Bases - The combination of removable and fixed radial shielding
must be designed such that the fixed mdial shielding remains
ducti'a within the limits stated above. The ability of the
material to yield locally would be reduced if the ductility of
the material dropped oelow the stated limits. This situation
would produce uncertainties concerning the integrity of the
structure.

The ductility of the structural regions of the fixed radial
shielding must be maintained at a level which will insure that
the ductile failure mode analysis used in 6nalyzing the design
remains valid.

4. 2. 2.1. 2. 5 Fuel Transfer and Storage Assembly

a) Requirement - Provide features which allow cooling of the stored
fuel assemblies.

Bases - The removed fuel assembly cannot be allowed to increase
in temperature such that the gas pressure would build up and
result in cladding failure. Additionally, a removed fuel
assembly inhcrently contains useful information which could be
compromised or destroyed if the fuel temperature subsequent to
removal is permit; 2 to exceed significantly the peak operating
tempera ture. Thermal analysis has indicated that cooling of
the transfer and storage assembly is required to remove the
heat generated in a spent fuel assembly.

b) Requirement - Provide interface features that minimize leakage
with the horizontal baffle.

Bases - The outlet plenum is filled with the hot core effluent,
while the plenum underneath the horizontal baffle is filled with
the cooler core inlet sodium. The upper portion of the fuel
transfer and storage assembly is a part of the horizontal baffle
and provides the guidance for insertion of the core component
pot and the stored fuel into the fuel transfer and storage

51 assembly. If significant leakage flow were permitted in between
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the fuel transfer and storage assembly and the horizontal baffle
it could lead to possible insufficient material fatigue strengths
to withstand the potential hot and cold flow oscillation sweeping
the interface surfaces between the horizontal baffle and the
fuel transfer and storage assembly.

c) Requirement - Provide interface features which permit differential
thermal expansion between the fuel transfer and storage assembly
and the horizontal baffle.

Bases - The core barrel and the fuel transfer and storage assembly
will have somewhat different average temperatures. The different
temperatures, which occur over a long length, could induce
stresses in both the core barrel and the fuel transfer and
storage assembly if some provision is not included to allow free
diffccential expansion between the two components.

4.2.2.1.2.6 Horizontal Baffle

a) Requirement - Limit heat flow from the outlet plenum sodium to
the core barrel / reactor vessel annulus sodium to an acceptable
level.

Bases - Bypass flow in the core barrel / reactor vessel annulus
cools components within and on the periphery of the annulus as
well as the vessel and vessel liner. Therefore, heat flow
across the baffle must be within limits which will provide
acceptable bypass cooling flow temperature to components which
utilize bypass flow for cooling.

b) Requirement - Form an effective hydraulic barrier between the
core barrel / reactor vessel annulus and the outlet plenum sodium.

Bases - Random mixing of hot sodium flowing through and exiting
through the fuel region and sodium rising in the annulus between
the core barrel and the reactor vessel creates unstable flow
conditions characterized by themal plumes and/or widespread
turbulence. In addition, bypass flow must be directed to provide
coolant to the reactor vessel and liner above the baffle.

c) Requirement - Insure that temperaty c oscillations on metal
surfaces in or adjacent to the c isnt flow paths are compatible
with the horizontal baffle son , lift requirements.

Bases - Thermal stratific: . ::s in the flow exiting them.

core. The flow through tu radiat danket will be cooler than
that in the main core regica. The radiel blanket flow will
tend to be split off at elevation just above the core barrel
(base of the UIS). This cooler flow will mix with that circula-

51 ting in the outlet plenua, and thermal striping can result.
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d) Deleted

49
|

j e) Requirement - Position and support the upper end of the fuel
| transfer and storage assembly.

{ Bases - The upper end of the FT&SA must be located accurately
both circumferentially and radially on a designated arc;

j concentric with the reactor core vertical centerline.
! f) Requirement - Provide a guide for entry of the core component

pot and passage of sodium from the outlet plenum into the
fuel transfer and storage assembly.

.

Bases - Guidance for the entry of the core component pot into;

j the fuel transfer and storage assembly must be provided to
' permit in-core fuel transfer apparatus to correct for low

or der misalignment during fuel transfer and storage operations,
t

j g) Requirement - Provide a thirty year service life (22.5 full
j power years) with no planned maintenance.

| Bases - The horizontal baffle must operate in the reactor
enviroment for this period of time withou failure as thisr

! component cannot he replaced or fully inspected.

h) Requirement - Transmit the IVTM and EVTM transient mechanical;
; loads from the FT&SA to the core support structure and reactor

vessel thermal liner.
i

Bases - The In-Vessel Transfer Machine (IVTM) will transport'

i a reactor assembly to the fuel transfer and storage assembly
| area, align the reactor assembly with a core component pot
|

(CCP) and insert the assembly into the CCP. The grapple
- device holding the reactor assembly will contact the upper

surface of the FT&SA inlet port nozzle on the horizontal
baffle and overtravel vertically downward to actuate a release
mechanism in the IVTM grapple. The Ex-Vessel Transfer Machine
(EVTM) could misalign slightly and a core component pot hit

4 11 the FT&SA inlet port bushing.

Amend. 51
Sept. 19794.2-140

953.1.70



j) Requirement - Provide access through the horizontal baffle base
plate for access to the core barrel reactor vessel annulus.

Bases - Access to the core barrel / reactor vessel annulus is
required for in-service inspection.

4.2.2.1.2.7 Upper Internals Structure

a) Requirement - Provide secondary core holddown for the fuel, blanket,
and control assemblies.

Bases - It is possible to postulate mechanisms which would result
in the core moving upwards within the core barrel. Among the
mechanisms of concern is gradual undetected loss of hydraulic
holddown (although no cause for such an event has been identified).
Were this vertical motion to occur then it is possible to postu-
late sudden downward motion of the core in response to a
seismic event. The amount of downward motion acceptable is
governed by the resulting reactivity insertion and the associated
effect on fuel damage. The upper internals holddown is required
to limit the maximum possible upward motion of the core such that
the sudden downward motion of the same magnitude will not result
in the core damage limits being exceeded.

b) Requirement - Provide support for routing reactor system instru-
mentation including that to selected fuel and blanket assemblies.

OBases - Above core thermocouples are required for monitoring
and verification of acceptable core performance. Practical
considerations of thermocouple replacement requires the use of
dry-well housing tubes. Provision is being made to position
a thermocouple over selected fuel and blanket assemblies to
provide both surveillance / diagnostic information and reactor
control.

c) Requirement - Assure alignment of the control rod guide tubes
in the upper internals structure with the control rod ducts
in the core.

Bases - The control rod driveline passes through the upper
internals structure and into the core. Lateral displacement of
the upper internals structure relative to the core could caux
structural loading between the driveline and the interfacing
components. The frictional component of these loads retards
rod insertion. Therefore, this effect must be controlled. In
part, this control is achieved by limiting the lateral displacement
of the upper internals structure relative to the core. The allowable

51
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alignment error between the upper internals structure and the
core is determined from the total reactor system alignment
analyses, in which control rod driveline interactions from all

r sources are included. The maximum misalignments permitted in
44l the reactor are shown in Figures 4.2-95A & B. 14

d) Requirement - Provide means for ducting the core effluent to
the upper regions of the outlet plenum so as to effectively
mitigate stratification during the scram transient, and to
promote mixing during normal operational sequences.

Bases - Sodium exiting from the core following the scram is
cooler, and therefore denser than the sodium already in the
outlet plenum. Because of this density difference, it is
possible to postulate a condition in which the cool sodium
settles to the bottcm of the outlet plenum, forming a stratified
condition.

At the instant of scram, kinetic energy is stored in the
torodial sodium flow in the outlet plenum, and analysis
indicates that this kinetic energy will act to promote mixing
of the cool sodium exiting from the core with the hot sodium
already in the outlet plenum via a flywheel effect. The degree
to which this kinetic energy effect will be effective in prevent-
ing flow stratification is at present, unknown. To provide the
required assurance against outlet plenum flow stratification,
the upper internals structure is being designed to promote
mixing. The effective control of stratification is essential
to control the ramp rate of the transients experienced by the
hot leg equipment. This control is required to minimize the
component cumulative damage usage factors.

Since some uncertainty exists as to the behavior of the sodium
in the reactor outlet plenum following a scram transient, flow
stratification tests are planned to provide data which will be
used to veris the effective operation of the upper internals
structure mi)i19 featu res .

Mixing of sodium streams at different temperatures could produce
cyclic straining in structural members. Stainless steel
components must be protected from this condition (thermal
striping) to minimize accumulation of fatigue damage.

e) Requirem(nt - ?rotect the control rod drivelines from potential
flow induced vibration excitation from cross flow in the outlet
plenum.
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Bases - Sodium exiting from the core flows vertically upwards
to a plane beneath the suppressor plate where it turns and flows
radially outwards. Cross flow in this area can cause flow
induced vibration and unacceptable associated fretting damage
in an unprotected control rod driveline. Fretting damage of
this type could impair control rod system perfonnance, and
therefore must not be allowed to occur. The upper internals
structure is required to isolate the control rod driveline fron,
potential flow induced vibration excitation by providing shrouc
tubes which surround the driveline and isolate it from sodium
cross flow.

f) Requirement - Provide for mounting of the primary control t,

scram arrest dashpots, and for reaction of the associated scram
arrest loading.

Bases - Retardation of the downward velocity of the control rods
following the scram is achieved by the use of sodium filled
dashpots. These dashpots must be positioned in the sodium pool
where they will always be primed, and in a region sufficiently
remote from the core that they will not be significantly affected
by irradiation induced ductility loss. These twin constraints
placed the dashpots in the region of the upper internals
structure. The structure must provide for positioning and
retention of the dashpots, and also provide a structural path
by which the scram arrest loads may be grounded to the reactor
vessel mounting.

g) Requirement - Provide access to the core to allow the withdrawal
of a core support structure inlet module.

Bases - Geometric constraints on the rotating plugs dictate
that the AHM be positioned such that it passes through the
outer region of the upper internals structure. The size of the
opening required in the upper internals structure is dictated
by the functional requirement for inlet module renoval and
replacement.

h) Requirement - Provide upper internals structure jacking mechanisms
mounted on the IRP, which will engage with the upper internal
support columns and lift the upper internals structure to permit
rotation for refueling.

Bases - The upper internals structure has, at its lower end,
keys which engage in slots in the upper core former ring during
normal operation. Disengagement of the keys requires the upper
internals structure be lifted vertically. The 9-1/2 inches vertical
lift provided is sufficient to disengage the keys and provide
an adequate working clearance between the upper internals structure

51 and all projections on the core support structure.
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I i) Requirement - The penetration of the upper internals structure
columns through the intermediate rotating plugs shall incorporate
shielding approximating that of the uninterrupted head.

Bases - Radiological design requirements for the head access area
dictate that the dose rates in this area shall not exceed 25
MREM /Hr. In order to meet this dose rate limitation, it is
essential that there be no radiation streaming paths through the
head.

j) Requirement - The penetration of the IRP by the upper internals
structure columns shall be provided with seals and above-head
shielding that limit the radiation dose to the head access area

41| dose rate of 25 MREM /Hr.

Bases - At the upper internals structure head penetrations, the
primary containment boundary is extended upwards in the form of
the UIS jacking mechanism housings. lhe potential exists for
radioactive cover gas to penetrate the area between the outside
of the upper internals structure support columns and the inside
of the jacking housings. Penetration of radioactive cover gas
to the area above the head must be minimized, since this is a
source of radiation to the head access area. The upper internals
structure column seals are provided to minimize cover gas leakage.

! k) Requirement - Provide a source of material for surveillance of'

41 the upper internals structure.

Bases - The design of the upper internals structure is based on
the assumption of ductile behavior in both time-dependent and
time-independent failure modes. Ductility of the material can

47 | be reduced by the leaching of carbon and nitrogen by the dynamic
sodium environment. Materials evaluations based on relatively
short exposure time tests indicate that ductility loss will not
be a problem in the upper internals structure. The surveillance
specimens are required to confirm this behavior in the actual
reactor operating environment over the full service life.

1) Requirement - Provide for the routing and support of the diagnostic
instrumentation required for initial confirmation of the satis-
fdctory performance of both the upper internals structure and the
outlet plenum flow control features.

oJ3.1N
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Bases - The upper internals structure is designed to promote
mixing and control stratification in the outlet plenum. Water
simulation tests, and a small scale sodium test will be used to

provide early confirmation of this aspect of the upper internals
design. It is impossible, however, to fully simulate all aspects
of the CRBR outlet plenum transient behavior in these tests.
Full simulation will be obtained for the first time during the
initial stages of CRBR operation. Thermocouples strategically
located on the upper internal structure will rrcnitor outlet
plenum temperatures during the early stages of operation, and
provide confirmation of the effective operation of the upper
internals flow control features.

The upper internals structure may be subject to vibration
excitation by impingement of the core outlet flow and cross flow
in the upper plenum region. The structure is designed to have
the stiffness required to minimize dynamic response to this
exci tation. During the design phase, water loop testing of
upper internals structural models will be used to optimize the
design fran a vibration viewpoint and confirm acceptable
vibration behavior of the final configuration. Accelerometers
positioned within the CRBR upper internals structure will
provide confirmation that the opper internals structure
behaves in a manner similar to that predicted from the model
tests.
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m) Requirement - Key the upper internals structure to the core
barrel such that the lateral movement is limited.

51

Bases - Keying the upper internals structure to the upper core
restraint former limits the lateral deflection of the lower end
of the upper internals structure during seismic excitation. This
deflection control is essential to satisfactory operation of the
control rod system.

4.2.2.1.2.8 Core Restraint System

a) Requirement - Provide means for the control of core motion so that
it is both predictable and safe.

Bases - Reactivity in an LMFBR core is sensitive to cree geometric
changes. In the case of the CRBRP, radial compaction of the core
inserts reactivity at the rate of approximately 1/2c per mil of
uniform radial compaction. The core restraint system must be
designed such th ' inadvertent reactivity insertions from this
source are suff: .ontly small so as to produce no damage to the
core components. In addition, the core motion must be
predictable so as to preclude spurious scrams due to incremental
core motion.

b) Requirement - The reactivity feedback attributable to the
core restraint system shall be such that Criteria 9 and
10 are satisfied for reactor power range operations.

Bases - Satisfaction of the reactivity related design bases
4 identifled in Criterio 9 and 10 in 3ection 3.1.3 >-

c) Requirement - Limit the potential magnitude of core compaction
(and the resulting reactivity insertion) due to postulated
stick-slip motion to less than allowable values which assure that
the fuel and cladding will not be damaged. The allowable step

|
reactivity insertion magnitude is 60d at full power and 55c at
power levels of one megawatt or less.

Bases - The important parameters for determining a step
reactivity insertion limit are fuel temperature, cladding
temperature, and sodium temperature.
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. . . . . . . . . . . . _ _ _ _ _ _ _ _ _ _ _ _

Analysis presented in Section 15.2.3.3 of this document has
shown that a step reactivity insertion of 60t at full power will
not bring the fuel centerline temperature to the level that
would initiate fuel melting, will not result in the clgd
reaching the emergency event temperature limit of 1600 F, and
will not result in sodium boiling in the hot channel. These
results were all achieved simulataneous with the assumption
of an SSE seismic event which retards insertion of the control
rods. An assumed 90t reactivity insertion by contrast does
produce up to 25% melting of the fuel and peak clad temperature

Uup to 1700 F. A 60t step reactivity insertion limit provides
a satisfactory margin against damage to the core components.

For a step insertion of 954 at power levels of one megawatt or
less the fuel cladding temperature, fuel temperature, and
coolant temperature will not even reach normal full power
temperature levels. Thus no damage would occur and the reactor
would be shutdown with a control system SCRAM.

d) Requirement - Provision shall be made for release of core
restraint interassembly loads such that refueling insertion and
withdrawal loads will not exceed 1000 lbs. , including the buoyant
weight of the assembly being handled.

Bases - This is a subjective requirement, based in large measure
on the field experience and recommendations of engineers with
reactor refueling experience. The requirement for refueling
loads to be kept at a low level is based en concern for the
possible consequences of applying high loads to Hjacent core
assemblies scheduled for continued operation in ' ore and
also on the brittle nature of the core assemblies bemg removed.
Limiting the insertion and withdrawal loads to 1000 lbs. maximum
effectively precludes the potential for darage to either the
core assembly being handled or the adjacent core assemblies.

e) Requirement - With the core in the refueling configuration, all
core component handling sockets must be positioned within
10.58 inches of true position.

Bases - The IVTM is being designed to locate and engage with
the core components when the IVTM grapple head and the core
component handling socket are misaligned by up to 1.75 inches.
A conservative scoping analysis of the potential positioning
errors in the ivTM grapple due o head tolerances, IVTM
tolerances, and structural deformations gives a maximum IVTM
grapple position error of 11.1 inches. This leaves an addi-
tional 0.65 inches for core component handling socket posi-
tioning errors. The core component handling socket positioning

51
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| requirement is set at 10.58 inches leaving a 70 mil contingency
i allowance that will not be exceeded using the most conservative

assumptions relative to component tolerance stack up and
structural deformation.

f) Requirement - The core restraint system shall position the upper
end of the control assembly ducts to within 10.53 inches of
true position.

Bases - Deviation of the control assembly ducts from their
true position results in clearances between the control rod
driveline and the interfacing structures being reduced. Reduc-
tion of these clearances eventually leads to the generation
of interaction loads between the driveline and the surrounding

! structure. The allowable limit to this clearance reduction
is set by the effect that the resulting interaction loads
have on control rod scram insertion times. A conservative
scram dynamics analysis has shown that the 10.53 inch control
assembly positioning error is compatible with acceptable
control rod system scram performance. A larger control rod
duct positioning error may be compatible with acceptable
scram performance. Fixing the maximum allowable control rod
duct positioning error at 10.53 inches represents a conservative
design approach which assures that positioning errors in the
control rod ducts will not impair in any way the functSnel
capability of the control rod system,

g) Requirement - Positioning control of the fuel assembly duct
nozzles shall be such as to minimize lateral hydrodynamic
forces imposed on the upper internals structure instrumentation
posts.

Bases - Water loop testing of reactor internals dynamic models
has shown impingement of the core effluent jets on the upper
internal structure immediately above the core to be a potential
source of upper internals structure vibration excitation.
The potential for this excitation increases when the jets
impinge on flat surfaces with hydrodynamic core generating
capabili ty. The UIS instrumentation posts and shroud tubes
have small transverse dimensions and large vertical dimensions
to provide the required bending strength while producing
minimum drag. The requirement for core effluent position
control assures that the main body of the effluent jet will
pass cleanly between the instrumentation posts and shroud
tubes, thereby minimizing the potential for hydrodynamic
force generation.

h) Requirement - The core restraint system shall be designed to
prevent a general condition of duct to duct contact in the

51 active core region. S_a,,A g- ,

O
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Bases - The prime objective of th1s requirement is to assure the
functional capability of all core components is preserved. It

is possible to postulate a number of potential failure mechanisms
associated with a general condition of duct to duct contact in the
active core region. One such failure mechanism is duct brittle
fracture under seismic loading. Another would be excessive defor-
mation which could occur due to buildup of large interduct contact
loads. By not allowing duct contact to become a general condition,
the functional capability of all core components is preserved.
The consequences of local duct to duct contact will be evaluated.

i) Requirement - The design life for the core fonners is 30 years
for the 75% plant capacity factor.

Bases - This requirement assures that the core formers will not need
to be replaced during the design life of the plant. The primary
incentive for this require ent is economic and operational benefits.

j) Requirement - Design of the core restraint system shall be consistent
with annual refueling.

Bases - This requirement provides consistency with established plant
operating guidelines,

k) Requirement - The dynamic radial deflection of the inner profile of
the Upper Core Former (UCF) shall be less than + 0.100 inch, relative

_

to the UCF centerline during an SSE or OBE event.

Bases - Proper aligrnent of the control assembly handling socket is
necessary to meet protection system (SCRA!!) insertion rate requirements.

The insertion rates required during a seismic event are slightly
lower than those required during non-seismic events (see Figures 4.2-93
and4.2-94).

For non-seismic events, control rod systcm alignment requirements
44| are defined by Figures 4.2-95A and B. The contribution from the core re-

straint system and core former clearances and tolerances is limited
to less than 0.530 for the control assembly handling socket to
reactor vessel centerline.

However, for seismic events, a similar alignment limit was considered
not to be applicable, since & namic analysis is being performed
to adequately account for de. sections of each component interfacing
with the control rod system. Qualitatively, the objective for the
core former is to limit seismic deflections to as small as practical,
within the various design restrictions. The 0.100 inch dynamic
deflection limit is thus established as a reasonable design objective
for such a large (150 inch 0.D.) ring. It should be pointed out

14
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that the UCF time vs. deflection history in relation to that for the
control rod system and other interfacing components is also an important
parameter in the scram analysis, and is not easily factored into a simple
deflection requirement.

1) Requirement - The Lower Core Former (LCF) radial deflection relative to
the LCF centerline during an SSE or OBE shall be limited to less than
.100 inches.

Bases - The Lower Core Former, interfacing with the above core load pads
on the reactor assemblies, performs a geometry control function. To
limit the seismic loads on the assemblies and to limit the magnitude of
and reactiv'ty insertion during a seismic event, the LCF deflection must
be limited. If the distance across the core former were significantly
reduced due to an elliptical deflection of the ring, the reactor assemblies
would be compactec, causing a reactivity insertion and higher loads on the
load pads. By limiting the LCF deflection to less that 0.100, an increase
in load pads is avoided since adequate clearances exist between load pads
and between the outermost load pad and the Lower Core Former. This is
shcwn in Figures 4.2-84 and 4.2-92. Preliminary ccre restraint models
indicate that cumulative clearance is slightly more than 0.150 incSes
between the first row blanket assembly load pad and the LCF segment for
on-power operation. Therefore, if the LCF deflects up to 0.100 inches,
the compaction would primarily affect the shield and outer blanket
assemblies and would not be expected to result in a significantly greaterseismic reactivity insertion.

During low power operation, the gap existing in the outer core region is
less than for on-power operation due to the outward assembly bow. This
could result in a slightly larger seismic reactivity insertion; however,
the allowable reactivity insertion is also larger for low power operation.
Further evaluations are planned to better determine the effect of core
former deflection on seismic reactivity insertions. These evaluations will
lead to an improved definition of LCF deflection requirements.

There will be a seismic induced core compaction in an orthogonal direction
which will occur even with zero LCF deflection. This is discussed in Section15.2.1.3. The intent of the LCF deflection limit is to prevent an addition-
al source of core compaction during a seismic compaction event.

14
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O
m. Requireme it_ - Provide vertical load reaction to the core

barrel.

Bases - The core former structure is subjected to mechanical
loads caused by the incremental thermal growth of the fuel
assemblies. Due to stick-slip friction of the assemblies
and alternating heating and cooling cycles, a net upward
force may be developed on the core former ring. Additionally,
the SMBDB loadings can cause upward forces on the upper core49 former.

4.2.2.1.2.9 Removable Radial Shielding (RRS)

a) Requirement - Attenuate neutron fluence to levels consistent
with a 30 year lifetime for peripheral components, based on
the following residual total elongation ductility limits:

Shielding Material Remote from Attachments 5%
Shielding Material Attachments 10%
Core Barrel, Core Formers, and Vessel 10%

Bases - The components beyond the radius of the RRS
assemblies have thirty-year lifetimes. This includes fixed
radial shielding, the core barrel, core formers, and the
reactor vessel as the major items. For each of these items,
there are limits established for maximum allowable fluence
to assure a certain level of residual ductility of the
structural material after thirty years. Approximate fluence,
(total, E:0 MeV) limits to obtain the above ductility limits
(Ref.1) are as follows:

Structural fixed radial shielding (with t n percent ductility
at 800 F) has a fluence limit of 1.3 x 10g2 (n/cm ),2
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Nonstructural fixed radial shielding (with five percent ductility
at 800 F) has a fluence limit of 2.6 x 1022 (n/cm2),

The Core Barrel and Vessel (with ten percent ductility at 800"F)
have a fluence limit of 1.3 x 1022 (n/cm2),

b) Requirement - Maximize solid volume fraction within the limits
required to provide adequate cooling. To obtain adequate
shielding with 316 SS eighty percent minimum solid volume is
required.

Bases - Based on 316 SS, the minimum solid volume fraction is
802 to obtain the required residual ductility of the midpoint of
the core, with the fixed radial shielding and the core barrel at
five percent and ten peccent ductility respectively.

c) .Re_quirement - Maintain the RRS structural integrity by limiting
RRS lifetime to assure 1.0 percent minimum residual ductility
based on total elongation. In addition maximum operation steady-
state plus transient strains must be less than 0.056 percent at
a biaxial stress ratio (longitudinal to circumferential) of 1:1
and less than 0.33 percent at a 1:0 ratio. The allowable strain
varies approximately linearly with the biaxial stress ratio.

Bases - The strain limits given above are considered conservative
since a safety factor of three was applied to rupture strain
predicted fran tensile testing to determine allowable strain.
This safety factor is consistent with safety factor levels
employed in ASME Code criteria. It has been observed from
stressed tube experiments that rupture strain varies with stress
state. For a 1:1 biaxial stress ratio the predicted rupture
strain is only one-sixth that of uniaxial tension tests. Thus
this factor has been included.

The minimum total fluence (E>0 MeV) associated with 1.0 percent
residual total elongation is 0.875 x 1023 (n/cm2) at 800 F and
1.2 x 1023 (n/cm2) at 900 F (Ref. 29). The use of energy
dependent damage functions will increase the fluence limits
beyond those given above.

The minimum RRS lifetimes based on the one percent ductility
limit are as follows:

Lifetime (Years) Depending
RRS Row Number on Position Within Row

1 4.9 to 8.8

2 8.8 to 16.9
3 15.8 to 31.6
4 30.0 to 61.1 gggggg
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Thus some of the assemblies in row 3 and all of the assemblies in
row 4 will not need to be replaced. A surveillance program is
expected to extend the lifetimes beyond the minimum predicted
li fetimes.

The above strain and ductility limits represent reasonable
criteria which reduce complexity and expense of RRS assemblies
and increase reliability as compared to less stringent criteria.

d) Requirement - The removable radial shield assemblies are to be
installed and removed by normal fuel handling equipment.

Bases - This requirement affords efficient and economical means
of installing and removing the removable radial shielding by
using the existing fuel handling equipment.

e) Requirement - Transmit lateral core restraint loads without
significant contribution to the magnitude of these loads.

Bases - It is desired to minimize load buildup at "on power"
conditions to provide a margin of safety against duct crushing.
Also, it is desired to attain lower withdrawal forces at reactor
refueling conditions.

f) Requirement - Provide coolant paths for circulation cooling to
preserve the structural integrity of the assemblies.

Bases - Sufficient coolant must be provided for the following two
The maximum material tempergture must be kept withinreasons.

reasonable limits (approximately 1100 F) and the maximum
allowable temperature gradients from internal nuclear heating
must be determined by examining the allowable thermal stresses.

4.2.2.1.3 Design Loading

The loading conditions to which the reactor internal structures
may be subjected are categorized into Normal, Upset, Emergency, Faulted,
and Design Conditions as defined in Section III NG &NB-3000 of the ASME
Boiler and Pressure Vessel Code.

Design loading conditions are given for the two principal groups
of reactor internals components, the upper internal structure and the lower
internals structure.

The only structural component of the lower internals structures
is the core support structure. Thus the temperature, pressure and static
loads for the lower internals which follow are stated for the core

51 support structure.
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4.2.2.1.3.1 Core Support Structure

1. Temperature and Pressure

The CSS shall be designed to meet temperature and pressure conditions
as follows:

Design Condition Parameters

Core Plate............................................ 775 F

U

Mo d ul e L i n e r . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 7 5 F
U

Co re Ba r re l . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 7 5 F - 1015 F

Su p po r t Con e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 7 5 F

Design t>P............................................. 170 psi

Stretch Condition Parameters

C o r e P l a t e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 5 F

Mo d u l e L i n e r . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 715 F
U

Core Barrel........... ............................... 715 F - 1015 F
U... 715 FSupport Cone......................................

U
Refueling Temperature................................. 375 F

Pressure Difference at Stretch

Co n d i ti o n s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 9 p s i

Maxi mum Sodi um Vel oci ty. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 Ft/ Sec.

System Desi gn Li fe. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 Cal enda r Yea rs

2. Mechanical Loads

The CSS shall be designed to support all of the reactor components
during initial reactor assembly as follows:

CSS Static Loads Dry Weight (lbs.)

CSS...................................................
198,800

Inlet Modules (Based on Average Weights).............. 72,100
51
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CSS Static Loads Dry Weight (lbs. )

F ue l As s emb l i e s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 7 , 710

Bl a nke t As s embl i es . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80,4 00

Primary Control Assemblies. . . . . . . 9,250.....................

Seconda ry Con trol As sembl i es . . . . . . . . . . . . . . . . . . . . . . . . . . . 1,200

Removable Radial Shield................................ 125,460

Bypa s s Fl ow Mod ul es . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38,100

Core Former Structure................................. 41,700

Hori zontal Ba f fle. . . . . . . . . . . . . ....................... 17,200

Fuel Storage and Transfer Assembly............... 4,800.....

Fixed Radial Shield................................... 74,000

Upper Internals Structure..... ........................ 100,000

Transient mechanical loads imposed on the core support structure
are due to fuel transfer operations and actuation of the control rod systems

( PCRS&SCF.S ) . The transient fuel transfer conditions are as follows: The
first condition is that due to the invessel transfer machine (IVTM) in
transferring fuel to or from the core. An axial load of 5,000 pounds
maximum is anticipated for this operation. The second condition is that
due to the IVTM in transferring fuel to or from the fuel transfer and
storage assembly. The anticipated axial load for this operation is also
5,000 pounds maximum. These loads are the maximum down thrust of the
IVTM including the weight of an assembly. The third loading condition
is that imposed by the ex-vessel transfer machine (EVTM) in transferring
fuel to or from the fuel storage assembly. A maximum axial load of
2,200 pounds is expected for such an operation.

A transient condition imposing mechanical loads on the LIS is
the actuation of the SCRS. Scram actuation of each of the six SCRS
imposes a 5,000 maximum pound oxial load on the core support structure
for a total axial load of 30,000 pounds. The fifth condition is the
scram arrest load from each PCRS control rod. This load is conservatively
calculated to be 5,000 pounds for each of 9 rods or 45,000 pounds

51 maximum. This is a dynamic load applied for a very briet period.
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Normal

Mechariical loads applied tc the CSS during operatQn are
reduced relative to the dead weight loads during assembly by the buoyancy
of che core and core support structure in the sodium.

Upset
The CSS shall be designed for five (5) OBE events with ten (10)

Of the five (5) OBE events, four (4)maximum peak response cycles each.
of these OBE's shall be assumed to occur during the most adverse Normal

TheOperating Corditions determined on the CSS design limit basis.
other one (1) OBE shall be assumed to occur during the most adverse Upset
event, determined on the CSS design limit basis, and at the most adverse

The most adverse events to be combined withtime in the upset event.
the OBE's shall be established during the structural evaluation and in-

47 cluded in the formal stress report.

For structural systems which are attached directly to either the
top of the core barrel or to the CSS plate, the horizontal and vertical
OBE response spectra will be used. These spectra represent smoothed
curves of acceleration response versus natural frequency of simple single
degree of the freedom systems subjected to time-dependent excitation at
the point in the overall reactor system where the spectra are being
developed.

Emergency _

There are no mechanical loads caused by the emergency conditions
specified.

Faulted

The CSS shall be designed for one (1) SSE event with ten (10)I

maximum peak response cycles. This SSE event shall be assuned to occur
during the most adverse Normal Operating Conditions determined on the
CSS design limit basis. Furthennore, this same SSE event shall also te
assumed to occur simultaneously with the saturated steam line rupture
event and to start at the same time as this event. The most adverse
event / events to be combined with the SSE shall be established during the

47 structural evaluation and included in the formal stress report.

To meet the requirement of safe shutdown during and after an
SSE, the nuclear core must be maintained in approximately the same axial
and lateral position relative to the control rod as existed prior to the

To meet this requirement, the CSS shall not exceed the limits ofevent.
Section III, subsection NG of the Code for Faulted Conditions during and
after an SSE. The maximum lateral displacement between the CSS and the
vertical centerline of the stationary outer ring of the reactor vessel
support during and after
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an SSE shall be minimized. This requirement applies to the relationship
between the center of the stationary outer ring and the center of the
CSS at the lower end of the fuel assembly. In demonstrating satis-
faction of this requirement, the stationary outer ring of the vessel
support shall be considered a horizontal plane and any rotation of the
CSS shall be additive to the individual horizontal motions of the respective
items. Scoping analysis indicates that a large margin to failure exists
for the core restraint system formers and core barrel during SSE.

4.2.2.1.3.2 Upper Internals Structure (UIS)

Outlet Temperature and Flow Profiies

The outlet temperature and flow profiles will be used to
obtain steady-state thermal input for the design of the upper internafs
structure. Core temperature and flow patterns are symmetrical for 60g
sectors of the core, and each 60 sector also has an axis of symmetryg
and may therefore be represented by a 30 sector.

Reactor vessel outlet temperature, mixed mean 995 F

Operating dead band 120 F

Temperatures in the sodium exiting from the core vary widely as reported
in Section 4.4.3.3. Mixing of the core effluent with the bgpass flow
yields a mixed-mean temperature at the vessel outlet of 995 1 20 F.
Thestructurewfllalsobedesignedtooperatewithamaximumthermal
mismatch of 390 F between individual core and control assemblies. At
the hot / cold interface between the radial blanket and the core, the

sodfum flow from adjacent assemblies may differ in temperature by up to
273 F. Mixing of these sodium streams on the surface of UIS structural

51 members immediately above the core gives rise to thermal striping stresses.
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Transients

Su:nnarized below are the transients to which the upper internals
structure was thermally and structurally evaluated. Due to recent changes
in the plant duty cycle and further evaluation of plant performance, the
plant duty cycle transients (Appendix B) are judged to have approximately
the same severity as the transients for which the upper internals structure
were evaluated. Final evaluation of the upper internals structure with the
Appendix B auty cycle will confirm its structural adequacy.

Normal Transients

The following three design events equal or exceed the frequency and
severity of all anticipated ' normal' thermal transients.

RV - IN Dry heat up - 5 events

70' to 400 F at 10'F/Hr

RV - 2N Normal heatup - 670 events

400 F to 925'F at 150'/Hr

Ramp: 25 in 25 sec. at 1.0 /sec. 6 times /hr/ event

50 in 50 sec. at 1.0 /sec. 1 time / event

RV - 3N Normal Load Follow - 12,000 events

925 to 1010 at 85 /1400 sec. 1 event /24 hr.

Upset Loading

The following three events equal or exceed the frequency and sever-
ity of all ' upset' thermal transients. In the case where values
are given for more than one mixing value, the more severe case will
be used for analysis.

RV-lU: Reactor Trip - 361 Events (Includes 11 emergency events)

Core outlet

Vessel outlet - 5f: mixing

Vessel outlet - complete mixing

353188
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RV-3U: Uncontrolled Rod withdrawal 0 full power - 26 events

Core outlet

Vessel outlet - 5% mixing

RV-4U: Uncontrolled Rod withdrawal 0 Startup - 20 events

Core outlet

Vessel outlet 52 mixing

Emergency T and H Loading

The effect of the emergency transients identified is judged to be
less severe than that of an upset reactor trip. Conserva tive
account has been taken of these emergency events by adding eleven
(11) events of transient RV-lE to 350 events of RV-lU for a total
of 361 events of RV-lU.

Faulted T and H Loading

The following event is specified to assure that sufficient margin
exists in the design to survive the ' faulted' transient event,
however unlikely. .

RV-lF Unmitigated Rod Drop - 1 Event

It is noted that there are reactor trips to prevent such a condition.

Mechanical Loads

During normal operation the upper internals structure must support
its own weight and carry relatively small hydraulic forces.

Upset Mechanical Loads

The upper internals structure provines backup holddown capability
in case of seismic disturbance or loss of hydraulic holddown.
Seismic input produces the UIS mechanical upset conditions.

The structure shall also be designed for seismic loads which
have been determined from a seismic analysis of the entire
reactor system using the OBE floor response spectra as input
to the reactor vessel support (99' elevation). Acceleration
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history of the support point may be used in lieu of the floor
response spectra. The structure when subjected to the OBE
seismic loads shall satisfy the ASME Code criteria for upset
conditions. Specific objects of this analysis are as follows:

The seismic response of the UIS must be evaluated both with
engaged and disengaged radial keys.

In the engaged condition, freedom for lateral movement at
the keys will be less than 0.060.

For OBE seismic loaris the UIS must be designed to limit
deflection during r fueling to preclude impact between the
UlS and the vessel tnermal liner.

Emergency Mechanical Loads

The upper internals structure provides backup holddown capability
in case of a seismic disturbance or loss of hydraulic holddown.
The SSE seismic disturbances will be conservatively defined as
an ' emergency' event instead of the allowable ' faulted' definition.

The upper internals structure shall be designed for seismic loads
which have been determined from a seismic analysis of the entire
reactor system using the SSE floor response spectra given above
as input to the reactor vessel support (S9' elevation). Acceleration
histories at the support point may be used in lieu of the floor
response spectra. The structure, when subjected to the faulted
conditions SSE seismic loads, shall satisfy the ASME Code criteria
for emergency conditions in the operating position.

Scoping analysis has shown that the vertical excitation is
insufficient to cause core movement leading to loading of the
upper internals structure. The maximum emergency condition
vertical loading occurs in the event of a loss of hydraulic hold-
down. The UIS is designed to carry the impact loading caused by
arresting the upward velocity of core and blanket assemblies
caused by loss of hydraulic holddown.

Faulted Mechanical Loads

The SSE earthquake has been transferred to the 'Energency Loads' for
definition, even though this is in fact a ' faulted' condition.

353130
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4.2.2.2 Design Description

4.2.2.2.1 Reactor Internals Structures

The structural components of the reactor internals are
grouped into two major assemblies: the upper internals structure
and the lower internals structure, Figure 4.2-36.

The upper internals structure maintains alignment between
the fuel / control assemblies and the control rods with their associated
drive mechanism. Additionally, the upper internals structure collects
the core coolant and channels it through the coolant tubes. Channeling
the coolant flow parallel to the control rod driveline insures that
cross flow induced vibration of the driveline is prevented. The
channeled coolant also promotes mixing of the outlet plenum structures
and nozzles.

The lower internals structure supports the reactor assemblies.
Additionally, the lower internals structure limits fuel assembly
radial motion, and distributes flow through the various core regions
by means of modules sealed in the core support plate. The core
support plate also has an integral core barrel which provides support
for the core formers which limit core motion, the permanent shielding
which shields the core barrel and vessel, and the in-vessel transfer

and storage wells which provide a transfer station for the reactor
assemblies.

The reactor internah sup~ ort structures also providep

locations for evp ;ing surveillance specimens to the reactor environ-
ment such that trend data on material behavior can be obtained.

The reactor internals structures utilize a variety of

structural materials which include:

Material

1. Type 304 SS
2. Type 316 SS
3. Type 304 SS w/ Chrome Plate
4. Inconel 718
5. Inconel 600 (Locking Pin)
6. Type 316 SS with Haynes 273 weld deposit
7. Type 316 SS with Chrome Carbide hard surface

51 8. Inconel 718 with aluminized surfaces
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Much of the data available on neutron irradiation of materials
used in the CRBR have been obtained at temperatures at which thermal
aging effects might be expected. Whether the observations in such
cases represent the simple sum of irradiation and thermal aging
effects taken independently, or whether synergism is involved is not
known. Consequently, no attempt has been made to differentiate
between the two effects when evaluating irradiation experiments and
making estimates of the end-of-life ductility of reactor components.

4.2.2.2.1.1 Lower Internals Structure

The lower internals structure consists of six components:
the core support structure, the lower inlet modules, the bypass
flow modules, the fixed radial shielding, the fuel transfer and
storage assembly and the horizontal baffle. The core support structure,
Figure 4.2-37, is the major support member of the lower internals
structure.

The core s upport structure is welded Type 304 stainless
steel structure 55;h includes the core support plate and the core
barrel. The core support plate contains module liners which serve
as receptacles for the lower inlet modules. The core support structure
carries the weight of the other portions of the lower internals
structure, the reactor removable cssemblies (fuel, blanket, control
and radial shield assemblies) and the core former structure. The
core support structure provides the upper boundary of the vessel inlet
plenum and distributes the coolant to the inlet and bypass flow modules.
The core support structure transmits the dead weight hydrostatic pressure
and seismic loads to the reactor vessel.

The core support structure concept is based upon the FFTF core
support structure, however, the FFTF manufacturing experience has been
utilized to reduce the complexity of the core basket. The FFTF core
basket was a core diameter size structure containing receptacles so that
each reactor assembly could be " plugged" into the core basket. This
single large core basket has been simplified by designing mini baskets
(lower inlet modules). Each inlet module receives seven reactor assemblies.
Each module in turn plugs into liners which are integral to the core
support plate. The concept of these liners is shown in Figures 4.2-38
and 4.2-39. Each liner is a Type 304 stainless steel tube inserted into
the support plate seated to the bottom of the plate by a flange and
clamped to the support plate by a cap at the top of the liner. The
cap complies with the ASME Code requirements for the use of the non-

51 integral joints. The liner is sealed near the lower surface of

v.O o.a t y,.
-~
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the plate to permit hydraulic balance of the inlet modules. The
liner has an alignment feature mating with the support plate and an
alignment feature for the inlet modules. These two alignment features
assure that the inlet modules are positioned correctly. The reactor
assembly discrimination feature precludes placing an assembly in an
improper location. Auxiliary flow ports and debris barriers, as
shown in Figures 4.2-38 and 4.2-39,have been provided in each module
liner to preclude the possibility of large debris of any type from
blocking all flow to one or more of the inlet modules. The auxiliary

flow ports are located immediately below the CSS plate in a secondary
inlet plenum formed by the hexagonal debris barriers, which separate
the auxiliary flow ports from the primary flow ports and the radial
ribs on the peripheral liners. The primary flow ports are designed
to prevent large debris from entering the module liner stem and
blocking the auxiliary ports from the inside and the peripheral ribs
prevents debris from working its way in from the side of the array.
In the event that one or more of the primary flow ports become
blocked, the affected liner would then draw cooling sodium via the
auxiliary flow ports from the secondary plenum. Sodium feed to this
secondary plenum is by (1) the auxiliary flow ports in the unblocked
liners and (2) the array of 2 inch diameter holes in the hexagonal
debris barrier array.

Lower inlet modules support and position the reactor assemblies
on the core support plate. These modules, as shown in Figure 4.2-40,
distribute the coolant to the various reactor components: fuel
assemblies, blanket assemblies, removable shield assemblies and
control rod assemblies. Each module fits into a liner integral to

the support plate and receives seven reactor assemblies and provides
orificing that is unique to specific reactor assembly locations as
shown in Figure 4.2-41.

Mechanical discriminating features are designed into each
module to assure placement of the reactor assemblies into the proper
region (i.e. , fuel, blanket, and control) so that assemblies cannot
be undercooled. Furthermore, mechanical discrimination assures the
proper core lattice positions for fuel assemblies. Annular alignment to
the module for the correct lattice position is assured by an alignment
pin between the liner and the core support plate. The modules are
shielded by the lower shield within the reactor assemblie so that the
loss of ductility limit is not exceeded during the plant life. The

modules are a welded 304 stainless steel structure and all 61 modules
have the same envelope dimensions. However, there are a total of 9

distinct configurations due to the differing flow requirements of the
51 reactor assemblies.
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Loads from we'ght, hydraulic pressure drop and seismic acce-
1eration are transmitted by the support plate to the reactor vessel.
Sizing analysis for internal pressure, flow blockage, control rod
drop, and seismic loads inJicate that under normal operating loads
with flow t. lockage the inlet module meets the ASME Section III cri-
teria for primary stresses.

Six bypass flow modules, surrounding the lower inlet modules,
distribute low pressure coolant received from the lower inlet modules
to the removable radial shield assemblies. The bypass flow modules
provide receptacles to accept the removable radial shield assemblies
that are not positioned in the lower inlet modules.

The details of the FRS are provided in Section 4.2.2.2.1.4.

For the CRBRP permanent reactor internals components (core
support structures)s the design ductility criteria in use are based,

on the end-of-life residual total elongation of unaxial tensile
i

specimens. The values of the end-of-life elongations are preliminary,'

but are being used as a general design rule in permanent internals;

! components. In cases where the general desigt rule mininum ductility
is not expected to be satisfied, alternate criteria have been provided

,

in the Equipment Specifications. Table 4.2-53 lists the general'

ductility criteria in use together with the materials irradiation
temperature and the material fluence limit for the stated minimum,

j total elongation.

! The materials fluence limits for the minimum total elonga-

| tions indicated have been calculated by a neutron-energy-independent
| technique in which it is assaned that all neutrons are equally

damaging, irrespective of their energy lemls.

The data used in the calculations have been acquired
through exposures in t! 2 EBR II, and are stored in the HEDL data
bank. The available data on types 304 and 316 stainless steel,
the major materials from which the reactor internals are fabricated,
are given in Tables 4.2-54 and 4.2-55 respectively. Data on
Inconel 718 are contained in Table 4.2-56, and those on type 304
stainless steel weldments in Table 4.2-57. Although all available

data are shown in these tables, subsequent evaluations gonsidered
only those in which the test temperature was within 200 F of the
irradiation temperature.

Using lower bound values of the data from Tables 4.2-54
through 4.2-57, fluence limits for the minimum total elongation
indicated have been calculated for various temperatures and are

51 shown in Table 4.2-58.
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The general design rule of 10% and 5% residual ductility

used in Table 4.2-53 ensures that an ultimate failure would not
occur during a thermal transient in the core support components.
The elongation available to ensure ductile behavior can be estimated
by correcting the unaxial total elongation of 10% or 5% for the
effect of a multiaxial state of stress. Thermal transients in
the absence of mechanical stresses cause an equibiaxiei stress
state. The triaxiliaty factor (T.F.), ASME Paper No. 72-PVP-12, is
therefore equal to 2.0. It we additionally consider a factor of
safety (F.S.) of 3.0, consistent with the ASME Code F.S. against
ultimate failure, the total correctien factor is 6.0. Dividina the
10% and 5% by 6.0 gives an available ductile elongation capability
of 1.7% and 0.8%, respectively. Thermal transient strains in core
support components are less than 0.6%, and will occur at a strain
rate comparable to the strain rates used to generate the data of
Tables 4.2-54 through 4.2-57. Therefore, from the tensile data
base that is available, the ductilit required at end-of-life in
core support components is sufficient to ensure its integrity
during thermal transients when the 10% and 5% residual elongation
genaral rule is satisfied.

4.2.2.2.1.2 Lower Inlet Module

Sixty-one inlet modules support and position the reactor
assemblies on the core support plate. These modules distribute the
coolant to the following reactor components: fuel assemblies,

blanket assemblies, removable shield assemblies, control rod
assemblies, core barrel, pressure vessel thermal liner, fuel transfer
and storage casembly and horizontal baffle. Each module fits into
a liner integral with the core support plate and supports and
positions sevan reactor ,mblies while providing orificing that
is unique to specific reactor assembly locations. Figure 4.2-41
shows 1/6 of tFe core ?d indicates the relative position of fuel
and radial blanket assemblies and orifice zones.

The module stem acts as a strainer which collects and
prevents loose debris from directly blocking the various reactor
assemblies.

Mechanical discrimination features are designed into each
module to assure placement of the reactor assemblies into core
lattice positions that will not result in assembly undercooling.
Angular alignment of each module for its lattice position is assured
by an alignment pin between the module liner and the module. The

modules are shielded by the lower shielding within the reactor
51 assemblies so that the minimum residual ductility of 5" is maintained
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at the end of plant life. The modules are welded 304 stainless steel
structures. There are several internal configurations, excluding
discrimination differences, due to the differing flow requirements

of the reactor assemblies.

4.2.2.2.1.3 Bypass Flow Module

The bypass flow modules shown in Figure 4.2-41A, are
functionally similar to the lower inlet modules in that they provide
support and position removable radial shield assemblies and direct low
pressure flow to cool these assemblies. There are a total of 6 identical
modules designed to rest on the core support plate and conform to the
periphery formed by the 61 lower inlet modules. A flow pipe attached to
the bottom of a bypass flow module mates with a hole in the core support
plate. This provides a flow path for the coolant between the lower
inlet module and bypass flow module.

The bypass flow modules distribute 1.22% of the total nominal
reactor flow to 264 removable radial shield assemblies, 44 of which are
in each module. Flow enters each of the six bypass flow modules through
a bottom entry port. Each bypass flow module is hydraulically inter-
connected to the adjacent two bypass flow modules giving multiple flow
sources for all the RRS assemblies served by the bypass flow modules.
The removable radial shield assemblies fit into receptacles integral
with the bypass flow modules. These receptacles are designed with a
mechanical discrimination feature to assure placement of only the
removable radial shield assemblies into the bypass flow nodule.

The low pressure existing within the region of the outer
removable radial shielding results in negligible hydraulic forces
and consequently a hydraulic balance system is not required. The
assemblies are simply slip fitted into the receptacle permitting

51 easy insertion and removal.
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4.2.2.2.1.4 Fixed Radial Shield

| The fixed radial shield is a segmented annular ring of type 316
' stainless steel located between the renovable radial shielding and the core

barrel as shown in Figure 4,2-42. The segments rest on the bypass flow mod-
i ules and extend upward to the lower core former structure. The segments

are laterally positioned by captured pins at the lower end to the bypass
flow modules and at the upper end to the former structure. The pinning,

,6 L. arranaenent acconmdates difforential therral exp?nsion and results in the

O
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fixed radial shield being a simple unrestrained structure. The fixed
radial shield weight is carried by the bypass flow nodules and the
seismic loads are transmitted through the core former structure
and bypass flow modules to the core support structure. The fixed
radial shield in conjunction with the removable shielding protects
the core barrel and vessel from radiation damage to assure the
retention of ductility for a design lifetime of thirty years.

4.2.2.2.1.5 Fuel Transfer and Storage Positions

Reactor refueling requires bringing new fuel into the
reactor vessel and removing the spent fuel. The fuel is brought

is and out through the vessel head by an ex-vessel transfer machine
and is handled inside the vessel by an in-vessel transfer machine.
A fuel transfer position is required to set down an assembly so that
one machine can decouple and move out of the way so the other machine
can grapple the assembly to continue the fuel handling operation.

The component surveillance program necessitates placement
of spe_cimens outside the core barrel. The fuel transfer, fuel

storage, and surveillance specimen positions are provided by the
five wells in the reactor vessel / core barrel annulus.

The wells are fabricated of Type 304 stainless steel and
are attached to the core barrel ard the horizontal baffle. Thus all
dead weight and earthquake loads are transmitted to the core support
structure.

4.2.2.2.1.6 Horizontal Baffle

The horizontal baffle shown in Figure 4.2-44 forms the
upper boundary of the core barrel / reactor vessel annulus and
physically separates hot sodium in the outlet plenum from the cooler
bypass flow sodium in the core barrel / reactor vessel annulus. The
baffle maintains the temperature of the sodium in the core barrel /
reactor vessel annulus close to reactor inlet temperature to reduce
temperature differences across components below the baffle and to
provide for decay heat removal from the irradiated reactor assemblies,
stored in the fuel transfer and storage assenbly. In addition, the

boundary formed by the baffle forms a part of the flow path which
diverts bypass flow between the reactor vessel and reactor vessel
thermal liner, through uniformly spaced holes in the thermal liner
below the baffle, to provide cooling for the reactor vessel and
reactor vessel thermal liner. A small pressure differential must
be maintained across the horizontal baffle to provide the head for
this flow. The pressure differential, approximately 0.5 psi, causes
leakage through the seals at the edges of the horizontal baffle base
plate and at the FT&SA inlet port nozzles. However, the leakage is
limited to 12.5% of bypass flow to insure that sufficient cooling flow

51 is provided to the vessel and vessel themal liner.
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The horizontal baffle design incorporates a single 1.5 inch
thick simply supported base plate restrained on the outer diameter by
a segmented ring outer edge attachment. Each outer ring segment includes
a top ring segment, a spacer block and a bottom ring segment, all of
which are bolted to the vessel liner flange with a single bolt that
extends through the ring segments and spacer block and into the vessel
liner flange. At the inner diameter the base plate is supported on a
ledge on the core barrel wall. It is held vertically by ring segments

I and located radially by pins inserted into each ring segment. Circumfer-
ential motion of the base plate relative to the core barrel is restrained:

through a key. Radial movement of the base plate is not restricted and
wear resistant surfaces of Haynes 273 are provided on both sides of the
plate at the inner and outer diameters and on the ring segments to accom-
modate relative radial and angular rotation displacements due to thermal
and seismic effect< at the outside diameter and angular rotation displace-
ments due to thermal effects at the inside diameter.

UThe base plate normally operates with a 150-200 F temperature
difference through the thickness. Since the upper surface is hotter,
the plate will tend to develop an upwardly convex spherical curvature.
The plate edgas, however, are restrained vertically to the relative,

vertical thermal displaument between the vessel thermal liner flange
and the core barrel ledge. As a result of the vertical restraint a
thermally induced vertical downward force will act on the vessel , liner
flange and an equal upward force will act on the core barrel.

These vertical reaction forces provide a positive seal at the &base plate outer and inner diameters. During down transients, the W
direction of the holddown forces can reverse due to the reversal of
the through-the-thickness temperature gradient. The core barrel ledge
will be in conpression (down load) and the upward load at the vessel
liner flange is carried through the top ring segments.

The portion of fuel transfer and storage assembly associated
' with the baffle consists of five penetrations through the base plate at

a radius of 85.62 inches with an inlet port nozzle at each penetration.,

The penetrations allow access to the portion of the FT&SA located in the
ccre barrel / reactor vessel annulus. The nozzles are fabricated from
Inconel 718 because of the thermal striping (alternate washing of a
metal surface with hot and cold fluid) anticipated in the FT&SA inlet

41 ports.

49,

The horizontal baffle, except for the Inconel 718 FT&SA inlet
41 port nozzles, is fabricated from Type 316 stainless steel.
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4.2.2.2.1.7 Upper Internal Structure

Principal features of the upper internals structure are illustrated
in Figure 4.2-45. The main body of the load bearing structure is a Type
316 SS weldment comprised of four support columns, an upper plate, a lower

4.i plate, four curved shear webs, and a combining mixing chamber and holddown
u structure which also supports shear keys for locating with slots in the core

restraint upper former.

Scoping stress analysis of the upper internal structure and its
components has established the necessity for thermal shields for the support
columns to upper plate welds and for the inner surfaces of the nixing chamber.
Thermal shields for the upper plate to support column weld consists of 316 SS

; collars whose lower end rests on the upper plate external to the welds. The

! lower surface of the lower plate, which forms the upper boundary of the mixing
chamber, is shielded by stainless steel insulator plates and alloy 718 liners,'

and the inner periphery of the chamber is protected by an alloy 718 shroud.
| Three arch shapea shear webs integrate the upper and lower plates with the
i support columns. A modified sha6r web is provided adjacent to the IVTM
j penetration in the lower plate. Core holddown loads are transmitted through

the mixing chamber to the load bearing structure by instrumentation posts as
shown in Figure 4.2-45A, and lower shroud tubes.

The mixing chamber and its components serve three purposes:

a) to mix the core outlet sodium and duct it via
chimneys into the outlet plenum,

b) to provide structural members to transmit core
holddown loads to the main load bearing
structures, and

c) to provide location and support for core
instrumentation.

To provide a mixing function, the chamber is a volume surrounded at
the top by the UIS lower plate, and around the periphery by a curved peripheral
shroud. Both of these plates are lined with alloy 718 for resistance to
thermal shock and striping. Inside the enclosed volume of the mixing chamber
are instrumentation posts and lower shroud tubes, as shown in Figure 4.2-458,
which react the core holddown loads and transmit them to the load bearing
structures. In addition to reacting core holddown loads, the instrumentatior,
posts locate thermocouples in the outlet sodium from core assemblies and hold
the thermal liners to the lower plate, as shown in Figure 4.2-45c. Those
portions of the instrumentation post exposed to flowing sodium are made of

41 alloy 718.
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The alloy 718 lower shroud tubes react the control assembly

holddown, and if necessary, control assembly breakaway loads. They
are mechanically attached to the inner rings of alloy 718 chimney
support forgings in the upper and lower support plate as shown in
Figure 4.2-45B. Tangential spokes connecting the inner and outer
rings of these support forgings alleviate thermal stresses due to
radial temperature differences by inducing relative twist between
the rings. The support forgings are mechanically fastened to the
lower support plate. The outer rings of the support forgings
at the upper support plate are free to move vertically, compensating
for differential thermal expansion between the shrouds and the
basic structure, but are restrained from rotation and horizontal
movement. Above the upper support plate, the lower control rod
shroud tubes mate with larger diameter upper control rod
tubes using slip fit connections. This assembly method permits
the upper internals structure to be raised for refueling.

Flow chimneys are fixed to the outer ring of the support
forgings, as shown in Figure 4.2-45B, and duct sodium flows from
the mixing chamber into the outlet plenum as shown in Figure
4.2-45D.

A hole is provided through the support plate and outer
permineter of the mixing chamber to provide the in-vessel transfer
niachine (IVTM) with access to the reactor assemblies. During normal
operation, this hole is filled with an IVTM port plug.

The IVTM port plug is included as a component of the UIS.
It is supported by a riser of the small rotating plug (SRP) which is
part of the reactor closure head assembly of the Reactor Enclosure
System. The IVTM port plug, when removed, leaves an access hole
extending through the SRP, the outlet plenum, and the UIS. The
IVTM operates through this access hole in conjunction with the
auxiliary handling machine (AHM) (both a part of the Reactor Refueling
System) to remove reactor assemblies and items as large in cross
section as the Lowpr Inlet Modules. When installed, the plug

blocks flow through i.he mixing chamber wall thus preventing
aberrant sodium flow and leakage. It also limits radiation
streaming through the reactor vessel closure head assembly /IVTM
port plug interface to safe levels.

The reactor system thermocouple instrumentation enters
the reactor vessel through the support columns of the upper
internals structure. Each thermocouple is routed to a position

51 above a core assembly to monitor the outlet temperature as shown
ggG1
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in Figure 4.2-45D. Each support column houses up to eight stainless
steel conduits each containing up to 4 thermocouple dry wells. Each
dry well is made of stainless steel tubing and encloses one therno-
couple. The conduits emerge through openings in the side of the
support columas at a location below the upper plate of the upper
internals structure. At their lower end the conduits engage the
upper ends of the instrumentation posts. Individual themocouple
dry wells branch out from the conduit ends to specific positions
(in the instrumentation posts). The ends of the dry wells, at the
monitoring positions, are sheathed in Inconel 718 to reduce the
thermal shock to the stainless steel thermocouple dry wells.

The complete upper internals structure is supported from
the intermediate rotating plug via the upper internals structure
jacking mechanisms. Three radial locating keys are positioned at
the lower end of the structure. These are supported on Type 316 SS
box weldment, which foms the outside of the mixing chamber. Mating
keyways are orovided in the top of the upper core restraint former
ring. Keys are required in this location to insure that: 1) the
overall structure is acceptably aligned with the core for control
rod driveline connection and unimpaired motion; 2) instrumentation
pcsts are properly positioned over the core asse.ibly outlet nozzles;
and 3) sufficient support is provided to the upper internals during
the seismic event. The location keys can be disengaged by lif ting
the upper internals structure 9-1/2 inches from the operating
position to allow free rotation of the rotating plugs during fuel
handling operations.

Beyond the functional requirements, the operating environ-
ment in the reactor vessel outlet plenum imposes additional design
requirements on the upper internals structure. Sodium streams, exiting
from the core at differing temperatures, mix in the outlet plenum
resulting in fluctuating temperatures on the surface of the upper
internals structure. During the scram transient, the section of
the Upper internals structure imnersed in the sodium pool is sub-
jected to a rapid drop in surface temperature. Jet impingement forces
from the core outlet flow, and upper plenum cross flow forces must
be accommodated by the design. Experience in designing the instru-
ment trees for FFTF has shown that consideration of environmental
factors dictates the selection of many of the internals design
features.

Effective utilization of the reactor vessel outlet plenum
mixing volume is essential for mitigation of the transient experienced

51 by the reactor vessel and the hot leg components. The upper internals
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structure chimneys provide a means of forcing the required mixing,'

by ensuring that a major portion of the core effluent exits into
the plenum at a high elevation. Flow stratification tests provided
data used in evaluating the upper internals structure mixing
performance.

The design of the main load bearing Type 316SS structure
reflects the requirements for stiffness to control flow induced
vibration and thin structural walls to minimize thermal stresses
in the non-isothermal environment. Flow tests on an early upper

internals structure design for the British PFR reactor substantiated
the need for adequate structural stiffness. The lower portion of
the load bearing stainless steel structure is in the form of a
structural box which imparts stiffness without the use of heavy
structural members. Careful attention has been given to matching
member thicknesses at structural junctions to avoid transient
thermal stresses resulting from inertia discontinuities. The shear
webs are perforated to maximize the uniform response of the structure
to transient sodium temperature changes.

Loads imposed by a postulated loss of hydraulic holddown
are transmitted directly to the lower plate via the instrumentation
posts. The upper internals structure is designed to survive without
damage an operational basis earthquake with the lower locating keys

51 disengaged.
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Flow patterns in the region immediately above the core have been
investigated in water table tests (Ref. 30). These tests have shown that
mixing of high and low velocity jets will start immediately above the core
and continue for some distance downstream. Temperatures in these flow
streams differ substantially, hence the mixing adjacent to the inner surface
of the mixing chamber results in a number of thermal striping transients.
The material selected for the exposed surfaces in the mixing chamber must

41 therefore have an endurance stress limit in excess of the maximum anticipated
stress amplitude produced by fluid mixing. This requirement led to the

y se' Lion of Inconel 718 for the exposed surfaces of mixing chamber components.

4.2.2.2.1.8 Core Restraint System

Design of the CRBRP core restraint system is based upon the limited
Essential features of this concapt are illustrated in Fig-free bow concept.

ure 4.2-47. Fixed peripheral formers provide lateral support to the core
assemblies at two locations above the active core. A third support at the core
support plate elevation completes the lateral support configuration.

Relief of restraint loads for refueling in the limited free bow core
restraint concept is achieved by allowing the core assemblies limited freedom
for unrestrained bowing during the core startup and shutdown transients.

The amount of free bow permitted is controlled by sizing the gaps
between core assembly load pads, and between the peripheral load pads and the

The upper bound of the allowable core and former gapsadjacent cnre formers.
is defined by a conservative analysis of the effect on critical core components
of a step compaction of the core through the range of free motion permitted by
the gap configuration. The resulting core step reactivity insertion is not
allowed to produce transient heating rates in the fuel which would result in
the fuel pin upset condition damage limits being exceeded.

It is evident that the core restraint system in its entirety includes
all the reactor assemblies plus elements of the core support structure and
the upper internals structure. Only the core formers, their associated
retention and positioning hardward and the removable radial shield assemblies
are categorized as core restraint hardware.

The core formers are comprised of profile milled segments assembled
into continuous rings, as illustrated in Figure 4.2-46 and centered in the
core barrel cavity by means of radial shims. The above core load plane

41 former, called the lower core former, is mounted on a ledge machined in the inner
diameter of the core barrel. A spacing cylinder provides holddown for the
lower core former and support for the top load plane fonner called the upper core
former. The upper core former has six lugs that fit slots in the top of the
core barrel to transmit seismic and other loads to the core barrel. A series
of L-shaped keys are circumferentially slipped into the groove on the inside
of the core barrel, between each of the six lugs, and trapped by means of a
radially oriented dowel pin on either side of each slot. These L-shaped
keys prevent vertical displacement of the core formers away from the load
planes.

49

4.2-174 Amend. 51
Sept. 1979

333204



4.2.2.2.1.9 Removable Radial Shield

The radial shield assemblies are made up of stainless steel
rods held within thin walled hexagonal ducts. These assemblies are
designed to be as flexible as possible in order not to contribute
to the off-power restraint loads. A close-fitting support block is
inserted inside the duct at the ACLP to provide axial restraint for
the shield rods and to absorb seismic loads that are transmitted
through the ACLP to the core former.

4.2.2.2.1.10 Maintainability

All the reactor internals except for the reactor assemblies,
are designed for a 30 year life. However, provision has been made to
permit removal of the lower inlet moduies to assure full plant life
and malfunction recovery capability. All items of core support
structure equipment with any significant potential for maintenance
are located in the removable lower inlet modules. Items having some
potential for maintenance include:

1. The reactor assembly receptacles, subject to insertion and
removal of reactor assemblies.

2. Strainers and orifices, subject to coolant induced changes,
such as wear or partial plugging.

4.2.2.2.1.11 Surveillarce and In-3ervice Inspection

Surveillance

flaterial surveillance coupons are contained within special
assemblies located in removable radial shield positions and a fuel
transfer and storage assembly. In addition to these . ,20ial assemblies,
irradiated removable shield as emblies will be available for material
surveillance.

4.2.~ 3 Design Criteria

The design criteria presented in this section are those
that were in effect at the time analyses were performed. These
analyses will be updated as required, to reflect the 1974 edition
of the ASME Code, which provides the basic design criteria for

51 these components.

Amend. 514.2-175 Sept. 1979

9
ssazos



4.2.2.3.1 Lower Internals Structures (LIS)

The LIS components and Core Former Structure (CFS) are evaluated
as nuclear components in accordance with the rules of:

The ASME Boiler r, ' Pressure Vessel Code, Section III.

Where these rules cannot be applied, the following rules are
invoked:

a. Code Case 1592, Class I Components in Elevated Temperature
Service, Section III

b. RDT F 9-4 Components at Elevated Temperature (Supplement to
ASME Code Cases 1592,1593,1594,1595, and 1596)

c. RDT F 9-5, Guidelines and Procedures for Design of Nuclear
Systems Components at Elevated Temperatures (Non-mandatory)

Material properties not given in the Code are taken from the
Nuclear Systems Materials Handbook, TID-26666, and Section 4.2.2.3.3.1 below.

4.2.2.3.1.1 Core Support Structure (CSS)

The CSS was analyzed using the following additional rules:

a. The 1974 Edition of the Code, Subsection NB and selected
portions of Subsection NG with Addenda through Summer 1975.

b. RDT Stendard E 15-2NB, November 1974, (Supplement to ASME
Code Section III, Subsections NA and NB).

c. Modification to the high temperature design rules for
Austenitic 5tainless Steel - same as para. 4.2.2.3.2.2f.

4.2.2.3.1.2 Lower Inlet Module (LIM), Bypass Flow Module (BPFM), and
Core Former Structure CFS)

The 1974 Edition of the Code with Addenda through Winter 1976
were used for the LIM, BPFM, and CFS analyses.

4.2.2.3.1.3 Horizontal Baffle (HB), Fuel Transfer & Storage Assembly
FT&SA , and Fixed Radial Shield (FRS)

The HB, FT&SA, and FRS are internals structures and are not
covered by mandatory Code rules, but the Owner's designee has required that

49 the rules stated in 4.2.2.3.1 be applied to the design and analysis of these
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| components. The HB and FT&SA use the 1974 Edition of the Code with Addenda
through Winter 1976, and the FRS uses the 1977 Edition of the Code with
Addenda through Winter 1977.

4.2.2.3.2 Upper Internals Structure (UIS)

Code criteria applicable to the analysis of the UIS are divided
into two categories as follows:

4.2.2.3.2.1 Class 1 Appurtenances

Those portions of the UIS support columns located within the
boundary of code jurisdiction for appurtenances and the IVTM port plug cap
shall be analyzed as Class 1 appurtenances in accordance with:

a. 1974 Edition of the ASME Boiler and Pressure Vessel Code,

Section III, Subsection NB with addenda through Winter 1974
and,

b. RDT Standard E15-2NB, November 1974.

4.2.2.3.2.2 Internal Structure

Even though the existing ASME Code does not provide rulgs for the
analysis of components operating at temperatures in excess of 800 F, those
portions of the UIS located within the primary pressure boundary shall be
analyzed as Class 1 components in accordance with the following:

0For temperatures below 800 F the 1977 Edition of the ASME Boiler and Pressure
Vessel Code, Section III, with addenda through Summer 1977, Subsections NA
and NG shall be used.

UFor temperatures in excess of 800 F the following shall be used:

a. The 1977 Edition of the ASME Boiler and Pressure Vessel
Code, Section III, with addenda through Summer 1977.

b. Code Cases 1592, 1593, and 1594.

c. RDT E15-2NB (Supplement to Section III).

d. RDT F9-4 (Supplement to Code Cases 1592,1593,1594, and 1596).

e. The Nuclear Systems Materials Handbook, TID 26666, "Inconel
Alloy 718", Technical Bulletin T-39, International Nickel
Company and the Alloy 718 design fatigue curve, Figure
4.2-48 shall be used.

49
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f. Modifications to the High Temperature Design Rules i'or
Austenitic Stainless Steel.

Creep-Fatigue Evaluation

Creep-fatigue evaluations will be perfonned in accordance with the applicable
criteria except as modified herein.

The creep-fa'.igue damage rules of Paragraph T-1400 of Code Case 1592 consider
creep damage accumulations resulting from stresses which are clearly com-
pressive to be aqually as damaging as creep damage accumulations from
tensile stresses. The damaging effects of compressive stresses in a high
temperature environment are known to vary considerably from one material
to another. Strain controlled fatigue test data of austenitic stainless
stcels (304 and 316 SS) consistently point to compressive residual stresses
having little or no deleterious effect. There is also test evidence that
suggests that when subjected to alternate hold periods in both tension and
compression that hold in compression has a healing effect on the damage
produced by the tensile hold. Based upon these data, the creep-fatigue
damage rules are modified as described in subsequent paragraphs.

The effects of the presence of stress concentrations on stress rupture
properties are known to vary considerably with the material, geometry of
the stress concentration, magnitude of the stress level, the environment,
and life. In the case of austenitic stainless steels, test data consistently
points to stress concentrations having a less severe effect on stress
rupture strength than predicted using the analytical approaches of 1592
and F9-4 criteria, and in the case of 316 SST, there is a consistent trend
to significant notch strengthening for some types of geometries, particularly
with a service environment and life at the upper limit of those in the
UIS. The rules of RDT F9-4T and Code Case 1592 require comparing the peak
stress to the Code strength which is based upon smooth specimen data.
They do not recognize that peak stresses may have no adverse effect on
stress rupture strength nor do they recognize that non-uniform stress states
ray alter the strength of the material. Based upon test data, the creep
damage rules are modified as described in subsequent paragraphs to allow
the use of a peak stress to rupture design curve.

Modifications to Creep-Fatigue Damage Rules

In cases where, in the service life of the component, all three principal
stresses are clearly compressive during a hold period, the creep-fatigue
evaluation shall be modified as described hereir.. If prerequisites for
the use of the modified rule are not met for a portion of a component's
life, the creep-fatigue rules of T-1400 of Code Case 1592 shall be used
without modification for that. portion of the component's life. The
modified rule is described in items (1) to (7), where (1) to (5) are pre-

49 requisite conditions, and item (7) is a final applicability criteria to

be satisfied.
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(1) None of the three principal stresses is tensile s'uring hold period.

(2) The material is austenitic stainless steel type 24 or 316.

(3) Metal temperature does not exceed 1200 F.

(4) The structure does not require a Code Stamp under existing Code rules.

(5) Simplified or rigorous inelastic analysis is used.

(6) Subject to the above limitations, creep-fatigue damage may be calcu-
lated in accordance with T-1400 of Code Case 1592 as modified by the
following steps.

Step 1 - Calculate the fatigue damage in accordance with T-1411,
-1412, -1413, and -1414.

Step 2 - Calculate the creep damage in accordance with T-1411
and T-1420.

Step 3 - Multiply the cumulative creep damage by 1/f, taking f = 5,
for those hold periods where the stress is compressive, i.e.

41 ,

f Z 'f k, where q) are the compressive holds.
k=1 d

Step 4 - Calculate the total damage including creep damage from
conditions where the principal stresses are not clearly
compressive, i.e.,

P 91 q

j+-f x - k+ k=D
e

) Q d)~ ) '

j=1 k=1 k=q2

Step 5 - The acceptability of the damage (D ) is determined in
SThe creep fatigue damage envelopeaccordance with T-1411.

is shown in Figure 4.2 (Figure T-1420-2 of Code Case 1592).
If the total damage (D ) falls within the envelope, the
damage level is accept $ble.

D is plotted on Figure F-1 and the allowable damage (D) is
t8e sum of the allowable creep and fatigue damage components
at the intersection of the damage envelope and a line extended
from the origin through D . See Figure F-1.*49,

Amend. 51

4.2-179

Sb3Cb9



,

fD= +

D

To meet criterion: D < D
e

(7) A cycle limiting criterion is required to verify the applicability of
the modified rule. The effective number of allowable design cycles
is:

"e " "

Where n is the total number of significant strain cycles between hold
periods. Low amplitude high cycle strain fluctuations (such as
normal power fluctuations) need not be considered in n if they are
elastic excursions that result in negligible fatigue damage.

For the modified rule to be applicable, n, shall not exceed 3000 for
type 316 stainless steel nor 6000 for type 304 stainless steel.

Modification of Creep Damage Rules

In cases where a local stress concentration exists, the creep-fatigue damage
evaluation may be codified as described herein.

(1) The material is austenitic stainless steel Type 304 or 316 solution
treated.

(2) The structure does not require a Code Stamp under existing Code rules.

(3) Simplified or rigorous inelastic analysis is used.

(4) Stress rupture test data of the same type of stress concentration
with similar geometric proportions tested at prototypic temperatures
are used as a basis for modification of the Code Strength. The test
temperature may be higher than the service temperature in order to
more closely simulate the actual component lifetime and the stress
level.

(5) The notched stress rupture data shall be from specimens which are
comparably or more severely loaded than the component, i.e.,
membrane loading of a notched specimen should be more severe than
a gradient loading.

(6) The stress rupture test data include data up to 1/60 of the component
lifetime at prototypic temperatures or the equivalent when a short-time
high temperature combination is used to simulate the desired long-time

49 service environment.
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(7) Subject to the above limitations, the creep damage may be calculated
in accordance with F9-4T and Code Case 1592 as modified. The modi-
fication is to use a peak stress to rupture design curve based upon
the stress to rupture design curve in Code Case 1592 adjusted for
the influence of a non-linear stress state caused by the presence
of a geometric stress concentration as with the following:

Step 1 - Determine the smooth specimen stress rupture strength
curve by tests of the same material at the temperature of
interest.

Step 2 - Determine the stress rupture strength curve with the presence
of the geometric stress concentrations under the same
conditions in (1) with specimens of the same heat of material
with the same histories. Analytically determine the peak
stress relative to the net stress thus defining the stress
rupture strength in terms of " peak stress" vs. time to
rupture.

Step 3 - Ratio Code Case 1592 stress to rupture design curve by the
ratio of Step 1 divided by Step 2. This must be done for at
least 3 points in time with a separation in time of at least
two orders of magnitude. In cases where the strength ratio
varies with lifetime, the lesser of the value extrapolated
to the component lifetime or the experimental value for the
longest duration tests shall be used.

(8) The total creep-fatigue damage is determined by adding to the creep
damage and fatigue damage calculated in accordance with T-1411, -1412,
-1413, and -1414 of Code Case 1592.

(9) The allowable creep-fatigue damage (D) is determined from the lesser
of the values from Figure T-1420-2 of Code Case 1592 (See Figure 4.2-47a)
and an average of test values from creep-fatigue interaction tests
of notched specimens.

(10) The greater of the damage using the modified rule and the damage using
the stress unaltered by the stress concentrations.and the Code Case 1592

49 stress to rupture design curve shall be used.

4.2.2.3.3 Additional Material Properties

4.2.2.3.3.1 Inconel 718 Fatique Procerties

The Alloy 718 design fatigue curve, Figure 4.2-48, proposed for
inclusion in the NSM Handbook as interim data, shall be used until super-
ceded. The effects of the fabrication processes and service environment

41 on the structural integrity of the UIS shall be considered. The effect
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of grain size on the behavior of Alloy 718 shall also be considered. The
ASTM grain size for Alloy 718 shall be specified to satisfy the fatigue

41 environment existing in each part of the UIS design.

4.2.2.3.3.2 Environmental Ef fects on Material Properties

4.2.2.3.3.2.1 Sodium Effects

Most of the data used to define the allowable design stresses in

the ASME Boiler and Pressure Vessel Code were obtained from mechanical tests
conducted in air. Procedures were used to account for scatter in the avail-
able data so that the design limits were conservative. However, no attempt
is made in the Code to account for the effects of the service environment.

This section describes the effects of the sodium environment upon

the response and failure characteristic of the structural materials and the
use of these sodium environmental factors in design evaluation. These
factors are dependent only on the service temperature. The effects of
loss of carbon plus nitrogen (C + N) on Types 304 and 316 stainless steel
(annealed) are to lower the yield and ultimate strength, increase the
elongation, and reduce the stress to rupture life.

References pertaining to effects of sodium, carbon and nitrogen 25on mechanical properties of materials are listed in references 104-135, and
150-152.
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Primary Stress Limits

The primary stress limits are based on Su, Sy, Sr, enset of tertiary creep
and stress to achieve 1% creep strain. In determining the primary stress
limit, the stress to rupture value is degraded by: ;

- a fixed percent per Figure 4.2-48C for sodium exposure, and

- an amount per Figure 4.2-48J based upon the change in the
average C+N content at the end of life.

The yield and ultimate strengths are degraded an amount per Table
4.2-30 and 4.2-31 based on the average C+N content at the end of design
li fe time . 1

Primary Plus Secondary Limits

When elastically calculated stresses are being evaluated, the
design stress limits are modified based on the effect of the average C+N
content on the Su, S , and Sr properties. In addition, the effects of the fy
exposure to sodium on the Sr value (Figure 4.2-48C) is considered. .1

When inelastic analysis is used to determine the actual strains
for comparison to the inelastic strain limits, the effects of the average
C+N content upon the response characteristics (e.g., stress-strain equation)
is considered. As an alternate, the inelastic analysis may be performed
using time and position dependent material properties which account for the
current C+N profile.

Creep-Fatigue Damage

In performing the creep-fatigue evaluation, the effect of the local
C+N content at the point of interest is considered.

Effects of Liquid Sodium on Mechanical Properties

Two effects may occur due to continued exposure to liquid sodium.
These are surface effects and interstitial transfer effects.

1. Surface Effects

The interactions of the sodium environment with the material
being tested, excluding interstitial transfer effects, may be defined as
surface effects. Compared with air testing, liquid sodium may cause
certain metallic elements to be transferred from the hotter to the cooler
regions of LMFBR systems. In addition, surface oxidation in liquid sodium

is greatly reduced when compared to air testing. It is believed that tnese
surface effects are insignificant in their influence on short-term tensile
properti es .
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For time-dependent defonnation, such as stress-rupture and fatigue,
the effects of a liquid sodium environment are complex and need to be con-
sidered in detail. In the case of stress-rupture, it has been shown that
for a given temperature and stress, rupture times in air are longer than i

Ithose in liquid sodium. Figure 4.2 48C gives a sodium-environment correc-
1tion factor which may be applied to the rupture strength data specified

in ASME Code Case 1331-8 for Types 304 and 316 austenitic stainless steel.
This effect should be used in all evaluations where stress to rupture is
involved.

Fatigue properties of materials can be greatly affected by the
environment in which the properties are measureJ. The avoidance of
excessive surface oxidation by testing in sodium (or inert gas) instead
of in air increases the cycles-to-failure for a given strain range. These
increased cycles-to-failure values observed when testing in sodium are
being independently verified. No increase in the design fatigue limits
due to exclusion of oxygen effects is taken at the present time.

2. Interstitial Transfer Effects

In an all-austenitic LMFBR system, interstitial carbon and nitrogen
are transferred from the hotter to the cooler regions. This leads to
weakening in the decarburized and denitrided regions and to strengthening
in the carburized and nitrided areas. In the case of fatigue behavior

however, the effects of interstitial absorption at the surface are compli-
cated because of two concurrent mechanisms. On the one hand, it

51 can lead to enhanced crack nucleation at carbide particles and, on the
other, surface strengthening during strain-controlled fatigue will increase
the proportion of elastic straining which is less damaging than plastic
deformation.

In austenitic/ferritic LMFBR systems, studies indicate that, in j

general, the austenitic materials will be carburized and the ferritic ma-
terials will lose interstitials. However, the cross-over carburization to
decarburization is system dependent and it is likely that, in certain
systems, at least some of the austenitic material will be decarburized.

The following subsections describe procedures by which the extent
of interstitial transfer for Types 304 and 316 stainless steel for LMFBR
components can be determined, and from this, the effects on mechanical
behavior may be calculated. Procedures are given for calculating surface
and average interstitial concentrations and interstitial gradients for
Types 304 and 316 stainless steel under decarburizing and denitriding condi-
tions. Since these values are system dependent, the necessary system
conditions must be supplied for the calculations. Because of the shortage
of data on nitrogen diffusion, the rates of nitrogen transfer are estimated
from available carbon transfer data. ,I

< on,
* fD Or%W,
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Calculations of Equilibrium Carbon and Nitrogen Concentrations

General Theory

Studies (Ref. A) have shown that the equilibrium carbon concen-
tration C for sodium-exposed material may be given by: I

e

[C 3.25973 - 0.002973T ( F) (Tyce 304)log i=

s

[C 3.03454 - 0.0C2313T ( F) (Type 316)log =

s

Cs is a system-dependent " carbon potential" and is defined as the equili-
brium carbon concentration obtained when a thin foil of 304 stainless
is exposed to sodium at 1300 F in a by-pass line in the system considered.
A detailed survey has shown that Cs is approximately equal to 30 ppm.

This value should be used in calculating equilibrium carbon
concentrations for Types 304 and 316 LMFBR components unless a more pre-
cise value is available for the system under consideration. Values of Ce
are given for these materials in Figure 4.2-48D.

If it is assumed that nitrogen behaves similarly to carbon, then
the equilibrium nitrogen concentration will be equal to Ce for a given
temperature. During sodium exposure, the surface of the steel equilibrates
most rapidly and gives rise to an interstitial concentration gradient.

Calculation of Average Carbon and Nitrogen Concentration

The average carbon concentration C for a material exposed to
liquid sodium is dependent on section thickness, time, temperature and
initial carbon concentration. From classical diffusion theory, it may
be shown that:

.

h (
-

C(t)-C - -
.3 .

7g g
, - 1)" "'

xpf ~(21. "' ) u (Zi - 1);(C -C na'
o e

i=1 -
,

Where: C = equilibrium carbon concentration, (wt.%)
e

C = initial carbon concentration of component, (wt.5)g
2D = effective diffusion coefficient for carbon, (cm /sec)

t = time exposed to sodium, (sec)
Reference A: Shiels, Bagnell and Schiock, Nuclear Technology, Volume 23,
September 1974, " Carbon Equilibrium Relationship for Austenitic Stainless
Steel in a Sodium Environment"
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a = section thickness, (cm) :

n = 1 for a section exposed to sodium on both surfaces
n = 4 for a section exposed to sodium on one surface

To solve equation (3) a new term, P, may be identified:

C(t) - Co
(}P=C -C

e o

Since

C(t) - C"
(5)1-p=C -Cg e ,

i

The following results are obtained: !

=
i

-2'
,

-
-

8

) zi - 1)2 expf (21-1)n h2 (6) I1-p = -

- - i=1 - -
..,

.

.

A computer solution based on the Newton-Raphson technique may be
used to solve equation (6). The results are given in Figure 4.2-48E. This
curve is valid for both Types 304 and 316 stainless steel.

For a given component, the value of Dt/na2 must be calculated.
Values of D are given Dt. low:

D = 1.75 exp 21,75
(Type 304) (7)(g

2, 9D = 40.91 exp - (Type 316) (8)

These equations are plotted in Figure 4.2-48F. From the calcu-
lated value of Dt/na2 the appropriate value of [C(t) - C ]/(Ce - Co) iso
obtained from Figure 4.2-48E. Since Ce can be calculated from equation
(1) or (2), and Co is known, the average carbon level of the component
can be determined. ,1
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Figure 4.2-48E may also be used to estimate the nitrogen level in
a component during service. As stated previously, Ce may be used to esti-
mate the equilibrium nitrogen concentration and equations (4) and (5)
may be used to estimate the diffusion rates for nitrogen.

Calculation of Carbon and Nitrogen Concentration Gradients
i

A simple technique may be used to determine the interstitial j
concentration gradient by considering the diffusion depth xd which is given i

iby:

xd = (Dt)l/2 (g)

Where D is the diffusion coefficient, and t is the diffusion time. xd is
equal to the distance below the sodium / metal interface at which the
carbon concentration is equal to 1/2(Co + Ce); see Figure 4.2-48H. To a
reasonable approximation, therefore, the carbon gradient may be given by:

dC _ C
-Cg e (10)

dx 2x
d

This relationship is valid for the following conditions:

(a) For components exposed on one side to liquid sodium
O

2x < l.0 x component thickness
d

(b) For components exposed on both sides to liquid sodium

2x < 0.5 x component thickness
d

!

,

A similar procedure may be used to determine the gradient for nitrogen. i

The equilibrium surface nitrogen concentration is assumed to be equal
'to C *

e

Effect of Sodium Exposure on Short-Tenn Tensile Properties

Since the principal effect of sodium exposure in the high- |
temperature regions of an LMFBR is to remove interstitials, the short-term j

tensile behavior of Types 304 and 316 stainless steel may be estimated i
Iby directly considering the effects of (C + N) level on the mechanical

properties. Such an approach is necessary because of the scarcity.of |7
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data on sodium-exposed materials. For solution treated Type 304 stainless
steel, the average yield strength, ultimate tensile strength, and uniform i

and total elongation may be given by the equations in Table 4.2-30. For
solution-treated Type 316 stainless steel, the equivalent equations are
given in Table 4.2-31. In the equations, I

C = carbon concentration in weight percent
'N = nitrogen concentration in weight percent

T = temperature in R i

|
'The equations given in Table 4.2-30 and 4.2-31 are strictly

valid for materials containing uniform distributions of interstitials, but
it can be shown that they may be used to estimate the behavior of materials
containing interstitial gradients. In these cases, the (C + N) value
represents the bulk average interstitial concentration.

To determine the effect of decarburization on the minimum
anticipated yield strength (S ) for use with primary stress limit checks I

y
at a given temperature, the f6110 wing procedure is used:

(a) The average (C+N) concentration is determined using the
technique described above.

(b) The decreased yield strength due to interstitial depletion
is calculated from the approximate equation in Tables 4.2-30
(or 4.2-31), assuming that the starting interstitial level
is known.

(c) The Sy values in the ASME Code are then decreased to these
modified values representing the sodium exposure effects.

When the starting carbon level in the component is less than
0.04 weight percent, the Sy values for L grade material are used. Decar-
burization and denitridation will rcquire the L grade Sv values to be
modified in a similar way to those for regular grade alloys described
above.

Determination of the effects of interstitial transiu. one
design stress, Sm, follows a similar procedure to that described above,
with additional calculations of effects on the ultimate tensile strength.
For ASME Class I components, the design stress, Sm, is defined as the
lowest of the following stress:

(i) 1/3 of specified minimum UTS at room temperature

(ii) 1/3 of the UTS at temperature (If for 304/316)
(iii) 2/3 of the specified minimum yield strength at rcom i

tempera ture !

il
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(iv) 90% of the yield strength at temperature for austenitic
stainless and 2/3 of the yield strength for other materials.

OEffect of Sodium Exposure on Stress-Strain Curves

Data exist to show that, for Types 304 and 316 stainless steel,
the following relationship is valid:

a = A(t). P (11)

i

!where: a = engineering stress
!c = engineering strain

A(t) = a constant at constant temperature ;
n = a strain-hardening coefficient which may be

temperature dependent

From Figure 4.2-48G the stress-strain relationship for a -

specified temperature and interstitial level may be computed using the
equations in Table 4.2-30 for Type 304 stainless steel and those in
Table 4.2-31 for Type 316 stainless steel . Note that the calculated
stress-strain curves are strictly valid for alloys containing uniform
interstitial distributions.

i

However, approximate stress-strain curves may be obtained i

for materials containing interstitial gradients by inserting bulk !

average (C+N) values into the equations in Table 4.2-30 or Table 4.2-31. |
i

For analysis in which the stress-strain characteristics are
considered to vary as a function of (C+N) the value of each point of interest ,

'as a function of time may be determined. The equations of Tables
4.2-30 and 4.2-31 are used to determine the instantaneous stress-strain !

relationship.
I

Effect of Interstitial Transfer on Stress-Rupture Properties !
!

It can be shown that losses in carbon and nitrogen reduce the
rupture strength of Types 304 and 316 stainless steel . Figure 4.2-48J i

gives correction factors which are used to evaluate this effect.

In evaluating primary stress limits the first requirement is to
.

|
calculate the new average (C+N) for the component of interest, using the i

technique described previously. Assuming that the rupture strength is
determined by the bulk average (C+N), then the percentage decrease in '

,

rupture strength resulting from interstitial depletion is obtained from ,

Figure 4.4-48J. This interstitial transfer factor is then added to the i

surface-effect factor to give the total modification to the stress-rupture
curves given in ASME Code Case. 1
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A similar analysis may be used to modify the S design stresses.
t

For creep-fatigue evaluation the rupture strength decrease at
the point of interest is detemined by reducing the Code value by a factor
from Figure 4.2-48J using the (C+N) at that point.

Effect of Interstitial Transfer on Strain-Controlled Fatigue Properties

It is well known that fatigue failure is initiated at the metal
surface. When a surface crack is formed, the stress concentration at the
crack tip causes it to propagate relatively quickly until complete failure
occurs. The total cycles-to-failure may be given by the sum of Nj and N ,p
where Ni is the number of cycles to cause crack initiation and Np is the
number of cycles to cause the crack to propagate to failure.

An indication of the effect of interstitial transfer can be seen
in the Type 316 stainless steel fatigue data in Figures 4.2-481 and 4.2-48K.
For room temperature ar.d 1200 F tests in air, the fatigue life is larger
for the lower interstitial concentrations. This is likely to be caused by
the smaller amount of carbide in low-carbon material since previous work
has shown that fatigue cracks are preferentially formed at this brittle
phase.

For LMFBR components in the high-temperature locations, where
surface interstitial losses occur, the fatigue life would be expected
to increase. As stated above, this would probably be caused by an increase
in Ni rather than N . In fact, in a deep fatigue crack, where the sodiump
is likely to be stagnant, it is doubtful whether significant interstitial
transfer could occur. In this situation, therefore, the differences

between Np for air-tested and sodium-tested materials would be detemined
not by interstitial transfer effects, but by the surface oxidation effect.

Because of the absence of applicable data on strain-controlled
fatigue behavior in sodium, it is not currently possible to quantify this
effect. It appears that a substantial increase in fatigue life will result
for materials exposed to high-temperature sodium environments. However,
until there are data to predict the magnitude of this effect, and the
role of nitrogen is known, no correction for interstitial transfer is made
to the fatigue curves in ASME Code Case.

Corrosion Effects

The design of the internals will account for the corrosion effects
of flowing liquid sodium. Figure 4.2-48A and 4.2-48B are included for
Type 304 and 316 SS (Ref. 50) and Inconel 718 (Ref. 51). It can be seen
from the curves that negligible corrosion effects will occur for those
materials even at the maximum design temperature of 1208 F. It should be
noted that the austenitic stainless steel corrosion rate has been normalized
with respect to oxygen content in the sodium, whereas nickel base alloys,
such as Inconel 718 have corrosion rates independent of oxygen content.
Few specific data are available for the Type 304 SS w/ chrome plate and the ,1
Inconel 600; however, those materials are located in a relatively low
temperature (775 F) region of the reactor and the available data (Ref. 52)
lead to the conclusion that negligible corrosion effects are to be antici-
pated over the life of the reactor.
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4.2.2.3.3.2.2 Irradiation Effects

The effect of irradiation on material properties is obtained from
Reference 1. When additional considerations are necessary, a description
is provided in the appropriate component evaluation.

4.2.2.3.3.3 Friction, Wear, and Self Welding Considerations
b5

The CRBRP Lower Inlet Module and Fuel Assembly components which
interface or contact during nonnal operation at a temperature 730 F
include: Fuel Assembly Lower Inlet Module

Inconel 718 w/ chrome plate -against- Inconel 718 recpetacle
piston ring

Type 304 SS w/ chrome
plate fuel nozzle -against- Inconel 718 receptacle

No data is available for the above interfacing couples. However, data on
less compatible types have been documented. Previous experience in EBR II
(Ref. 48) combined with data obtained from tests at ARD (Ref. 49) indicate
that self welding will not occur at temperatures below 800 F. The EBR II
experience included chrome plated Type 304SS working against uncoated
Type 304SS. ARD experience included Type 304 against Type 304 and alloy
A 286 at pressure up to 30,000 psi for 6 months. Thus, it has been con-
cluded that the additional precautionary measure of hard coating and the
use of dissimilar metals will preclude the galling and self welding of the
interfacing material at the expected operating temperature of 775 F. Tests
are being conducted on all CRBRP material pairs including those listed above.
Information on the friction, wear, and self-welding properties of various
mating materials in the reactor internals obtained through a national program
which took into account specific component requirements may be found
in References 79 through 94. The materials couples tested include Inconel
'1 A/Inconel 71B (Refs. 79-86, 89, 91); chromium car bide / chromium carbide
'Refs. 81, 94), Type 316SS/ Type 316SS (Refs. 80, 90); Inconel 718/Chromiun
' late (Refs.90,94); Haynes 273/Inconel 718 (Refs. 86, 91); Inconel 718/
fype 304SS (Ref. 79); Inconel 718/ Type 316SS (Refs 80, 89); Inconel 718/
Ni Resis (Ref. 91); 17-4 PH/Inconel 718 (Ref. 91); and Stellite 6B/
!nconel 71B (Refs. 79, 92). Friction and self-welding data are available
it temperatures up to 12000F where testing has been performed in t'oth
liquid sodium and sodium vapor environments. Most of the tests have been
conducted on as-received material, but a small amount of data exists for
sodium pre-exposed and for neutron-irradiated samples. Although there
ippears to be a ; light deterioration in friction properties due to sodium
ne-exposure, none at all seem to result from neutron irradiation.

The above referenced test data comprise several hundred pages of test
results. To assure disassembly after operation of certain reactor internals
(replacement of core assemblies, lifting upper internals), reduction and use
of this test data for design information is described below:

15
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The principal reactor internals components involved in normal dis-
assembly (reft eling) operations are: the Upper Internals Structure
(UIS), the Cot a Former Structure (CFS) and the Core Restraint
System (CRS). In these items, sliding motion occurs in two friction
couples; between the UIS keys and the CFS keyways and the second
between reactor assembly duct load pads. Neither of these
coupies is a safety related item in that motion between mat *ng
parts of the couples needs to occur only during reactor refueling
operations. Any increased friction would be an operational concern
only.

1. Friction Couples

Preliminary selection of the mating couple materials has been
made for the preliminary designs of the UIS, CFS and reactor
assembly duct load pads. The UIS key to CFS keyway couple is
Haynes 273 against Alloy 71B at 400150 Finsodjumwith
approximately one year soak at approximately 1000 F. The
couple between the load pads is chromium carbide against

Uchromium carbide at 400 + 50 F with approximately one year
soak at the assembly outlet sodium temperatures. Coefficients
of friction to be used in preliminary design are shown in
Tables 4.2-31 A, and 318. Test data will be used as the design
is preliminary, final selection of mating materials is yet
to be made, and the use is not safety related.

2. Antigalling Characteristics

Tables 4.2-31 A and 31B show friction testing date of candidate
samples.*

3. Irradiation Stability

No irradiation test data is available for Haynes 273 against

Haynes 273. However, the maximg fluepce at the UIS key to
CFS keyway location is 1.4 x 10 ' n/cm . The probability
for radiation damage at this fluence is very small.

Table 4 lists coefficients of friction neasured af ter irra-
diation of the chromgm cargide test specimens in EBR II to
approximately 1 x 10 n/cm . Additional chromium carbide
specimens are being irradiated in EBR II to higher fluences.51 i
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4.2.2.4 Evaluation

4.2.2.4.1 Lower Internals Structure Summary

The LIS has one preliminary structural cor.pNnt, which is the core
support structure.

The structural integrity of the core support structure (CSS) has
been evaluated for pressure, deadweight, SSE seismic, and the RV-3'i, RV-lU,
and RV-lE thermal transients for the low temperature design criteria dis-
cussed in Section 4.2.2.4.2.2. Eleven sections in the CSS which are shown
in Figure 4.2-49, were selected for the structural evaluations. These
sections represent the high stress areas in the CSS, and their selection
was based on a thorough review of the finite element stresses for the
unloading conditions considered.

O
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Table 4.2.21 shows a sumary of the minimum calculated margins of
safety and fatiaue damage in the CSS. The primary stress limits (P andmL + P ) are adequately satisfied at all locations in the structure. TheP b
primary-plus-secondary stress limits are satisfied with positive margins
at all locations. Fatigue damages in the CSS are negligible. The fatigue
usage factor has been reduced from 1.0 to 0.9 to account for a small amount
of potential creep damage.

36

During its operating life, the support cone is subjected to various
compressive loads, such as, hydrostatic pressure, bending moments, and shear
loads. The buckling capability of the cert support cone was evaluated for each
load applied separately and for the combination of applied loads anc the results
are summarized in Table 4.2-22. The caiculated elastic-plastic factors-of-

safety for hydrostatic pre:;sure, bending, transverse shear, and the combination
of all three loads are greater than the minimum allowable value of 2.5.

Based on the preliminary structural analysis described herein, it is
36| concluded that the basic CSS concept considered herein is structurally adequate

and satisfies the ASME Code criteria as supplemented by RDT F9-4 for primary,
27 | secondary, and peak stresses and buckling.

Primary stresses in the lower inlet module were determined for internal
presrure, coolant screen blockage, control rod drop, and seismic loads. The
design of the core inlet module which was analyzed met ASME Code Section III
criteria for internal pressure and coolant screen blockage loads. The current
design eliminates problems with control rod drop and seismic loads, therefore
ASME Code Section III for primary stresses should be met for all conditions.

4.2.2.4.1.1 Analysis of Core Support Structure (CSS)

The analysis of the CSS described herein is based on the detailed
thermal and structural analyses performed at ARD and other analyses discussed

36| herein. The CSS has not yet been analyzed for DHRS operation.

Alternate Low Temperature Design Criteria

Section III of the ASME Code provides stress limits for austenitic
steels for temperatures up to 800 F. The design temperature of the CSS is
775 F; however, during some thermal transient events the maximum metal tempera-
ture does exceed 800'F for short oeriods of time. RDT F9-4, Jan.1976, states

27 I that " metal temperatures only slightly above the limits of the ASME Code or
metal temperatures which exceed the limits of the ASME Code for only short time
durations may not require the use of the time-dependent structural limits of

27 | RDT F9-4, Jan.1976."
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Since the time-dependent failure modes were judged to be insignificant for the
CSS by satisfying the conditions of Section 6.6.1 of RDT F9-5, Sept.1974, the

27 alternate structural limits of Section 6.6.2 of RDT F9-5, Sept.1974 were,

employed in the CSS evaluation.

Geometry

The core support structure (CSS) concept considered in this analysis
is shown in Figure 4.2-50. The CSS consists of a perforated support plate,
core barrel, and support cone. Portions of the core barrel, reactor vessel,
and flow baffle (subject to design re-evaluation) are included in the analytical
model, and all of these components are referred to as the " core support struc-
ture" in this analysis. The geometry of the analytical model is defined in
Figure 4.2-51, The dimensions of a typical minimum ligament section of the
core support plate are shown in Figure 4.2-52.

Thermal Analysis

The ANSYS finite element program was used to perform the heat transfer
analysis in the CSS for the thermal transients considered. Two types of finite
element models were developed to calculate the transient temperatures. Inplane
ligament models were used to calculate temperatures in the perforated plate
region of the CSS while the axisymmetric model was used to generate temperatures
in the other components of the CSS.

Two ligament models of the core support plate were developed. One
model represents the hole pattern at the midplane. A description of the sur-
face and midplane models is shown in Figure 4.2-53. The liner has been included
in both thermal models but will be neglected in the stress models. The ANSYS
axisymmetric model shown in Figure 4.2-54 was used to calculate the internal
temperature distributions in the CSS outside the perforated plate region.

Convective heat transfer coefficients were calculated from the CSS in
the eight regions identified in Figure 4.2-54. A radial distribution of heat
transfer coefficients in the inlet module flow tubes was obtained by making
calculations for five modules on a radial transverse. The fluid temperature
boundary conditions in this analysis were conservatively assumed to be the same
as the reactor vessel inlet temperatures. These temperatures are more severe
than the ctual temperatures the CSS will experience because of the mixing
that takes pla .e in the inlet plenum.

The ANSYS ligament models and axisymmetric model were used to investi-
gate the RV-3N, RV-lU, and RV-lE thermal transients. It has been shown that
all of the thermal transients can be conservatively defined in terms of these
three transients.

Following the completion of the thermal analysis discussed above, the
saturated steam line rupture event (RV-4E) was added to the set of reactor
vessel umbrella transients as an option to the RV-lE event. An inlet plenum
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mixing analysis was performed for this transient, and the mitigated RV-4E tran-
sient is plotted in Figure 4.2-55 along with the RV-lE transient used in the
analysis. As can be seen, the RV-lE unmitigated transient is more severe than
the RV-4E mitigated transient. Therefore, no thermal stress analysis of the
RV-4E transient was considered necessary.

Structural Analysis Models

The ANSYS finite element computer pogram in conjunction with the
" equivalent solid plate" method of analysis for perforated plates (Article A-8000
of Ref 33) was used to perform the detailed structural analysis of the core
support structure. Two typ:s of finite element models were used in thi3 analy-
sis. The CSS liganent inplane model was used to calculate the peak thermal
stresses in the perfarated plate. The axisymmetric model (Figure 4.2-49) was
used to calculate the equivalent solid plate stresses in the perforated plate
region and the actual st esses in t% other components of the CSS.

The perforated plate regiun of this model defined by R* in Fi 3
ure 4.2-51 was modeled by using the equivalent solid plate method of analysis
for perforated plates. In this method, the perforated plate is replaced by a
solid plate which is geometrically similar to the perforated plate but has modi-
fied values of eiastic constants. The effective elastic constants E* and v* are
functions of the ligament efficiency, n. The deflections computed using conven-
tional method are correct; however, the actual values of the stress intensities
in the perforated plate are determined by applying multiplicat"n factors to
the nominal stresses computed for the equivalent solid plate. As shown in Fig-
ure 4.2-52, the minimum ligament width varies through the thickness of the plate.
Therefore, the effective elastic properties vary through the thickness, which
are listed below.

Material 1
6Ej=4.96x10 psi

vy=0.41
Material 2

6
Ej=1.364x10 si

v)=0.49(sincev<0.5cannotbeused,inthefiniteelementprogram)
Material 3

6
Ej=1.056x10 psi (accounts for 2-inch flow hole)

v*3 = 0.49
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Structural Analysis

The CSS was analyzed for pressure, dead weight, SSE seismic, and the
RV-3N, RV-lU, and RV-lE thermal transients using the structural models previously
described.

The primary loads due to pressure were analyzed by considering different
pressure drops in different regions of the CSS model . The design t;P across the
CSS is 170 psi and the design t>P across the vessel in the inlet plenun is
200 psi, The CSS axisymmetric model was run with unit pressure loads (which will
be scaled for the evaluation) normalized with respect to the CSS design t,P. The
pressure loads used in the analysis are shown on the displacement plot of the
CSS in Figure 4.2-56.

The total dead weight load used in this analysis is approximately
800,000 l b. A load of 454,000 lb was applied as a uniform pressure of 40.8 psi
to the top of the core support plate, and the remaining load of 344,200 lb was
applied as a downward force to the core barrel . The displacement plot is shown
in Figure 4.2-57.

For a vertical SSE acceleration = +1.0 g, the vertical SSE inertial
loads due to the mass of the CSS will not add to the pressure stresses because
the dead weight and pressure stresses act in opposite directions. However, the
hydrodynamic mass effect of the sodium will tend to add to the tiP stresses. The
equivalent pressure load due to the hydrodynamic mass effect of the sodium is
equal to 5 psi, and this 5 psi was added to the design t1P of 170 psi for the
stress evaluation.

The CSS axisymmetric model was used to evaluate the primary stresses
due to the lateral SSE seismic loads using ANSYS. The SSE seismic loads used
in the analysis are shown on the displacement plot of the CSS in Figure 4.2-58.

Thermal stresses were calculated in the CSS for the thermal transients
using the CSS axisymmetric model and ligament model with the internal tempera-
tures which were calculated in the thermal analysis.

Structural Evaluation

Eleven sections in the CSS axisymmetric model shown in Figure 4.2-49
were selected for the structural evaluations. These sections represent the
high stress areas in the CSS structure, and their selection was based on a
thorough review of the finite element stresses for pressure, dead weight, SSE
seismic, and the RV-3N, RV-lU, and RV-lE thermal transients.

The primary stress limits and primary-plus secondary stress limits
require that equivalent linearized stresses be determined for evaluation.
Therefore, the stress components at the eleven sections for the load conditions
analyzed were linearized by maintaining static force and moment equilibrium
through the wall. However, the surface or peak stress components were used
for the fatigue evaluation.
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The eleven sections in the CSS were evaluated for the stress intensity
limits for Normal and Upset Operating Conditions. There is no specific evalua-
tion for Design Conditions because the primary stresses resulting from the
Desian loads are less severe than those resulting from Normal-plus-Upset loads
which include the seismic loads. Since the SSE seismic loads have also been
included with the upset loads, there is no specific evaluation for Faulted
Conditions. To expedite the structural evaluations, stress intensities due to
the various load conditions were added to obtain the total stress intensity.

Since the dead weight stresses are less than the pressure stresses and
always have the opposite algebraic sign, they were not included in the combined
stress calculation. However, the vertical SSE seismic loads (which are equal
to 1.0 g) are eaual to olus or minus the dead weight loads. The vertical SSE
seismic stresses are conservatively included in the combined stresses.

The total primary stress is conservatively calculated in this evalua-
tion as:

*S=S p+Svert SSE* lat SSE

where:

S p = stress intensity due to AP

Svert SSE = stress intensity due to vertical SSE

Slat SSE = stress intensity due to lateral SSE

The range of crimary-plus-secondary stress intensity is conservatively
calculated as:

(PL+Pb + 0)R = (P + P )R + ORb

where:

AP + SSE
(PL + P )R is the larger ofb 2c

SSE

O is the maximum range of secondary stresses due to linearized ther-p
mal stress ' components.

a) Section 1 (Ref. Figure 4.2-49)

The maximum pressure stresses and maximum thermal stresses occur at
the center of the perforated plate; therefore, the stresses were evaluated at
Section 1 which is considered to be the critical location in the plate.
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The allowable (PL + Pb) stress is 1.5 Sm for a rectangular cross-
section. The 1.5 factor is called the " shape factor" which is the ratio of the
plastic bending moment to the elastic bending moment. Since the perforated
plate has an "I-beam" type cross-section, a shape factor for the actual
geometry (Figure 4.2-52) was calculated to be 1.32. Therefore, for the per-

forated plate region,

P +P $ 1. S = 1.32 (15,300) = 20,200 psi
b m

The maximum range of secondary stresses (QR) in the perforated plate
is due to both the linearized thermal stress components from the axisymmetric
model and ligament model stresses averaged across the minimum ligament width.

The primary and primary-plus-secondary stress evaluations for Sec-
tion 1 are summarized ir. Table 4.2-23.

b) Sections 2 through 11 (Ref. Figure 4.2-49)

The primary and primary-plus-secondary stress evaluations were per-
fomed for Sections 2 through 11, and margins of safety are summarized in
Table 4.2-21. The only calculated negative margin of safety is at Section 6
(flow baffle skirt) where the range of primary-plus-secondary stress intensity
exceeded the 3 Sm limit.

The analysis shows that the flow baffle skirt is a potential problem
because of its geometry and location in the flow stream. The flow baffle
skirt attachment has been eliminated in the baseline design concept of the
CSS.

The actual stress evaluations at Sections 2 and 11 are presented in
Tables 4.2-24 and 4.2-25, respectively. These two sections represent the most
critical locations, and the tables demonstrate the type of evaluation per-
formed at each section.

c) Fatigue Evaluation

The fatigue evaluation of the CSS was based on thermal transients
RV-3N, RV-lU, and RV-lE which were derived from a conservative group of the
reactor vessel inlet transients. These transients were used to establish the
maximum themal stress cycles as described in NB-3222.4 of (Ref. 33). The
peak mechanical stress intensity range is added to each peak thermal stress
intensity cycle at a given location.

The alternating stress intensity due to stress cycle, i, was calcu-
lated from the following equation:

+ (Sth)R i(Salt)i = [(Smech)R
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where:

(Smed)R = peak mechanical stress inter,sity range

(Sth)R = peak thermal stress intensity range

The allowable number of cycles for each stress cycle fij was obtained
from Figure 4.2-59 corresponding to the maximum metal temperature during the
cycle.

The peak stress intensity in the perforated plate (Section 1) was
calculated by:

S=Y 1+P *
MAX s peak

p = pressure

51 h = thickness

where:

= principal stress range having larger absolute value in the
a) plane of equivalent solid plate.

P = pressure on surface
s

= peak thermal stress range as obtained from the CSS ligament
ed model

Y = 1. 2, btained troo, Figure A-8142-2 of (Ref. 33)
MAX

51 | s = +1 and h/P = 0.266.

A fatigue evaluation was performed for Sections 2 to 11 except for
Section 6 which did not satisfy the primary-plus-secondary stress limit. The

peak stresses due to each load condition regardless of location (except Sec-
tions 1 and 6) were found and used in the fatigue evaluation. This ficticious

point represents the maximum possible fatigue damage at any point in the CSS
with the two exceptions noted above. The results of the fatigue evaluations
at Section 1 and Sections 2 through 11 are summarized in Tables 4.2-26 and
4.2-27, respectively.

Buckling Analysis of Support Cone

The support cone is subjected to various loads, such as, hydrostatic
pressure, bending moments, and shear loads during its operating life. The
hydrostatic pressure is due to the design pressure drop across the core support
structure of 170 psi. The bending moments and shear loads are dynamic loads
due to the assumed OBE and SSE seismic events. The SSE seismic loads (which
are faulted loads) were conservatively used in this analysis. The buckling
capability of the core support cone was evaluated for each load applied sepa-
rately and for the combination of applied loads. The support cone geometry
considered in the buckling analysis is shown in Figure 4.2-60.
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The method used to evaluate the buckling capability of the support
cone is the equivalent-cylinder concept (Ref. 34), wherein it is concluded that
the critical stresses for thin-walled, isotropic, truncated cones can be taken
equal to the values for circular cylinders which satisfy the following
conditions:

a. The wall thickness of the equivalent cylinder is equal to that of
the cone.

b. The radius of the equivalent cylinder is equal to the finite prin-
cipal radius of curvature at the critical end of the cone. The
critical end of the cone depends on the type of load applied.

c. The length of the equivalent cylinder is equal to the slant
height of the cone.

The plasticity corrections for buckling in the inelastic range were
conservatively based on the minimum stress-strain, tangent modulus, and secant
modulus curves for 304 SS at 775 F. A lower-bound, straight-line interaction
equation was used for the buckling evaluation of the combined load condition.
The technique in (Ref. 34) was used to estimate the critical inelastic stress
for the combined loading condition.

The buckling equations used on this analysis for the various loading
conditions are summarized below:

a) Uniform External Hydrostatic Pressure

For a simply supported cone (Ref. 35), gives

R

P = Pf (1 - )
2

where P is the critical hydrostatic oressure for the equivalent
cylinder and is,

0.92nEP~ = 1 for elastic range
p 5/2 ,

g

(P ) ( av)
tav

R1f (1 R ) is greater than 1 and is obtained
2 from page 607 of (Ref. 35).

(Ref. 35) does not place any limitation on the cone anale (a) and
also provides test data for cones with angles up to 75'
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For cones which buckle in the plastic range, the plasticity-
reduction factors for cylinders are used. For short cylinders
under external pressure, the plasticity-reduction factor corres-
ponds approximately to that for a long flat plate in compression.
The plasticity-reduction factor for a long simply supported plate
as given by (Ref. 36) is,

" " (I - "2
~

1/2'
E I E

e s 1 1 l 3 t
2 E 2+2 4+4El

1-v \ s
p _ ,

The plastic-reduction factor should be based on the maximum loop
stress which occurs at the large end of the cone, and is

Pp2

( H) max t

b) Pure Bendina
M

A

1

V
M

For a simply supported cone, (Ref. 37) gives,

nnEt R cos aI
M -Y 2 U2cr

[3 (1-v )3e

where:

n = 1 for elastic range

y = a correction factor having a theoretical value of 1.0.
The scatter in data is accounted for by the ASME Code
safety factor requirement.

Ref. (37) also recommends that 0 <a< 60 .
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For a cone subjected to a bending moment, the maximum stresses
occur at the small end of the cone and the critical values are
associated with this location. When the behavior is elastic,
the moment and stress are related by (Ref. 34) as,

3h *" t cos ucr cr

The plasticity-reduction factor for short cones under pure bending
recommended by (Ref. 34) is,

21-v E
_ e t

2 E1-v
p

c) Transverse Shear

V
%

1

0=

V

Of course, this is a purely hypothetical loading condition, since
it does not result in over-all static equilibrium of the structure.
An external bending moment is required to balance the forces.

(Ref. 34) notes that test data from circular and elliptic cylinders
led to the conclusion that,

. -

Lower-Bound Tcr Test Values
for Transverse Shear Loading

_ ~ l'25~
2

Small-Deflection Theoretical Tcr'
Values for Torsional Loading

. -

Therefore, for a simply supported cone (Ref. 34) recommends,

('cr) shear = 1. 5 ( ccr) torsion
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In a truncated cone subjected to a transverse shear, the maximum

shear stress will occur at the small end and the critical stress
value is associated with this end. When the behavior is elastic,
the critical shear force and critical peak shear stress are
related by (Ref. 34),

V *"l 'crcr

d) Torsion

T( D

|

T |

For a simply supporteo cone (Ref. 35) recommends,

!T 1/2 1 + R /R
j"=16.2 1+

2

~ !1/2 R)
(1+R!

cos a
2

2 l' _

e
Ref. 35 does not place any limitation on the cone angle (a) but it
provides test data for 30' and 60 cones.

In a truncated cene subjected to torsion, the maximum shear stress
will occur at the small end, and the critical stress value is

associated with this end. The critical stress value for a cone
under torsion is,

T
cr=1

cr 22nR t

asa m
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The plastic-reduction factor for cylinders (which should be con-
servative for cones) recomended by (Ref. 36) is,

2 ~ 3/41-v E
3'" -~

2 E1-v
-

p -

It has been shown in Section 4.2.2.4.2.2, altenate low temperature
design criteria, that creep effects in the CSS are negligible.
Therefore, the CSS can be evaluated to ASME Code, Section III rules
with certain modifications as discussed previously. However, ASME
Code, Section III only provides allowable buckling loads for speci-
fic guidance for geometries (such as, bending, torsion, transverse
shear), or combined loading conditions. Therefore, for geometries
and loads not covered by ASME Code, Section III it is assumed that
the intent of ASME Code, Section III is met if the fac;]rs-of-
safety on buckling given in Code Case 1331-8 are used. Since all
of the critical buckling loads for the core support cone are in
the plastic range, the minimum required factor-of ,afety is taken
to be 2.5.

The buckling evaluations for the individual loadings applied sepa-
rately and for the combined loadings, are summarized in Table 4.2-22.
The minimum calculated factor-of-safety is for the combined load
case and is 2.65. The stresses listed are for the combined load case
combination of stress components when they all act at the same time.
There is only one factor of safety associated with the loading com -
bination, and it can be given by the ratio of the stress to the
applieu tress of any one.of the components.

Discussion of Future Work

Although the preliminary analysis of the CSS that has been performed
is quite extensive, more preliminary analysis remains to be done. The future
analytical work currently planned for the CSS i summarized below:

a) Update analytical model to incorporate design modifications
included in the latest baseline design.

b) Evaluate the new reactor vessel inlet plenum transients which are
based on the CRBRP Design Duty Cycle given in Appendix B.

c) Investigate the effect of non-axisymmetrical temperature distribu-
tions on the CSS due to non-symmetrical inlet nozzle temperatures
which occur during some upset and emergency events. In the CSS
preliminary analysis discussed herein, the thermal transient corre-
sponding to the affected loop for the RV-lE was assumed to be uni-
form circumferentially. This assumption is believed to be
conservative, but it should be verified.

"'
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d) Assess what impact the design rules for core support structures,
which are contained in Subsection NG of Section III of the 1974
edition of the ASME Code, has on the structural design critieria
used in the CSS preliminary evaluation.

e) Analyze the core barrel for the primary loads due to pressure, dead
weight, and seismic events and for the thermal transients. A small
part of the core barrel was included in the CSS axisymmetric model;
however, the total core barrel must be analyzed. No significant
structural problems are anticipated in the core barrel.

f) Analyze the module line- for the primary loads due to pressure,
dead weight, and seismic events and for the thermal transients.
The dead weiaht and seismic stresses are exoected to be negligible
in the module liner.

g) Analyze the CSS for the loads specified for the third level design
requirements for accommodation of accidents of extremely low
probability.

4. 2. 2. 4.1. 2 Analysis of Lower Inlet Module (LIM)

Introduction

This section summarizes a preliminary sizing evaluation of the lower
inlet module for primary stresses. Several critical areas of concern were
investigated which included the module hexagonal wall, low pressure manifold,

& the strainer, and reactor assembly receptacles. Using the WECAN and ANSYS
W.- general purpose computer programs primary stresses were elastically calculated

f r internal pressure (AP - 170 psi ), strainer blockage, control rod SCRAM5' arrest loads, and seismic loads. The design temperature for the inlet module
is 775 F.

Figure 4.2-40 depicts the present module design modified to incorporate
changes recommended by the analysis which eliminated unacceptable stress inten-
sities. The oriainal design included a low oressure manifold fabricated inte-
arally with the module wall and through which the receptacles transmitted all
axial loads. This resulted in unacceptable stress intensities and a module
redesign.

Analytical Model Description

A 30 segment of the hexagonal shaped module wall was used to find
stresses in the wall due to internal pressure. The module wall was modeled as
a plane strain problem using the WECAN constant strain quadrilateral element
mesh shown in Figure 4.2-61. In addition, it also shows the boundary conditions
used in the evaluation.
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A three-dimensional 180 model, Figure 4.2-62, was used to find
stresses in the strainer and low pressure manifold. The ANSYS flat triangular
shell element was used to model the strainer and the three-dimensional beam
element was used to model the low pressure manifold.

The reacter assembly receptacle was modeled using the WECAN three
dimensional pipe element and the three-dimensional beam element. Figure 4.2-63
shows the portion of the receptacle which has modeled and the boundary condi-
tions on the model.

Comparison to Criteria

Table 4.2-28 shows a summary of the stresses in the module wall due to
an internal oressure load and compares them to the allowables.

Table 4.2-29 summarizes the stresses in the strainer for the condition
when one module strainer is completely blocked. The increased pressure drop
across the core, due to decreased flow area, was apol;ed uniformly on the lower
surface of the strainer.

In the design, which was analyzed, the 3.cious loading conditions were
applied individually and in combina;!on. It was determined that the module and
integral components were structurally adequate except in the junction of the
low pressure manifold and the module wall. Under the combined loadings of
internal pressure, control rod SCRAM arrest loads, and seismic loadings, the
allowable stress intensities were exceeded. The module has since been redesigned
in this area. In the configuration shown in Figure 4.2-40 this problem has been
eliminated by transmitting vertical loads on the reactor assembly receptacles
directly to the top of the module. Thus, there will be no stresses in the low
pressure manifold due to control rod drop and vertical seismic loads.

Discussion of Future Work

The LIM will be analyzed for the design thermal transients to evaluate
the secondary and peak stresses. The LIM stem will also be analyzed to the
Third Level Design Margin loads specified for the third level design requirement.

4.2.2.4.1.3 Analysis of Bypass Flow Modules (BPFM)

The BPFM analysis described herein is based on the detailed thermal
and structural analyses performed at ARD.

Geometry

The BPFM geometry and relationship to adjacent components is shown
in Figures 4.2-41A & 4.2-41B. Each individual module is composed of an upper
forging with holes for the RRS assembly receptacles, side wall plates, and a
bottom plate as shown in the section view of Figure 4.2-41B. The geometries

38 of two analytical models are shown in Figures 4.2-63A & 4.2-63B.
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Thermal Analysis

The AflSYS finite element program was used to perform the heat trans-
fer analysis of the BPFM for the most adverse thermal transients considered.
Two finite element models were developed to calculate the transient tempera-
tures. The outside half of the BPFM was modeled for two-dimensional analysis
to determine the critical region in the BPFM due to the most severe transient

51 | event. A one-eighth section, three dimensional finite element model was developed
for the critical region evaluations.

The U-18 duty cycle was concluded to be the most adverse transient
for the BPFM. The most severe temperature gradients occur in the interval
900-1000 seconds, near the termination of the steep down temperature tran-
sient. From this data the Internals Stress Analysts identified the region
of the BPFM requiring further detailed analysis.

Figure 4.2-63A shows the three-dimensional thermal model of the
BPFM developed cooperatively with the Stress Analysts. In addition to one
corner of a BPFM, the model includes the core barrel and stagnant sodium at
the side and end walls. Comparison of the two-dimensional analysis tempera-
ture contours with those from a similar plane of the tt ee-dimensional
analysis shows good agreement between the models.

Structural Analysis

The structural integrity of the BPFM was evaluated to Subsection
f4G, Section III, of the ASME Boiler and Pressure Vessel Code. Along with the
thermal transients, the seismic loads, differential pressure load, and
transient mechanical loads due to the transfer operations of the Removable
Radial Shield (RRS) assemblies have been investigated.

The functional requirements of the module to module connecting lugs
and pins and the BPFM/ CSS connecting pins were evaluated for seismic loads
using a 3-D finite element model composed of the six interconnected modules.
The structural evaluation results for the most critical loads (0BE) versus
the Code criteria are given in Table 4.2-29A, showing positive margins in
every area.

For the evaluation of the BPFM body, a perforated thick plate model
was used to study the IVTM transient mechanical load. The differential
pressure load was evaluated using the one-eighth 3-D BPFM Solid Model (shown
in Figure 4.2-63B) plus the perforated thick plate model. Thermal transient
stresses were evaluated using the one-eighth BPFM solid model in conjunction
with all of the above mentioned mechanical stresses. The results are given

38 in Table 4.2-29B for the critical sections identified in Figure 4.2-63B.
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O
The BPFM inlet port region where the bypass flow is fed into the

BPFM mixing chamber from the CSS was also analyzed, using an axisymmetric
finite element model. The results are also given in Table 4.2-298.

The BPFM margin and fatigue damage calculation results corre-
sponJing to the critical stresses identified are given in Table 4.2-29C.
Based on all of the above analyses, the BPFM design meets all of the ASME

38 Code requirements and is judged to be structurally adequate.

O
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4.2.2.4.1.4 Analysis of the Fixed Radial Shielding

The fixed radial shielding is shown only as a schematic.
The final dasign is scheduled for completion in 1979, at which time
the final structural and shielding analysis will be available.

4.2.2.4.1.5 Analysis of the Fuel Transfer and Storage Assembly

The fuel transfer and storage assembly is available only
as a schematic. The final design is scheduled for completion in
1979, at which ti:,ie the final structural analysis will be available.

4.2.2.4.1.6 Analysis of the Horizontal Baiile

The horizontal baffle is available only as a schematic.
The final design is scheduled for completion in 1979, at which time
the final structural analysis will be available.

4.2.2.4.1.7 Upper Internals Structure

This section presents the analysis performed in support of
the final design of the Upper Internals Structure (UIS) and used to
demonstrate the adequacy of this component for the expected service
conditions and environment. The adequacy of the design is based
primarily upon meeting the criteria of Section III of the AStiE
Boiler and Pressure Vessel Code including Code Case N-47, and
supplemented by RDT standards F9-4T and F9-5T and special project
structural design rules. A sumary of the components analyzed,
material properties, structural design criteria, mechanical loads,
thermal environment, methods of analysis, and structural analysis
is presented herein.

4.2.2.4.1.7.1 Components Analyzed

The major components of the UIS are ider;iLied in Figure
4.2-45. A brief outline of the functions of the UIS is given in
Section 4.2.2.2.1.7, A list of the components of the UIS analyzed
to demonstrate structural adequacy of the design are:

o Lower Plate and Ligament

e Upper Plate

e Support Columns

e Shear Webs

51 e Core Barrel Key
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e Instrumentation Posts

e Upper and Lower Shroud Tubes

e Chimney Assemblies

e Mixing Chamber Thennal Liners

e IVTM Port Plug

e IVTM Port Plug Cover

4.2.2.4.1.7.2 Material Properties

The ASME Code is the prime source for materials properties.
For material properties not specified in Section III of the code
or applicable code cases the mechanical properties are based on

3
the Nuclear Systems tbterials Handbook TID-26666, RDT Standard
F9-4T, RDT Standard F9-5T or the sources given in Section 4.2.2.3.3.

There are no irradiation effects on the mechanical proper-
ties of Inconel 718 or 316 stainless steel at the highest fluence
levels attained at the end of its 30 year service life. The
maximum fluence level is less than:

21 21 x 10 n/cm

Type 316 stainless steel is a non-age hardenable alloy. Therefore,
no significant changes in strength or hardness should result from

glong term exposures at temperatures up to 1100 F. Inconel 718 is
an age hardenable alloy, however, the age hardening process does
not result in significant reductions in mechanical properties when
subjected to temperatures up to 1100 F for component lifetimes.
No allowances have been made for the effects of thermal aging
on the properties of either alloy. However, experimental
material properties programs to study the behavior of both alloys
due to the thermal environment and sodium exposure are discussed
in Section 1.5.

The sodium effects of Section 4.2.2.3.3.2.1 are implemented
in creep-fatigue damage evaluations of 316 stainless steel by use
of the following factors.

51 a. Factor Stress Strain Curve (see Table 4.2-31)
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(C+N)
*

K =
N (C+N)

y o

b. Factors on Creep Rupture Strcngth

F= F Fgg gg

F = 1.0 - ['(C+N)g - (C+N)e] ( .000372 + 9.5 x 10-7 )T
NI

F = 1.0 - ( .2127 + 4.75 x 10~4 ) T > 450 CT
NS _

The following definitions apply to the terms in the above factors:

y (C -N) = Yield Strength (Table 4.2-31)c

(C4d)g = Initial Carbon + Nitrogen Content (Assumed)

= 0.12 wt/%

(C+N)e = Equilibirum (Carbon + Nitrogen) Surface Content

T= Temperature in C

Alloy 718 is conservatively treated in the same manner.

51 c. Factors on Primary and Secondary Stress Limits
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The effect of the average C + N content through the thickness of a
section on primary and secondary stress limits was evaluated and
shown to be negligible for the thicknesses and temperatures of the
upper internals structure for 316 stainless steel.

d. Cyclic Hardening

A factor K is applied to alter the stress-strain curve yieldcsurface.

where:

K = (-0.144 + 3.094 A c)l/2 for A c > 0.36%c

If the strain range a c is < 0.36%, then K = 1.0.
c

e. High Cycle Design Fatigue Strength

High cycle thermal fluctuations and flow induced vibration
phenomena require a fatigue strength evaluation of 316 stainless
steel beyond the Code Case N-47 curve limit of 106 cycles.
The Code Case N-47 curve is extrapolated beyond 106 cycles
using a slope on cycles of -0.12 for load controlled situations.
In cases where conditions are strain controlled a special
purpose high-cycle fatigue criterion is used beyond 106 cycles.
This criteria is to limit the allowable total equivalent strain
range to 0.0014 in/in and ig limited to components with
temperatures less than 1100 F. Reductions in this high cycle
fatigue criterion due to mean strain effects are considered.

4.2.2.4.1.7.3 Structural Design Criteria

The portion of the UIS wfthin the reactor vessel operates
at elevated temperatures above 800 F. Under these circumstances the
UIS is classified as an elevated temperature structure and is designed
and analyzed as an ASME - III Code Class 1 component.

Alternate structural design criteria have been adopted in
the cumulative creep-fatigue damage rules of Code Case N-47 and
RDT Standard F9-4. These criteria assume that it compressive hold,
creep rupture damage is 20% as damaging as the damage caused by the
same sustained stress in tension. It applies for austenitic sgainless
steef (Types 304 and 316) at metal temperatures less than 1200 F
(649 C). At times in the duty cycle when sustained stresses are

51 tensile, damage is computed in accordance with Code Case N-47.
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4.2.2.4.1.7.4 Mechanical Loads

Design Loads

The design condition loads are ghe dead weight and pressure.
The design temperature of the UIS is 1220 F.

Normal Loads

During normal operation, the UIS carries no mechanical load
except its own weight and loads due to actuation of the control rod
system. The upper shroud tubes carry the dashpot loads resulting
from the primary control rod scram arrest accelerations, and the
lower shroud tube is designed to react a 19,000 pound upward load
incurred in exercising the control rod breakaway joint.

The UIS is designed to preclude the occurrence of adverse
structural and dynamic effects due to flow induced vibration. Where
possible, the entire structure and its components are designed such
that their natural frequencies do not coincide with any vortex
shedding frequencies. Component mechanical stresses caused by flow
induced vibration are required to meet the limits of-the ASME Boiler
Code Section III and Code Case N-47 for normal conditions to
ascertain structural integrity with regard to fatigue.

During refueling operations, the UIS is raised and lowered
so that the rotating plugs may be positioned to provide access to
various reactor locations. Misalignment of the UIS keys with respect
to the keyways in the CFS will cause loads between the keys and
keyways. Both the normal and frictional force resulting from this
misalignment are considered in the analysis.

Upset Loads

The upset mechanical loads on the UIS are the seismic
input for the operating basis earthquake (0BE). The UIS is designed
for OBE in accord with the criteria described in Section 3.7.

.

Emergency Loads

The UIS is designed to accommodate loads due to loss of
primary holddown (hydraulic balance). Loss of hydraulic balance
is classified as an emergency event and is assumed to occur five
times, but for conservatism it is analyzed as an upset event. The
load application due to loss of hydraulic balance is considered to
be a gradual process in which random core assemblies move upward

51 and contact the UIS.
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O
The UIS is designed to withstand the effects of a safe

shutdown earthquake (SSE). The SSE is a faulted condition; however,
to be conservative, the UIS is designed to satisfy the ASME Code
criteria for emergency conditions when in the operating configura-
tion and subjected to the SSE loads. Seismic input for the SSE
is described in terms of response spectra and is shown in Figures
4.2-67 to 4.2-74. In addition to the response spectra loading,
relative horizontal displacement between the IRP and the core
barrel are considered in the SSE response spectrum analysis of the
UIS during operation.

4.2.2.4.1.7.5 Thermal Environment

Operating conditions for the UIS are specified in a 30 year
histogram using the ASME Code categories of normal, upset, emergency,
and faulted conditions for the mechanical loads and steady state
and transient temperatures. Plant capacity is 75% giving a full
power life of 22.5 years.

Normal Loads

The UIS is designed to accommodate thermal striping during
normal operation. The UIS surfaces directly exposed to thermal
stripping are the instrumentation posts, control rod shroud tubes,
the internal surfaces of the chimneys, and the UIS mixing chamber.
Sodium exiting from the chimneys will subject the support columns

-

to thermal stipping. The frequencies of significant oscillations
vary from 0.5 Hz to 2.0 Hz. For 22.5 full power ye rs and a 1 Hz
frequency the required number of cycles is 7.1 x 108 cycles.

The reactor operating temperature, for long term steady
state effects in a cumulative damage analysis, is based on 2o

gconditions at a reactor coolant outlet temperature of 1000 F.

During refueling operations, which are normal operatiggconditions, the UIS will be at the refueling temperature of 400 F.
Mormal operating temperature transients such as startup and shutdown
are less severe than the upset and emergency events and are
enveloped by them.

Upset and Emergency Loads

Steady state temperaturgs with 2a uncertainties for a reactor
outlet nozzle temperature of 1015 F are used to Fegin transient analysis

51 of UIS components.
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For areas of the lower plate, upper shroud tube and column /
top plate joint, the most severe upset (U) and emergency (E) thermal
transients are uncontrolled rod withdrawal from full power, and loss
of preferred and alternate preferred power. For the lower shroud
tube, the E-16 emergency transient, three loop natural circulation,
is also severe. All other UIS transients are grouped with respect
to severity under these transients. The fluid temperature changes
are les: severe farther from the fuel exit as a result of mixing
with control assembly flow and blanket assembly flow. These other
assemblies also have less severe changes occuring at their exits.
The heat transfer analyses of different areas of the UIS account
for all these differences.

Faulted Loads

Two faulted events are identified in the UIS faulted duty
cycle. Only one occurrence of either of these events is considered.
Faulted events are not considered in cumulative damage calculations.

4.2.2.4.1.7.6 Methods of Analysis

Elastic analysis, simplified inelastic and rigorous in-
elastic analysis have been used to develop the detail design which
meets all its structural requirements.

Computer Codes

The following computer codes are utilized in the heat
transfer and structural analysis of the upper internals structure:

ANSYT

HOTDAMG
WECAN
TAP-A
TRUMP
VARR-II

Descriptions of these computer codes are given in Appendix A.

4.2.2.4.1.7.7 Structural Analysis

The detail rigorous analysis can be divided between gross
analysis and detail part analysis. The following gross analyses
are discussed herein:

Seismic Analysis
Duty Cycle Evaluation

51 Gross Thermal Stress Analysis
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Seismic Analysis

0To perform the seismic analysis of the UIS, a 180 finite
element model of the structure was developed with all of the details
essential to dynamic analysis. Modal analysis of the UIS Model for
both operating and refueling configurations is performed to obtain
natural frequencies and mode shapes.

Seismic Response Spectrum Analysis is used to evaluate
primary stresses in the UIS due to seismic excitation. The analysis
is performed utilizing the CRBRP Seismic Design Criteria and the
dynamic model identified above. Further details are described
in Section 3.7. The displacements were checked to verify that
impact did not occur at close clearance locations. Stresses due to
horizontal support point motion and due to dead weight, are added
by absolute value to response spectrum analysis stresses to give
final values for comparison to the criteria.

Duty Cycle Evaluation

The UIS is subjected to a large number of Upset and Emergency
condition thermal transients. The purpose of the duty cycle evaluation
is to reduce the number of events to be applied in the analysis of
each area of the structure to only one or two events so as to obtain
an equivalent creep and fatigue damage for the entire duty cycle.
In a high temperature component time dependent response and environ-
mental effects become governing factors. Residual stresses, hold-
time between cycles, elastic-plastic strain, cyclic-hardening, and creep /
fatigue interaction must all be properly accounted for. In general,
simplified creep-fatigue damage evaluations have been used to perform
the duty cycle reduction and determine the umbrella transients.

Gross Thermal Stress Analysis

The UIS gross model is generated from,1) shell elements
for the lower and upper plates, shear web and skirt, 2) pipe
elements for the columns, and 3) rigid beam elements to connect
the columns to the plates and shear web. The primary purpose of
the elastic lower plate model is to provide boundary forces for
the more detailed inelastic lower plate model at various times
during the U-18 and U-2b transients (see Appendix B for description of
these transients). Since ~ the entire UIS is included in the model, it is
possible to obtain boundary forces for other components such as the

51 column center region and the column / top plate joint.
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The analysis consists of generating temperatures at various
times in the U-18 and U-2b transients from thermal data obtained
from the gross model thermal / structural interface analysis. These
temperatures are applied to the gross structural model. The forces
produced at the boundaries of the individual components by the
thermal loadings are then applied to the more detailed models of
these components.

Lower Plate Analysis

The main purpose of the lower plate inelastic thermal stres-
analysis is to, 1) provide nodal forces for the ligament analysis due
to the U-2b and U-18 transients, 2) ascertain adequacy of the lower
plate to react the loss of hydraulic holddown 16ad, and 3) determine
if the lower plate satisfies the ratcheting criteria.

The boundary forces are obtained from the UIS gross structural
model analysis together with temperatures provided by T/H Analysis.

Lower Plate Ligament Analysis

The critical lower plate ligament is analyzed for the steady
state, the critical themal transient and the applied interaction
loads from the lower plate model. A 3-D finite element model is
used in the analysis. The results are then compared to the allowables
to determine the lifetime of the lower plate.

Upper Plate Analysis

The upper plate overall stresses are evaluated in the analysis
of the gross model. A 2-D finite element model of this area is used
and transient solutions obtained for both the U-2b and U-18 transients.
In addition, the seismic stresses and steady state thermal stresses
from the gross model were superiroosed on the detail model.

Column Center Region

The creep-fatigue damage in the column center region due
to the critical transient combined with the seismic loads was calcu-
lated. Inelastic stress analysis is performed with a through
thici ness 1-D model applying the critical themal transient combined
with the highest possible seismic load.

Shear Webs

The shear web and its attachment to the lower and upper plates
51

have been considered in the gross model.

4.2-218
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Core Barrel Key

The core barrel key is included in the gross model used for
seismic analysis. In addition, detailed creep-fatigue analysis of
the Haynes 273 hardfccing on the keys is performed using the
results from a 3-D fialte element model. The thermal stress
analysis is based on te critical transient. The creep-fatigue
evaluation used a fatig Je curve derived from monotonic tensile
properties using the " Method of Universal Slopes". Additional
structural reliability was generated by a test program which
included both low cycle fatigue due to reactor transients and
high cycle fatigue due to normal load fluctuations.

Instrumentation Post

The analysis of the instrumentation post considers steady
state and U-2b, U-18 and E-16 transient thermal loadings, striping,
seismic conditions, loss of hydraulic holddown loads, and loads
induced in the instrumentation posts by bowing of the UIS lower
plate liners. Appropriate 2-D finite element models are used to
represent different portions of the post.

Upper and Lower Shroud Tubes

The upper and lower shroud tubes are both Inconel 718 due
to the severe steady state and striping environments. The lower
shroud tubes are double wall construction in order to minimize the
thermal stresses induced by the severe steady state gradients.
These thermal loadings have been defined through the use of small
scale thermal hydraulic models. The results of the thermal stress
analysis considering both reactor transients and the interference
fit between the mating tubes shows an acceptable creep-fatigue
damage. These analyses are performed using 2-D finite element
models and elastic analysis.

Chimney Assemblies

The Inconel 718 chimney shell was analyzed for steady
state and transient conditions. The critical part of the assembly
is the spider forging which was analyzed using a 3D finite element
model for both steady state and thermal transients.

Mixing Chamber Thermal Liners

The mixing chamber thermal liners are Inconel 718 and
are analyzed for the steady state and transient environment using
simplified analysis techniques. In general, these parts have low

51
cumulative damage by comparison to other parts.
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IVTM Port Plug and IVTM Port Plug Cover

The principal loadings for the IVTM Port Plug and IVTM
Port Plug Cover are due to seismic events. Dynamic analysis using
finite element models is performed for this condition and the
results have been used to design the attachments to the reactor

51 head.
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4.2.2.4.1.8 Core Restraint System Analysis e4.2.2.4.1.8.1 Summary of Results

Bowing oatterns have been determined for a radial row of reactor assem-
blies exposed to equilibrium cycle thermal and physics environments. Assump-
tions used in the analysis were made to predict maximum bowing displacements.
Bowing patterns were calculated for at-power and refueling conditions over a
two cycle period.

Using conservative bowing displacement results and conservatively
nominal values of radial reactivity worth coefficients, the maximum
bowing reactivity addition during a hypothetical stick-slip event is
estimated at 60c.

Reactor assembly bowing results in a reactivity feedbac.? which
varies nonlinearly with power to flow ratio. This feedback may be positive
or negative below a power to flow ratio of 0.7 but is always negative above
0.7 power to flow ratio. The magnitude of the predicted positive bowing
reactivity change is a function of the interassembly gap dimension,
irradiation creep and swelling in the assembly ducts nuclear and thermal
parameters and their uncertainties.

The magnitude of the bowing reactivity effects the conservatism

in the analytical modeling, hat the core restraint reactf~vity requirements
and the latitude in adjusting the core restraint

system parameters suggest t51
of paragraph 4.2.2.1.1.8(a) through (c) can be met.

42

Since the present two-dimensional bowina model does not account for
circumferential load effects and radial-circumferential load interactions,

estimation of withdrawal loads is difficult. However, first approximations of
the withdrawal loads based on the current row model fall below the 1000-lb
refueling requirement for fuel assemblies.

Duct-to-duct contact is predicted to occur between adjacent fuel assem-
blies in the rina of fuel assemblies surrounding a control assembly, particu-
larly the central control assembly, during the second cycle of fuel assembly
burnup. Duct contact would occur on a local basis. The requirement for no

general duct-to-duct contact appears to be satisfied. However, the consequences
of local duct-to-duct contact will have to be determined.

4.2.2.4.1.8.2 Material Properties

The analyses of this section utilize material properties found in
Reference 1. The irradiation swelling and creep correlations utilized in the
analysis were based on the nominal forms of the recommended equations in
Figures 4.2-3 and 4.2-4.
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9
4.2.2.4.1.8.3 Analysis of Assembly Bowing and Duct Dilation

Core restraint analyses were performed using the ANSYS general purpose
finite element analysis program. The structures which were simulated were
modeled with appcopriate elements from the library of finite elements. One of
these, the two-dimensional plastic beam (thin-walled pipe) element, was adapted
to simulate the effects of irradiation,swellina and creep per
paragraph 4.2.2.4.3.2.
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A two-dimensional model representing a row of assemblies extending from
the centar of the core to the outer-most removable shielding assembly was <on-
structed. The elevation and plan views of the modeled row are shown in
Figures 4.2-84 and 4.2-85.

A two-dimensional model of a symmetric section of hex duct was also
simulated in order to investigate assembly duct dilation effects. The ANSYS
two-dimensional plastic beam element was used for this analysis. The model
together with the associated boundary effects is shown in Figure 4.2-86.

Assembly duct temperature data and neutron flux data for the bowing and
dilation models were derived from thermal and physics data samples of which are
shown in Section 4.4.3.3, " Core Thermal Performance," and Section 4.3.2.9,
" Vessel Irradiation." Representative temperature and neutron flux data for the
row model at the core midplane location is shown in Fiqure 4.2-87. These data
were applied over a time period corresponding to two cycles of reactor operation
to determine the thermal, irradiation swelling, and creep. bowing response of
the modaled assemblies. Examples of assembly bowing crofiles and interassembly
loads are presented in Figures 4.2-88 through 4.2-92 for the followinq condi-
tions in the operating cycle:

1. At power, start of cycle, fresh fuel.

2. At power, erid of first cycle.

3. At refueling temperature, end of first cycle.

4. At power, end of second cycle.

5. At refueling temperature, end of second cycle.

Assembly Bowing Patterns

Assembly bowing profiles based on the previously described model are
shown in Figures 4.2-88 through 4.2 o'' Pertinent assumptions which influenced
the degree of predicted bowing were.

1. The above core load pads were assumed to have the compliance (or
inversely: stiffness) associated with loading on two opposite
faces.

2. No porosity or residual gaps were assumed to remain when the reac-
tor assemblies bowed inwardly to a more compact configuration.

3. Reference design gaps were chosen at the former rina locations
51 | (ACLP gap = 0.060 in., TLP gap = 1.20 in.).

Assumptions 1 and 2 were applied to maximize the predicted bowing dis-
placements. Also influencing the bowing profiles were the effects of irradia-
tion swc11ing and creen. The effect of irradiation creep was to relax loads
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caused by on power thermal bows, while swelling acted to bow the assemblies in
the direction of increasing lateral thermal gradient. Whereas irradiation
creep effects occur almost immediately, a delay or incubation period was
required before swelling effects became pronounced. For the F6 assembly,
swelling became significant during the second cycle of operation (compare
Figures 4.2-89 and 4.2-91).

Sudden Core Radial Mation

In evaluating bowing reactivity associated with the so-called stick-slip
event, nominal reactivity worth data in Table 4.3-15 was used in conjunction

431 with the bowing displacements shown in Figure 4.2-88 through 4.2-92. This
approach is considered to represent a conservative basis for the evaluation of
this event, enveloping the uncertainties associated with the radial reactivity42
coe f ficients .

In the analysis of the stick-slip event it was assumed the assembly
load pads stick in the positions thev occupy in the refuelino condition (Fig-ure 4.2-90). In this operational state the high worth cuter core and radial
blanket assemblies are bowed outward to the greatest extent. Following reactor
startup, with the reactor operating at unity power / flow ratio, the assemblies

This results in a step reactivity insertion of approximately 60c.are assumed to slip instantaneously to their on-oower locations (Figure 4.2-89).Such anoccurrence is considered to be extremely unlikely. When the assemblies are
bowed out, circumferential gaps exist between the load pads of adjacent assem-blies in a given row.

Consequently, no mechanism exists for holding the
assemblies out when the lateral temperature gradients, applied during a reactorstartup, act to bow the assemblies inward.
calculated can be tolerated without exceeding fuel damage limits. Step insertions of the magnitude
tion 15.2.2.2, " Sudden Core Radial Movement," for further information onSee Sec-

42 this event.

42
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Reactor Assembly Bowing Reactivity

During a change in reactor power to ficw ratio, temperature gradients
develop across assembly ducts, causing the assemblies to bow. Lateral
motions of the core regions of these assemblies result in a reactivity change
which is referred to as reactor assembly bowing reactivity. This reactivity
change differs from those discussed in the previous paragraph in that they
derive from duct temperature changes as opposed to externally applied seismic
forces or the release of frictional forces at the assembly load planes.

Figure 4.2-92a depicts the row average assembly bowing patterns and
corresponding reactivity effects that develop during a power to flow ratio
transition. At near-zero power to flow ratios, the assemblies tend to bow
freely within the constraints of the interassembly and peripheral load plane
gaps. The presence of a peripheral gap at the TLP core former ring permits
a net outward motion of the core region of the outer core fuel and radial
blanket assemblies producing a negative reactivity effect as shown for the
0.2 power to flow ratio pattern. Reference to Tables 3.2-12 through 15 shows
that these assemblies have the highest radial reactivity worth. In Figure
4.2-92a, these rows are indicated by F5 through B2. When the closure of
TLP gaps from the outer blanket rows to TLP core former ring prevent further
outward motion, the core regions of the outer core fuel and radial blanket
assemblies bow inward as shown for the 0.4 power to flow ratio pattern.

The net inward motion of the fuel and radial blanket assemblies
continues until the ACLP gaps close from the center of the core to the
radial blanket rows. During this phase the bowing reactivity contribution
is positive. Subsequent increases in power to flow ratio result in more
complex S-shape bowing patteras and a net outward motion of the active core
regions of the high worth fuel and radial blanket assemblie7. During this
phase, the bowing reactivity contribution is negative as depicted for the
power to flow ratio equal to 1.0 pattern in Figure 4.2-92a.

43 | Figure 4.2-92b shows the bowing reactivity characteristics which are
predicted for various assumptions relative to nJclear and thermal data and
core compaction behavior. In this figure the nominal bowing curves refer to
cases in which nominal thermal and nuclear data were utilized. Interassembly
gaps were reduced from nominal dimensions in the model in order to demon-
strate the effect of tolerances and other non-compaction effects which are
expected to be present in the operating reactor core array. Differences
between the ECC L and BOCL patterns are attributable to irradiation effects
which result in the outer core fuel and radial blanket assemblies being
displaced outward at zero pwer to flow ratio. On a subsequent power to
flow transition, these assembi es traverse inwardly to a greater extent than
on initially straight assemblics (BOCL) before the fuel and blanket assembly
ACLP gaps are closed. Therefore a larger bowing reactivity swing is obtained.

The application of maximum duct temperature and nuclear uncertainties
42 together with assuming ideal compaction behavior of the core array results in
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the maximum bowing prediction shown in Figure 4.2-92b. This curve represents
a worst case prediction of positive bowing reactivity effects which are ex-
pected during a power to flos transition. This curve, when combined with
minimum compensating negative reactivity effects such as the Doppler
effect,is the basis for the reactivity feedback evaluations which are pro-
vided in Sections 4.3.2.8, Reactor Stability, 7.7.1.2, Reactor Control System
and 15.1.4.5, Reactor Assembly Bowing Reactivity Considerations.

These evaluations show that core restraint requirement 4.2.2.1.2.8-1
43 | 42 is satisfied.

Withdrawal Loads at Refueling

The withdrawal loads at refueling cannot be directly obtained from the
current two-dimensional row model results. This is mainly due to the fe;t that
circumferential loads and their impact on radial loads are not calculated.
Uncertainties in the frictional coefficients at load pad contact points add to
the difficulty in predicting withdrawal loads. Further, as a comparison of
Figures 4.2-90 and 4.2-92 shows, a load buildup occurs between the first and
second cycle due to irradiation swelling. Analyses to date have been performed
for nominal swelling only, thus the uncertainty in swelling effect has yet to
be considered. Refined analyses Mich incorporate circumferential loading
effects and consider the uncertainties in irradiation swelling and friction
coefficients are planned. For the present, estimates of the refueling with-
drawal loads are based on the following equation using row model results.

FD * E' INi + F

where FD is the withdrawal load, Fgi are the normal loads acting on the assem-
bly at refueling temperature, p is an average friction coefficient assumed to
be 0.4, and F is the assembly weight in sodium taken as 387 lb. The maximumw
withdrawal load is 564 lb for the F3 assembly (Figure 4.2-92). This compares
favorably with the 1000-lb maximum withdrawal load requirement for fuel
assemblies.

Duct-to-Duct Contact

The potential for duct-to-duct contact between adjacent assemblies
was also analyzed. This was done by combining the results of assembly bowing
and duct dilation analyses. Table 4.2-34 summarizes the dilation behavior of
selected assembly duct faces. The above results are not sufficient, however,
to account for duct-to-duct contact. Circumferential bowing characteristics
must also be considered. For example, Fiaures 4.2-88 through 4.2-92 show that
the fuel assemblies adjacent to a control assembly tend to bow toward that
control assembly below the ACLP. If the behavior of fuel assemblies off the
plane of analysis are considered, these also would tend to bow toward the con-
trol assemblies. Contact, if it occ m . however, is likely to be betwee.n
adjacent fuel assemblies in the row of fuel assemblies surrounding a given
control assembly. Present results indicate such contact would occur during
the second cycle of operation, between fuel assemblies in the ring surrounding
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the central control assembly given that the fuel assemblies have similar burnup
performance. No general condition of duct-to-duct contact appears to exist but
further study is underway to predict the manner in which duct-to-duct contact
occurs and the consequences of its occurrence.

Conclusions and Future Work

Bowing reactivity effects are conservatively predicted by current analy-
tical models. The results shown indicate that reactivity related core restraint

42| requirement of Section 4.2.2.1.1.8c can be met.

Assembly interaction effects make verification of duct withdrawal and
42| duct contact requirement difficult to predict with present models. However,

present estimates indicate that this requirement can be met.

There are several areas which have to be better defined in order to
provide positive verification of the core restraint system requirements. These
include:

1. Assembly interaction effects - The next stage of analysis calls for
model developments which will incorporate circumferential as well
as radial interaction effects.

2. Irradiation Creep and Swelling - The sensitivity of the core
restraint system perfonnance to the uncertainties in the correla-
tions for irradiation creep and swelling will be examined.

3. Other times in operating life - The current analysis is based on
equilibrium cycle. Future analyses will consider the first cycle
and transitional cycles between first and equilibrium cycle.

4. Fuel Management - The implications on core restraint performance
of a mix of assemblies in various stages of burnup will be
examined.

5. Duct-to-Duct Contact - The mode of local duct-to-duct contact
together with its implications on assembly performance will be
examined.

4.2.2.4.1.9 Removable Radial Shielding (RRS)

The removable radial shielding is in a preliminary phase of design;
thus, stress analysis taking into account the effects of environmental condi-
tions has not yet been completed. Analysis will be conducted on the follow-
ing considerations: thermal stresses and strains, refueling and handling
stresses, strain limits for brittle material, and effects of irradiation-
induced swelling and creep on the core restraint system.
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Preliminary thermal analysis has shown the maximum RRS temperature to
be less than 920 F when cooled with bypass flow by natural circulation. Thus,
it appears that bypass flow will provide adequate cooling.

More detailed analysis is now in nroaress in both the thermal and stress
categories.

Shieldina analysis, to date, has shown a solid volume fraction of at
least 80% 316 stainless steel is required to meet ductility requirements on the
fixed radial shielding and core barrel . This solid volume fraction is compati-
ble with coolant channel volume requirements for adequate coolina.

4.2.2.5 Welding and Seizing of Reactor Internal Parts

The design considerations for welding and seizing of rotating or
moving parts for reactor internals are presented in Table 4.2-64. 25

4.2.3 Reactivity Control Systems

The mechanical designs of the reactivity control systems consist af the
primary control rod system (PCRS) and the secondary control rod system (SCRS).
Each mechanical system consists of a control rod drive me:hanism (PCRDM for
primary, SCRDM for secondary) mounted on the top of the reactor vessel closure

| head; a control rod driveline (PCRD for primary, SCRD for secondary) bly VCAconnecting51
the mechanism to the absorber in the core region; and a control assem
for primary, SCA for secondary) located in the core region. The control assem-
bly consists of a movable absorber pin bundle called the control rod and an
outer duct assembly.

These control rod systems perform the following functions upon signal
from the Instrumentation and Control Systems:

Primary Control Rod System

1. Provide the primary shutdown (scram) system for the off-normal
conditions.

2. Provide normal operational control.

3. Provide normal reactor startup and shutdown reactivity control.

4. Provide additional margir for control in the event of any antici-
pated reactivity fault.

Secondary Control Rod System

1. Provide the secondary shutdown system for off-normal conditions.

2. Provide reactor shutdown independent of the primary system.

3. Provide additional margin for control in the event of any antici-
pated reactivity fault.

-
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Primary Control Rod System Codes

The analytical codes being used to evaluate and verify the design of the
primary control rods are as follows:

1) THI-3D; Steady-State Thernal-Hydraulic Multichannel Analysis.

2) COBRA; Steady State and Transient Thermal-Hydraulic Analysis
of Rod Bundle Elements.

3) FORE-II; Transient Thermal-Hydraulic Analysis.

4) CRSSA; Thermal-Hydraulic and Mechanical Analyses over the Primary
Control Assembly Lifetime.

5) CRAB; Steady State Hydraulic and Scram Dynamics Analyses of the
Primary Control Assembly

A brief description of each of these codes is presentec in Appendix A,
" Computer Codes of the PSAR". 16

9
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4.2.3.1 Design Basis

4.2.3.1.1 General Safety Design Criteria

The General Safety Design Criteria are discussed in detail in
Section 3.1.3, subsection III, Protection and Reactivity Control Systems,
and are outlined here for completeness. Specific criteria which are a
part of the design basis for the reactivity control systems mechanical
components are:

1. Criterion 20 - Protection System Independence

2. Criterion 21 - Protection System Failure Modes

3. Criterion 23 - Protection System Requirements for Reactivity
Control Malfunctions

4. Criterion 24 - Reactivity Control System Redundancy and Capability

5. Criterion 25 - Combined Reactivity Control Systems Capability
51

These criteria are augmented by the following requirements:

1. The speed of response of the control rod system, acting as part of
the Plant Protection System, shall be sufficient to assure that the
Damage Severity Limits of Table 4.2-35 are not exceeded. Specific
requirements for speed of response are presented in Section 4.2.2.1.3.

The allowable damage limits are related to the frequency of the
transient condition so that anticipated events do not lead to a
reduction in the effective fuel lifetime. RDT Standard C16-lT,
Dec.1969, is used as the basis for the primary control rod system
damage severity limits, without a stuck rod. (See Table 4.2-35.) To
provide conservative plant protection, the same primary system
damage limits are required to be satisfied under the assumption
of a stuck rod. The primary system has the function of limiting
fuel damage to design limits for anticipated events. Failure of
the primary system is an extremely unlikely event. Consequently,
the secondary system, which is needed for shutdown only if the
primary system fails, need only limit damage to the major incident
limit of an extremely unlikely fault. For additional conservatism
in limiting plant damage for an anticipated event, the limits of
Table 4.2-35 require only minor incident damage for the secondary
system. The combined probability of an extremely unlikely fault
event concurrent with failure of the primary system is exceedingly
low and is not applied as a design basis.
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2. For an Operational Basis Earthquake (OBE), an anticipated fault,
both control rod systems shall be capable of functioning,
including reactor scram, both during and after the earthquake.
Reactor shutdown shall be achieved assuming loss of offsite

51 | power and/or a step reactivity insertion (maximum of 304) coincident
with the earthquake (concurrent events defined as an unlikely
fault) without exceeding the damage severity limits of a minor
incident for primary system shutdown and of a major incident
for secondary system shutdown.

For a Safe Shutdown Earthquake (SSE) (extremely unlikely fault),
either control rod system shall be capable of shutting down the
reactor during the earthquake but is not required to function
after the earthquake other than passively assuring that shutdown
is maintained. Reactor shutdown shall be achieved assuming
concurrent loss of offsite power and a step reactivity insertion

51 (maximum of 604) coincident with the earthquake without exceeding
the damage severity limits of a major incident for both systems.

The requirement fc ?unctioning of the secondary system in an SSE
provides an additional protective margin beyond that of Table
4.2-35.

3. No electric or other external (to the mechanical control rod
system) power shall be required for a scram of any control rod.

4.2.3.1.2 Control Rod System Clearances

The specific goal in establishing control rod system clearances
is to ensure safe and reliable shutdown and control capability for the
reactor. To this end, the basis for c stablishing clearances fall into
the following general categories:

Limit scram retarding forces resulting from misalignment
of components.

Limit scram retarding forces resulting from material effects
from thermal, radiation, and other environmental characteristics.

Assure normal operation of the control rod systems under
misaligned and environmental conditions.

Control Systems clearance requirements and their bases are
sunmarized in Table 4.2-36.

4.2.3.1.3 Mechanical Insertion Requirements,

This section describes mechanical insertion requirements with
regard to scram speed of response, alignment requirements, scram arrest,
normal insertion and withdrawal speeds, and coefficient of friction
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Scram Speed of Response

The minimum scram speeds of response for the control rod systens
are as follows:

1. The primary and secondary control rod systems shall satisfy
the scram insertion speed requirements of Figure 4.2-93 and
Figure 4.2-94, respectively.

:. Figure 4.2-93 includes 0.1 second unlatch time delay between
start of CRDM stator current decay and start of the primary
control rod motion. Figure 4.2-94 includes 0.1 seconds unlatch
time delay between current interruption to the solenoid valves
and start of secondary control rod motion. For preliminary
Plant Protection System transient evaluation, a 0.2 second
overall scram delay (see Sections 15.2 and 7.2.1.2.3) has been
assumed. This scram delay includes PPS logic, scram breaker
and the unlatch time delay leaving sufficient margin on
verall PPS response time to assure conservative analysis.46

3. The control rod systens shall include limit stops to assure
that the control rods cannot be withdrawn above the design
basis maximum withdrawal stroke. The control rod drive
mechanisms shall limit driveline and control rod withdrawal,
when the driveline and control rod are coupled, to a value
of 37.5 inches for the primary system and to a position such

46 that the absorber operating position is above the fuel and
upper olanket interface for the SCRS. The minimum withdrawal
position shall be developed to ensure insertion requirements
are met for the secondary system. Scram speed requirements
shall be satisfied for fully withdrawn control rods assumed
to be at the maximum withdrawal position.

36 1
4. Once the scram signal has been input to the control rod

systems, there shall be no way to over-ride or countermand the
signal or to delay completion of the scram cycle.

The scram requirements of Figures 4.2-93 and 4.2-94 are preliminary
values that represent the minimum insertion speeds required to
assure that the damage severity limite of Table 4.2-35 are not
exceeded for all design basis transients. Iterative transient
evaluations such as for the transient evaluated in Chapters 15.1
and 15.3 of this PSAR have led to the specified minimum insertion
rates. Anticipated transients such as the loss of offsite power
have been particularly influential in establishing the requirements

46 of Figure 4.2-93 and 4.2-94.
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These requirements are to be satisfied under all potential control
rod positions within the design limits established by requirement
3 above and within worst case positional uncertainties for banked
primary system control rods. The nominal delay times of 0.1 second
for requirement 2 are specified for consistency with the insertion
speeds. Potential tradeoffs between the delay time and insertion
speed requirenents may be made while assuring that the overall
insertion time requirements are met.

Scram during a seismic event is not specifically required unless an
event coincident with or caused by the earthquake leads to a reactor
trip requirement. The seismic speed of response requirements of

46| Figures 4.2-93 end 4.2-94 are preliminary values to assure that the
appropriate damage limits are not exceeded for the infrequent ;eismic
event. The specific seismic scram requirements of Section 4.2.3.1.1
lead to a slightly slower speed of response for the OBE than for the
non-seismic events in the case of the PCRS (see Fig. 4.2-93), but

46 coincidentally equal speed of response for both OBE and non-seismic
events in the case of the SCRS (see Fig. 4.2-94). For the SSE,
which is an extremely unlikely fault, the higher allowable damage
severity limit (see Table 4.2-35) permits the slightly slower

46|
speed of response requirements given in Figures 4.2-93 and 4.2-94
for the SSE. For the secondary system, major incident damage limits
apply to both OBE and SSE.

The required insertion speeds for full power and low power or low
46| flow transients are shown in Figures 4.2-93 and 4.2-94 The speed

of the PCRS is only slightly dependent on flow with insertion speeds
tending to increase with decreasing flow rates. The minimum PCRS
worth available for shutdown is slightly smaller at low power due
to the increred rod insertion required to compensate the negative
power coefficient between zero and full power. Thus, the speed
of response requirements for the PCRS in Figure 4.2-93 reflect only
the difference in total reactivity assured for reactor shutdown

(see Section 4.2.3.3.1.3).

The SCRS utilizes hydraulic scram assist for which the inserticn
46| speeds tend to decrease with lower flow rates. Therefore, a

specific requirement for low flow speed of response has been
developed for the SCRS based on satisfying appropriate damage
limits for low power initiated transients. The requirements have
been specified for 40% flow on the basis ti at plant operating
procedures specify a minimum of 40% flow for low power operation
and approach to critical startup procedures.
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The upper limit on control rod travel is required to prevent
the absorber region of the control rod from accidentally being separated
from the fueled core region by a gap exceeding the design bases. If a
scram were called for when a largr gap existed, a longer delay time
would result before the control rod entered the core. Operation above
the specified withdrawal limit is to be prevented by appropriate
mechanism and control assembly design limits. The mechanical limit
stop may be an upper stop in the control assembly preventing further
withdrawal of the control rod or an electrical limit switch which the
operator can not bypass during operation.

Misalignment

The control rod systems shall be capable of satisfying all
normal operation and scram insertion requirements innder the maximum
misalignment design conditions given in Figure 4.2-95B. Misalignment
causes drag forces which tend to hibit rod insertion. Consequently,
the control rod systems must be designad to meet minimum scram
requirements under maximum misalignmer : conditions.
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Figures 4.2-95A and B provide schematics of the reactor system
static misalignment sources (and their magnitudes) that can produce
mechanical contact causing scram retarding drag forces. This schematic
illustrates that the major sources of misalignment are the accumulation
of fabrication talerances in the reactor vessel closure head which
limit the accuracy of lateral and angular location of the CRDM nozzle
with respect to the reactor vessel reference centerline, and the accu-
mulation of core component inter-assembly clearances that permit mis-
positioning of the control assembly handling sockets with respect to
the reactor vessel reference centerline. The total misalignment drag
forces resulting at these locations must be consistent with the
insertion requirements and the available scram forces. The actual
operational misalignments of the various components of the reactor
system will be within the envelope defined by the magnitude of
Figures 4.2-95A and B; however, the magnitudes ard the orientations
of these individual misalignment sources may be randomly distributed
within this available envelope for each individual control rod location.

Scram Assist

The control rod systems shall provide scram assist features
to enhance the scram speed of response.

The primary system provides a spring scram assist over approx-
imately the first 27 .nches vi travel from the fully withdrawn position,

51 witn a 362 lb minimum force at the fully withdrawn position. The
secondary system scram assist initially provides approximately 345 lb
hydraulically applied at nominal full flow conditions. This ensures
that the scram requirements will be met for the SCRS.

A scram assist feature improves the shutdown system safety
aspects in two ways. First, the scram speed is improved from the greater
unbalanced force provided by the scram assist. Second, scram stroke
completion is more positively assured because a greater dreg hrce
would be needed to stop the control rod than for a gravity only scram.

| A scram assist active over approximately 27 in from the fully withdrawn
51

position provides positive force over sufficient distances to insert
the absorb.er into the high reac, 'ty worth region beyond the core
midplane.

Insertion and Withdrawal Speeds

1. The design withdrawal speeds for the control rod systems shall
assure conservatively small rates of reactivity insertion and
the maximum withdrawal capability of the mechanisms, in case of
overspeed signal from the controller, shall assure that the
rate of reactivity insertion is less than 30g'/sec.
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a) The PCRS maximum withdrawal and insert:on rates have been con-
servatively established as 9 in. per minute maximum design

| speed, and 73 in. per minute for the maximum speed limitel
in the event of an overspeed signal from the controller.

b) The SCRS withdrawal and insertion rates have been conserva-
tively established as 9 inches per minute for the design
speed and 20 inches per miniute for the limiting mechanism
capability in the event of an overspeed signal from the
controller.

2. The PCRDM shall be designed for selectable rod movements between
0.36 and 9.0 inches per minute to accomplish the normal opera-
tional reactivity control functions related to plant load follow,
burnup compensation, startup and normal shutdown, with incre-
mental steps of 0.025 inches in order to provide fine resolution
reactivity control.

The maximum design basis withdrawal speeds of 9 inch per minute
for both the PCRDM and the SCRDM have been selected to assure
maximum reactivity insertion rates of only a few cents per second.
This speed assures that ample time exists for reactor shutdown
response before a large reactivity insertion can occur even in
the event of an uncontrolled rod withdrawal. For the very un-
likely event of an overspeed signal from the controller, the
maximum PCRDM speed limit restricts the maximum reactivity insertion
rate to approximately 33t/second, which is well within the Plant
Protection System capability.

The 0.025 inch incremental step size (applicable to PCRS) is based
on the requirement to have the magnitude of the incremental
worth adjustment significantly less than the total dead band
of the power controller. The controller dead band is 1% at full
power and the power coefficient is such that approximately 2.04
worth is equivalent to 1% at full power. The maximum primary
control rod worth is less than $3.53 which corresponds to an
average reactivity of approximately 16t worth per inch. The
0.025 inch incremental centrol rod step size in combination with
the 164 average worth per inch leads to a linear reactivity
resolution of 0.406 worth per control rod step which is signifi-

51 cantly less than the 4.0t worth of the controller dead band.

Insertion and Withdrawal Forces

1. To provide extra shutdown margin for the reactors, each control
rod system shall provide a minimum insertion force capability
for a 1000 lb. force applied to the control rod in atter.ipt to
free a stuck rod by driving in with the mechanism.

* '
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2. Each control rod system shall provide a minimum withdrawal force
capability to assure control rod withdrawal under worst case
assumptions of alignment, drag forces, flow conditions and duct
bowing.

3. The control rod systems shall be designed to assure that the
control rods cannot be significantly lifted (floated) from the
fully inserted position under maximum control assembly pressure
drop conditions. This requirement shall apply to all rods in
each system with the driveline connected to the control rod or
to refueling conditions for which the driveline is disconnected
and withdrawn to its refueling position. Significant lif ting is
defined as the withdrawal distance that would reduce shutdown
reactivity margins by more than the excess margin provided by
the stuck rod requirement used to establish rod worths.

The above reactivity limit on rod lifting defines limits on rod
motions that might occur as a result of inadvertent flow rate
increases with the drivelines disconnected, even if full flow is
initiated in the shutdown refueling condition. (However, it is
noted that to initiate full flow in this condition would require
multiple operator errors and the vnlation of interlocks).

4. Each control rod system design shall provide capability, as a non-51
routine operation, of permitt:ng refuelir.'' withimwal of the
driveline and replacement of the control assembly in the event
of failure of the driveline coupling to release the control rod,
or a control rod stuck in any position.

A primary control rod stuck in the withdrawn position, or a
coupling failure would prohibit the rotation of the reactor
closure head required for normal refueling operations. This
requirement is to provide capability for an abnormal operation
permitting appropriate separation of the driveline and control
rod.

Coefficients of Friction

Scram insertion speeds shall be assured for a coefficient
of friction of 1.5 for sliding contact and 1.0 for dynamic impact
contact (such as in a seismic event), other values as established
by appropriate test programs.

Seismic excitation of the reactor system results in the
structure surrounding the control rod and absorber and driveline being

51 I subjected to dynamic lateral displacements. The result of this exci-
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tation is that the surrounding structure impacts the driveline and
absorber at the guide points, thereby generating impulsive lateral
interaction loads which characteristically exist for less than a
millisecond. Immediately prior to the impact the surface of both
components is bathed in sodium. In the brief period of impulsive
leading, hydrodynamic forces generated in the sodium trapped between
the contacting mm'ers are predicted to be such that complete expulsions

of the sodium fi.m will not occur. The sodium remaining will act
as a lubrication film, with the result that the effective coefficient
of friction between the contacting components is expected to be
substantially less than 1.0.

Coefficient of sliding friction test data from past and on-
going tests indicates that fricticn coefficients for the material

couples occurring in the control rod systems are substantially below
1.5 (Ref. 40). These tests were performed using a pin slider on a

51 flat plate under steady loading.

Justification of the use of 1.5 as the upper limit of friction
coefficient follows. Table 4.2-36A provides a summary of the friction
data contained in references 79 through 94.

Table 1 - 16, Sheets 15, 16 and 17, from Ref. 82 and Table 9,
Sheets 11 and 12 from Ref. 79 are provided as Tables 4.2-36B and 36C,
respectively, to show how data from different sources is analyzed
and used to provide the summary in Table 4.2-36A. The couple of
interest in Tables 4.2-36B and 36C is Inconel 718/Inconel 718, but
all couples, different test parameters, and sources of data are
analyzed in the same manner. Data cn a particular couple was
analyzed using probability analysis and assuming a normal distribution.
For the data in Table 4.2-36B, the maximum observed dynamic friction in
each row is used as an observatign at a gigen temperature (the range
of temperatures extends from 400 F to ll60 F; the typical operatingrange for CRBR). For the data in Table 4.2-36C, the initial and final
coefficient of sliding friction is used as an observation at a given
tempera ture. It should be noted that the data is summarized differently
in different tables and the most conservative approach is used, viz.,
maximum observed values are used when available as in Table 4.2-36B
and initial and final values when available as in Table 4.2-36C. Thecombining these sources and other sources of data, a nonnal distribu-
tion with a mean and standard deviation is obtained for a given
couple over the CRBR operating range. For the Inconel 718 vs. itself,
there is data from ETEC that can be segrated to provide a distribution
with a higher mean than the remainder of the Inconel 718 data. The
data has been presented in combination and separated as shown in
Table 4.2-36A. Additional friction tests are being conducted to
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resolve the apparent discrepancy in the tMEC data. Utilizing the avail-
able friction data in this manner provides a conservative estimate of
the friction probability because: (1) temperature to temperature
variations are included in the distribution (standard deviations are
greater) and the calculated upper three sigma limit is higher than
the actual limit; (2)besides temperature, all other interacting and
independent variables (contact pressure, contact velocity, etc.) are
included in the analysis to provide a greater standard deviation; and
(3) the maximum observed friction values or the most conservative
reported values are used rather than the average friction value which
results in using three sigma limit observations to compute the distri-
bution instead of the total number of observations. The analysis is
completed in an identical manner utilizing the data sources in the
same way for each couple with rege.rd to the range of temperature,
contact pressure, contact velocity, and contact area.

Since the data for each couple were obtained over a range of
conditions, the population distribution described by the mean and
standard deviation accounts for all the different operating conditms.
When reviewing the upper three sigma limits of Table 4.2-36A, it should
be noted that the 1.5 value used for a friction coefficient in the
design analysis exceeds the upper three sigma limit of any friction
couple in the table with the possible exception of Inconel 718 on
itself (see footnote of Table 4.2-36A). The table will be updated
in light of more recently available data but no significara deviations
from the friction coefficient data in Table 4.2-36A is expected.

Tests are ongoing to determine the effective coefficients of
friction under dynamic impacting conditions such as would occur between
the PCRS fixed boundaries and the translating elements during a seismic
event. In these tests, the dynamic coefficient of friction is deter-

mined by solution of the equations of motion based on measured impact
loads and drop times of test rods subjected to lateral dynamic exci-
tation. These tests are simplified simulations of the circular PCRS
driveline and hexagonal control rod oscillating within their respective
constraints. To reduce complexity but still retain the principal dynamic
effects on the coefficient of friction, the test articles are a straight
circular rod traveling through three bushings, and a hexagonal rod
traveling in a hexagonal duct. Bushing clearances were chosen to
provide both lateral and rotational impact under lateral dynamic
input similar to PCRS driveline response to seismic excitation. The
hexagonal rod to duct clearances are typical of PCA design clearances.
Material couples are prototypic of the PCRS (i.e. , Inconel 718 on

51 Inconel 718, circular, and Inconel 718 and 316 SS, hexagonal).
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The test media are air, water and liquid sodium. Only the
circular rod is tested in sodium to determine the differences, if any,
between the water and sodium media.

The input is a simple sinusoid at a frequency typical of a PCRS
response frequency to seismic excitation. Different frequencies and
amplitudes are tested. Input is applied to the test vessel simulating
the PCRS fixed boundaries which are excited in an earthquake. Bushing
and hex duct loads are monitored by strain bolts to determine the drop
rod impact magnitudes.

The air and water tests have been completed. Table 4.2-36E
sum irizes the resultant coefficients of friction. It can be seen that
the eynamic coefficient of friction is significantly less than the 1.0

51 vala required in the absence of corroborative test data for a lower value.

Antigaling Characteristics

Table 4.2-36D summarizes the FFTF Prototype Control Rod Systems
Test. Throughout these tests, there were no scram failures and no
galling was found except for a slight effect between the control assembly
wear pads and the outer duct which did not impair the scram performance.
The FFTF Er.vironmental Life Tests exposed the control rods to a simula-
ted reactor environment consisting of liquid sodiug and argog cover gas
with the sodium pool temperatures ranging from 400 F to 1100 F. The
prototypic FFTF CRDM accumulated a total travel of 23,615 feet and
828 v rams, and the CRD/CA disconnect coupling was operated 50 times.
The CRBRP requirements are 17,000 feet of travel and 750 scrams over the

51 30 year life of the CRDM.

Irradiation Stability

As stated in an earlier paragraph, the friction coefficient
was only slightly affected by sodium exposurd and there was no effect
due to irradiation. In addition, the control rod drive mechanism and
the control rod driveline flui 7ces are too low for the radiation to
affect their performance. Core assembly irradiation induced swelling
has been conservatively included in the design process to establish
the clearances for control assembly components.

Based on the above test data, subsequent analysis and utiliza-
tion of this data in the CRBRP design, the operability of the reactivity
control systems and their disassembly after reactor operation seemed
assured. However, to provide the desired assurance, additional testing
described in Section 4.2.3.4 and Appendix C, Section C.5.1.2 has been
established for the CRBRP Primary Control Rod System. These tests will

51 provide additional data regarding the operability of CRBRP at. LMFBR
operating temperatures.
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4.2.3.1.4 Positionina Requirements

The positioning requirements for the control rod systems are:

1. Both the primary and secondary control rod systen shall each
provide two independent position indication systens and a
means for verification of coupling and disconnect between the
driveline and control rod.

2. Each control rod system shall provide capability for measure-
nent of scram insertion times for individual control rods.

3. One of the position indication systems for each control rod
system shall have a minimum indication accuracy of +0.5 inch
for the full-in and full-out position of the controT rods and
+1.25 inches over the full control rod stroke. These accuracies
apply to the positions of the translating assemblies (drivelines)

48 relative to the CRDM housings.

4 One of the primary control rod system position indication
systens shall provide an accuracy of +0.15 inch for the
leadscrew relative to the full insertion position.

5. One of the secondary control rod systen position indication
systems shall provide an accuracy of +0.5 inch at the full-in,
withdrawn operating and refueling positions.

Two independent position indication systems are provided for each
system to give positisa verification of control rod position and a neans
to check operation of each system by comparison with the other system.
These systems are expected to monitor the positions of the control rod
drivelines (leadscrews). Consequently, an additional indicator is
provided to verify connection and disconnection operations between the
driveline and control rod.

Testing capability for control rod scram performance is planned for
all plant conditions between cold shutdown and full power conditions.
Measurements of individual cintrol rod scram insertion times are re-
quired to ensure this capabi.ity and to provide periodic checks for
abnormal control rod perfornance.

Position accuracy of +0.5 inch at full insertion is provided to
verify the fully inserted iiositions for reactor shutdov!n and to assure
insertion positions for control rod disconnect and subsequent refueling
operations. Accuracy in the fully withdrawn position is specified to
assure adequate positioning for potential scrams from the parked posi-
tion. These positions are also used for safety interlocks wi'.h the
reactor control and refuelinq systems.

The primary control rod system is used for establishing criticality
and subsequent power control operations. While the rod position indication

O
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is not fed back directly to the reactor control system, the operator
utilizes the position data to evaluate the plant and to interpret
reproducibility of reactivity control. The relative position indication
accuracy of +0.1 inch leads to reactivity reproducibility of approx-
imately lt for the highest worth rod in the primary system. In
addition, the position indication is utilized for logic interlocks
and alarm as described in Section 7.7.1.3.

4.2.3.1.5 Structural Requirements

Control Rod Drive Mechanisms

The primary and secondary control rod drive mechanisms are
designed to the following classes of components:

1. ASME Boiler and Pressure Vessel Code, Section III,1974 edition,
Class 1. For the primary control rod system, the mechanism
motor tube, motor tube hold-down ring, nozzle extensions and
position indicator housing form a part of the pressure retaining
boundary. For the secondary control rod system, the extension
nozzle, the hold-down ring, the upper portion of the mechanism
housing, and the connector plate form a portion of the pressure
retaining boundary.

2. Seismic Category I. The control rod systems are required to
remain functional and shutdown the reactor in the event of an
SSE. (See Section 3.2.1 for detailed discussion).

3. Safety Class I. The control rod systems are categorized as
Class I because of their control and shutdown functions. (See
Section 3.2.2 for detailed discussion).

The primary control rod drive mechanisms shall be designed to
the load conditions of Table 4.2-37. For these loading conditions,

51 pressure boundary components shall meet the structural requirements of
Section III of the ASME Pressure Vessel Code together with applicable
code cases and amendments to the code by RDT Standards. The portion
of the Secondary Control Rod System that is coded in accordance with
the ASME B&PV code and hence forms a part of the pressure retaining
boundary shall be designed to the load conditions of Table 4.2-37.
The structural requirements of Section III of the ASME Pressure Vessel
Code together with applicable code cases and amendments to the code
by RDT Standards shall be met.

The governing stresses in the mechanism are the time indepen-
dent effects of primary mechanical loads, secondary thermal loads and
fatigue. Use of the methods of these codes together with consideration
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of material effects such as carbon and nitrogen depletion, thermal aging,
and environmental correction factors to account for material interaction
with sodium leads to conservative structural designs of the mechanisms.

The primary and secondary control rod drive mechanisms shall
have a design life of 30 years. This lifetime is consistent with the
design lifetime of the reactor. Sufficient shielding shall be provided
where appropriate to assure adequate strength to meet the structural
criteria over the required lifetime. Interim maintenance will be
required in order to achieve this lifetime.

The PCRDM and SCRDM shall remain structurally intact and
attached to the reactor vessel, and shall not permit sodium leakage
under Structural Margin Beyond Design Basis conditions. (See Section

51 15.1.1.3. ) This requirement provides added margin of safety for an event
for which no causative mechanism is known.

The PCRDM and RCRDM shall be designed such that no mechanical
failure can result in any parts becoming missiles.

Control Rod Driveline

The primary control rod driveline (PCRD) and the secondary
control rod driveline (SCRD) shall meet the intent of the structural
requirements of Section III, ASME Pressure Vessel Code, together with
applicable Code Cases (1592), and amendments by applicable RDT Standards.
The stress and stability criteria for evaluation of the design shall
be as specified in the above codes for all significant loading condi-
tions including those identified in Table 4.2-37. Material physical
property changes due to irradiation, thermal, and sodium environments
shall be considered in evaluating the design.

The ASME Code specifies conservative allowable stresses for
various loads and combinations of loads. The compressive load limit
shall be no greater than 1/3 the buckling stability load of the drive-
line, and the design stress intensity limit shall be the lower of 1/2
ultimate or 2/3 yield stress. Satisfaction of the criteria assures
that conservative margins exist for all conceivable loads including
rod ejection for which no causative mechanism is known.

The design lifetimes of the primary and secondary drivelines
shall be as shown in Table 4.2-38. The design lifetime requirements
are conservative with regard to material considerations, taking into
account the irradiation environemnts of these components (Table 4.2-39).

4.2-243 Amend. 51
Sept. 1979

3[5N73



Control Assemblies

The structural design basis for the control assembly is very
similar to the design basis for the fuel and blanket assemblies given in
Section 4. 2.1.1. Applicable criteria from Section 4.2.1.1 are given
below as supplemented by additional criteria unique to the control
assembly.

1. Operating Conditions and Loads

The control assemblies shall be designed to operate over z minimum
design life goal of 328 full power days (FPD) corresponding to
operation over the first two cycles of 128 FPD and 200 FPD together
with capability for a minimum of one cycle of 275 FPD for later
cores. The mechanical design of the primary control assemblies
shall be based on a lifetime goal of 550 FPD. This requirement
is established so as to not preclude two cycle operation in the
event it can be shown that nuclear effects on B C pellets and4

51 absorber pins are not limiting to two cycles operation.

For design analysis at steady state and anticipated fault (upset
event) conditions, control assembly temperatures shall be based
on expected plant operating conditions and semistatistical hot
channel factors at the upper 2a confidence level. For unlikely
and extremely unlikely faults (emergency and faulted events)
for which a single worst case event is considered in the design
basis duty cycle, the upper limit on plant conditions (T&H design
values) and hot channel factors at the upper 30 confidence level
shall be utilized. Damage associated with long term steady state
operation or accumulated over a number of anticipated events
would be associated with average temperature behavior so that a
20 confidence level is conservative for these conditions. However,
a single worst case event such as an unlikely fault tends to be
life limiting with potential sa'ety consequences so that very
conservative 30 confidence levels are applied for these events.

Normal, upset, emergency and faulted events shall be utilized in
evaluating the control assembly performance and safety aspects
as noted in Section 4.2.3.1.6.2. Appropriate accident events of
Section 15.4 shall also be considered on an individual event basis.

The following loading mechanism shall be considered in the
absorber pin design:

a) Clad pressure loads in the sealed absorber pins produced by
helium released from captures in the B C absorber. Clad4
loading due to differential pellet and clad growth will be
minimal due to the pellet clearance requirements given in
Table 4.2-36.
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| b) Primary and Secondary clad stresses generated by radial, axial
51 and circumferential thermal and flux gradients in the clad

ma te ri al . These stresses will be relaxed by pin bowing,
irradiation creep and thermal creep. At shutdown conditions,
residual stresses associated with these relaxation mechanisms
will be present.

c) Interaction forces between the clad and wire wrap generated by
differential axial and radial growth. Interaction forces
between the pins and inner duct will be controlled to a small
value by the clearance requirements of Table 4.2-36, and will be
considered in the structural evaluation of the control
assemblies.

d) Potential fatigue stresses resulting from flow induced vibrations
and transient e/ents.

Evaluation of the control assembly shall include the following loading
considerations as a minimum design basis in addition to the absorber
pin loading mechanisms described above:

a) Duct loads introduced by the core restraint system as a result
of assembly bowing and/or seismic events.

b) Forces induced by sodium flow and associated pressure drops
through the assembly including pressure differences across
the duct walls and nozzles as well ds axial lift forces offset
by the assembly weight and hydraulic holddown features. The
secondary control assembly shall consider irradiation creep
deflection of the inner cylindircal guide tube caused by the
external pressure loading on this tube.

c) Secondary stresses due to the steady state and transient
temperature gradients through the component thickness.

d) Maximum insertion, withdrawal and dynamic loads applied through
| the refueling equipment and during refueling operations. The

51 design shall accommodate maximum shipping and handling loads
based on 69 axial and 69 lateral accelerations.

| e) Maximum insertion and withdrawal loads applied by the CRDM's
51 I (see Table 4.2-37) and scram arrest loads.

2. Design Criteria

Control assembly structural criteria are specified for the absorber
pins and the balance of the assembly. Absorber pin criteria are
similar to and are based on a conmon methodology with fuel rod

51 criteria. Table 4.2-37A provides the absorber pin structural criteria.
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The balance of the assembly criteria have been pattered af ter ASME
Section III Code requirements, with modifications to account for
the reduced ductility of irradiated material. The Code based design
stress limits are derived from consideration of ductile failure
modes only. Their use in core component design is restricted to
applications in which it can be demonstrated that ductile failure
mode analysis is applicable. Factors considered in this evaluation
are the effects of irradiation, stress multiaxiality, and
straining rate on the fracture elongation of the material. Where
ductile behavior cannot be guaranteed, additional design limits
are imoosed to provide safeguards against brittle failure.

Table 4.2-37B provides the balance of the assembly structural
c ri teri a.

Thermal and hydraulics design criteria have also been established
for the control assemblies in addition to the operating conditions
previously discussed. The following are the T&H criteria specified:

51 a) No centerline absorber melting at an upper 30 confidence level
shall te permitted at either a 15 overpower condition or
under transient conditions inlcuding upset and emergency
events. This requirement is specified as a conservative
design basis since test data is not currently available on
B C behavior at incipient melting conditions.4

| b) AsadesignguiJeline,themaximumcladdingmidwafltemperature51 during an emergency event shall be less than 1600 F for any
extt-Wd period of time.

51 | c) For faulted conditions, the sodium temperature shall be main-
tained below its boiling point, saturation temperature at the
existing pressure.

d) Hot channel factors shall be determined by taking into account
PCA tolerances and flow channel closure due to absorber pin
bowing or differential radial growth of the clad, wire wrap

51 and inner duct.

3. Safety Related Design Features

In addition to the control assemblies safety features for shutdown
and reactivity control, the design shall include the safety features
for the fuel assembly given in 4.2.1.1.2.3 together with the
following requirements:
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a) A discrimination system shall be provided to insure against a
refueling error which could result in a significant reactivity
error or undercooling of the control assemblies. This system
shall prevent the following situations:

Insertion of any assembly other than a control assembly into a
control assembly position.

Insertion of a control assembly into a fuel assembly position
or a wrong control assembly position (i.e. interchange of a
primary and secondary control assembly).

b) The relative location of the absorber pellet column within the
pin shall be maintained under shipping, handling and scram
arrest loadings by a properly designed axial spring support
system.

51

4.2.3.1.6 Environmental Requirements

The control rod system shall provide safe reliable shutdown
and control capability when subjected to the following environmental
conditions.

The external surfaces of the Control Rod Drive Mechanisms are
exposed to the head access area environment at temperatures between 70
and 150 F during full power operation. The internal atmgsphere of theCRDM is inert gas at temperatures ranging from 70 to 400 F. flonnal
primary mechanism internal pressures range from 15 to 30 psia.

The control rod drivelfnes are exposgd to an environment of
liquid sodium containing 2 (>800 F) to 5 (<800 F) PPM oxygen over the
lower 60 percent of its length (approx. ). The remaining upper portion
is exposed to an atmosphere of inert cover gas and sodium vapor.

The control assemblies are exposed to an environment ofg
liquid sodium containing 2 (>S00 F) to 5 (<800 F) PPM oxygen.

51 | The design of the CRBRP Primary CRDM/CRD is conceptually the
same as that used on the FFTF program. This design employs some proven
design concepts, (References 145,146 and 137) that inhibit the upward
movement of sodium vapo- laden cover gas by reducing the annulus width
while increasing the it.19th thereby minimizing the effect of natural
convection.

To further insure the reliability of the Primary CRDM/CRD a
continuous purge system consisting o' recycled cover gas will be utilized
to provide a constant downward flow through the annuli into the reactor.
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In addition, testing has been incorporated into the CRBRP relia-
bility program which is aimed specifically at determining the effect
of sodium vapor condensation on the Primary CRDM/CRD. A failed-bellows
environment test will be conducted in which a prototype PCRDM/PCR9
will be operated in a sodium vapor-argon gas environment with a failed
main bellows. This test will confirm acceptability of operation with
a failed bellows.

In addition, a duplicate test has been performed on the FFTF
program which provides preliminary data regarding the basic design
adequacy.

Secondary Control Rod System

Condensation of sodium vapor in the reactor head area around the
Secondary Control Rod Driveline will have no influence on scram release
of the Secondary Control Rod because only the tension rod needs to move
(about 1/4 inch) to allow the latch to release the control rod. The
tension rod is located within the sensing tube which is, in turn,
enclosed in the driveshaft. The regions between these shafts and tubes
are sealed by bellows, and consequently, sodium vapor is prevented from
entering these regiens and condensing there. The clearances between the
outside of the driveshaft and the upper internals structure are relative-
ly large in the region above the liquid sodium level. Consequently,
accumulation of sodium vapor condensation will not inhibit drive-in
of the driveshaft for normal reactor shutdown. Furthermore, these
regions are normally kept well above the sodium solidification tempera-
ture and so the vapor that does condense will be in liquid form rather
than as a frost. Because of these considerations, sodium vapor conden-
sation is not expected to adversely affect the case of movement or
operation of the Secondary Control Rod Drive Mechanism and Driveline
nor adversely affect scram release of the Secondary Control Rod.

As part of the Reliability Program, a faiied-bellows test will
be conducted to demonstrate the extent to which soulum can diffuse onto
the surface of SCRDM/SCRD moving parts and to demonstrate the degree
to which performance is degraded.

4.2.3.1.6.1 Nuclear Environment

Table 4.2-39 represents a preliminary evaluation of the axial
distribution of the total and fast neutron flux along the Row 4 control
rod system for the control rod in a fully withdrawn position at the
end of Cycle 4. The fluxes at other control locations will be less

51 than the values given for the Row 4 control rod system at this time.
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4.2.3.1.6.2 Control Rod Systems Duty Cycle

The CRBRP duty cycle consists of normal, upset, emergency,and faulted events. From this complete duty cycle a lesser number of
umbrella transient events is selected and a histogram prepared for use
in the evaluation of the capability of the control rod system design
to satisfactorily withstand the effects of the thermal transientrequi remen ts .

A histogram for the primary CRDM and CRD which depicts
a reactor operating cycle that begins during a dry reactor heatup and
terminates during a dry reactor cooldown is shown in Figure 4.2-96.
A tabulation of these umbrella transient events is included in Table4.2-40. Similar umb alla transient events are being developed for the.

primary control assembly and tne secondary CRDM and CRD.

The service life of the primary and secondary systems is
derived from the duty cycle in Figure 4.2-96. Table 4.2-38 summarizes
the required service life of the components of the primary and secondarysyt Lms. Allowance is made in the design of the mechanisms for the
replacement of certain replaceable components at periodic maintenance
intervals, based on experience gained from initial inspections. The
design life of the drivelines shall be maximized to the extent possible
with a goal of no required replacement during the 30 year plant life,
with minimum lifetimes as shown in Table 4.2-38.
4.2.3.1.6.3 Thermal and Hydraulic Environment

The evaluation of the effects of the thermal and hydraulic en-
vironment on the control rod system components shall be based on consi-
deration of both steady state ar.d transient conditions. This evaluation
required consideration of the simultaneous temperature versus time and
flow versus time relationships for the sadium coolant exiting the
control assemblies, the sodium coolant exiting from the surrounding
fuel assemblies, as well as the control rod moving downward during ascram.

The steady state temperature distribution of the control rod
system must be determined from evaluation of the following thermal andhydraulic parameters:

| The Reactor Steady State Thermal Environment (see Figure51 3
4.2-97) defines the steady state temperature distribution.

51 I The steady state mass flow rate and temperature of the sodium
flowing through the control assembly, and the mixing of this
sodium with the adjacent assemblies sodium in the 2 inch space
below the shroud tube.

The location of the bleed holes in the driveline shroud tube.
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Thermal transient conditions are defined by the duty cycles
described previously.

4.2.3.1.7 Material Selection and Radiation Damage

Material choices for control rod systems were based on prior
experience and data from FFTF (Ref.1, 40, and 41), and on the goal of

51 | maintaining adequate mechanical properties in an atmosphere of inert gas,
sodium vapor, and liquid sodium. Additional discussion of the inter-
action of the sodium environ.aent with austenitic stainless steel is
presented in Sections 5.3.2.2.2 and 5.3.2.2.3.

Control Rod Drive Mechanism _s_

The primary mechanisms utilize Type 403 SS in the motor tube
and segment arms for its ferro-magnetic properties. In addition, both
Types 403 SS and 17-4 PH are utilized in highly stressed areas such
as the segment ams, and leadscrews, because of their high strength.

51 The secondary mechanism will utilize many different types of materials.
The major load-carrying members are made from high strength materials
suitable for the conditions.

Regarding Type 17-4 PH material, only the leadscrew will be
fabricated from this metal and exposed to elevated temperatures. The
17-4 PH material being utilized in the leadscrew will be procured and
heat-treated per ASME Standard SA-564 as modified by RDT Standard g/-6.
The lattgr standard permits only two heat treat temperatures; 1100 F
and 1150 F. The FFTF mechanism leadscrew was purchased and heat
treated to the same specifications. In service, the maximum tempera-
ture experienced by the lower portion of the leadscrew, which is fabri-
catgd from 17-4 PH, will be in the temperature range of from 400 to
450 F. This maximum temperature will be experienced only when the
control rods are fully inserted. During reactor operation, with the
rods fully or partially retracted, the sergice temperature of the
leadscrew will be less than the 400 to 450 F region. This latter
condition should account for the major exposure time for this 17-4
PH material.

In selecting the 17-4 PH material for this application, the
early experience (References 140, 141 and 142) with this all7y involving
embrittlement was considered, especially when the material is aged atg
a relatively low temperature guch as 950 F and subjected to a service
temperature fn the 600 to 800 F range. Basedonthehiggagingtempera-
ture of 1100 F coupled with a service temperature of 450 F or lower,
embrittlegent was not considered a problem. It was concluded that
below 550 F the embrittlement is minimal. The position is substantiated
by the data presented in References 143 and 144. The exposure time

w . ~ '%Oa
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required to cause room temperature charpy impact values to fall below
15 f t. lbs. is shown in Figure 4.2-97A together with the exposure time
to Jeplete room temperature impact values by one half shown in Figure
4.2-978 This indicates that at temperatures below 500 F, essentially
no effect on impact strength i3 observed.

Driveline and Bellows

Material choices for the drivelines and bellows were predicated
on maintaining adequate margins of strength in the high temperature
sodium and irradiation environment. Inconel 718 is utilized for various
components in both the PCRS and SCRS to take advantage of its high
strength and hardness and its favorable wear and antigalling characteris-
tics. The Primary CRDM bellows consist of a main bellows, a disconnect
actuating rod bellows, and a position indicator rod bellows. All of
the bellows are Inconel 718, and located above the sodium level in a

low-level irradiation environment. The main bellows is cycled as the
control rod system is moved. The outer two bellows cycle only for
the refueling or maintenance modes.

O
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The prototype design test objectives are to confirm the design
and operating characteristics of the PCRS in a sodium-argon environment
of the design basis service life, including a minimum of 17,000 feet of
travel and 732 scrams. The reliability objective is to confirm the shut-
down reliabilty of the PCRS.

14

35

Three prototypic FFTF CRDM bellows were life tested over a vessel
containing a pool of sodium with argon cover gas and one bellows was tested
in argon gas. The tests included cyclic tests and scram tests. The FFTF
life requirements were identified as 20,000 feet of travel, and 1500 scrams,
which represents twice the expected usage in service. No testing was
performed in sodium, since sodium immersion is not a service condition.
The results of the bellows tests are summarized below:

Ft. of Travel
(does not include

Bellows No. Environment Scrams Scram Travel)

S/N 001 Argon 1200 19,000

0S/N 002 Argon-Sodium vapor 0 450 F 2500 23,000

S/N 003 Argon-Sodium vapor @ 450 F 2250 20,700

S/N 004 Argon-Sodium vapor 0 450 F 1530 13,770

Bellows No. Comments

S/N 001 Indicated a leak af ter 1200 scrams and 19,000 feet of travel

S/N 002 Completed the test with no indications of failure, but helium
leak test later indicated leakage

S/N 003 Subsequent helium leak test confirmed leakage

S/N 004 Failed af ter 1530 scrams and 13,770 feet of travel. Subse-
I4quent helium leak test confirmed leakage,. f

_ ,,
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Three of four of these bellows exceed the CRBRP travel requiremente and g
al' exceed the scram requirement. T

PCRS operation or scram performance is not mected to be
sensitive to a failed bellows condition for operating periods of at
least one year. Testing with a purposely failed bellows in Phase IV
of the FFTF Control Rod Environmental Life Test was completed in
June 1976. The FFTF Control Rod System perform" satisfactorily with
a failed bellows. In addition to the FFTF fai sed bellow tests, the

51 CRBRP CRDM will be tested for operation with a failed inain bellows
to represent a year of in-service operation under this condition.

Although no bellows testing in an irradiated environment has
been performed, irradiation is not expected to detrimen+, ally affect
the Inconel 718 bellows since the flux level will be 104. The en iron-
ment conditions for the CRDM bellows are less than 2.5 x 105 n/cm /sec
total flux. T e for this conditisa after 30 years will beabout 1.8 x 10g fluen/cm

No data are available for Inconel 718 irradiated at the low
fluence service conditions. Data for substantially more severe irra-
diation exposures are givcq in References 72 anJ 73. The very low
levels of irradiation of the CRDM bellows would not be detrimental
to bellows strength, ductility, or performance.

Couplings

OThe material selected for the primary control rod driveline
coupling is Inconel 718, based on the same criteria as the driveline
material choices. The PCRD coupling will be only infrequently actuated
and is not required to release during scram. Thus, high strength
retention in hot sodium is the primary consideration in the choice
of Inconel 718 for the primary coupling. Type 304 stainless steel
is utilized in the compression sleeve around the coupling, taking
advantage of its greater thermal expansion vs. Inconel 718 to create
a thermally locking joint.

The secondary driveline/ control assembly coupling includes
the coupling head at the upper end of the control rod, the collet
gripper that engages the head, and a cam that serves in the actuation
of the assembly and performs the release function for scram. Therefore,
friction, wear, and self-welding considerations are important in the
choice of materials for the secondary coupling. Selection of materials
will be based on results of a prototypical test program to be conducted
which will examine the material combinations for the coupling componerts.
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One combination to be examined is the three components of the
secondary coupling fabricated from Inconel 718 in the aged condition.
Selection of Inconel 718 was based upon the results of the national
program on friction and wear, (see Section 4.2.3.3, Table 4.2-50, and
Ref. 42 and 43) which identified this alloy as exhibiting low friction
and low self-welding tendencies in sodium.

An alternate combination takes advantage of the attractive
friction and wear behavior of Inconel 718 against chromium carbide in
nichrome binder, that is, an Inconel 718 gripper mated to chromium
carbide-nichrome coated coupling head and cam of 20% cold worked Type
316 SS base material. Extensive FFTF testing has shown Type 316 steel
to provide the most acceptable substrate for chromium carbide coatings.

Additional comments regarding self-welding considerations for
51 the Secondary Control Rod System are found in Section 4.2.3.3.2.4.

Control Assembly

Structural material for the control assembly must have good
stability in sodium, resistance to deleterious irradiation effects and
good high temperature strength. Cold worked Type 316 stainless steel
exhibits the above characteristics to a greater degree than other candi-
date materials with significant irradiation experience and is, therefore,
the material of choice for the control assembly and absorber pin
cladding. Structural materials used for the control assembly are
consistent with fuel and blanket assembly designs discussed in Section
4.2.1. Material properties utilized in the control assembly design
and analysis are discussed for the core assemblies in Secticq 4.2.1.1.

B4C was selected for the absorber material to fully utilize
the developmental and applied effort on this material under the FFTF

B-10 enriched B C will be used for the CRBRP absorber. Ref. 44a &51 program. 4
153 describes the B C data currently being applied on the CRBR pro-4
gram.

Wear Surfaces

A number of components in the control rod systems will experience
sliding contact with adjacent components, or will remain in static contact
for long durations in sodium or sodium vapor. Low friction and wear
materials have been selected for critical wear surfaces.

The only material couple involved in the operating parts of
the primary coupling is Inconel 718/Inconel 718. This particular materials
combination has been subjected to extensive testing in sodium and has
proven to have excellent resistance to self-welding. Test conditions
have included temperatures of 850 and 1050 F, for contact pressures
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of 16,000 and 148,000 psi, and times up to 6 months, with separations*

being performed at the exposure temperature (References 136 and 137).
Other tests, primarily aimed at collecting sliding friction daga,
indicated that no self-welding took place after 1 week in 1100 Fs

sodium under pressures up to 5000 psi (Reference 138). These findings
by ARD experimenters, are in line with those of a Gevan laboratogy,
which found that no self-welding occurred after 168 hours in 1292 F
sodium under a contact pressure of 7000 psi (Reference 139).

From the above observations, it is apparent that Inconel 718/
Inconel 718 materials couples will perform more than adequately in
applications where resistance to self-welding is & major requirement.

A failure of the coupling to decouple has no safety consequence.
Although the CRD must be d#sconnected from the control assembly to
permit refueling, the breauway joint (discussed in Section 4.2.3.1.3)
may be utilized in the unlikely event that a failure to decouple aid
occur. Refueling could then proceed normally.

At potential high wear points in the primary system, resulting
from the operating requirements of the system, low wear material couples
have been selected. For in-sodium applications, including the control
assembly wear pads, Inconel 718 in contact with 316 SS is the material
of choice due to its favorable wear, anti-galling characteristics and
stability in sodium. Above the bellows, materials such as Stellite

51 6B and modified 440C are utilized for their superior abrasion resistance.
Typical applications in the primary system inclua Stellite 6B for the
mechanism leadscrew bushings in contact with 17-4 PH leadscrew, and
Stellite 6B for the torque taker in contact with the Inconel 718 torque
taker tube. Areas above the bellows employ dry film lubricant exten-
sively.

For the secondary system, critical surfaces such as the control
rod wear-pads will be fabricated from low friction and galling resistant
materials such as Inconel 718.

4.2.3.2 Description and Drawings

The two redundant control rod systems, called the primary and
secondary control rod systems, are shown schematically in the reactor
in Figure 4.2-98. Table 4.2-41 illustrates the diversity in these
systems. Reactor shutdown can be achieved by either system with the
other system completely inoperable and with the highest worth rod
stuck in the system which is operable. This redundancy a aures safe
and reliable shutdown capability.

The two shutdown systems are completely independent including
the Plant Protection System (Section 7.1) which provides separate signal
and command arrangements for each of these systems.
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Each system consists of a control assembly, a control rod drive-
line and a control rod drive mechanism. The control assembly, located
in the core, consists of a movable absorber pin bundle called the control
rod and an outer duct assembly. The control rod driveline provides a
linkage between the control rod and the control rod drive mechanism,
located above the reactor closure head, which positions the control
rod at appropriate axial core positions.

The control rod systems operate on the principal of varying
the neutron absorption in 1.he core by movement of the control rods in
and out of the core. The primary system provides a means for starting
up the reactor, regulating the power level of the reactor and compensa-
ting the reactivity loss due to fuel burnup as well as functioning
as the primary shutdown system. The secondary system provides reactor
shutdown in the extremely unlikely event of failur7 of the primary
system to shutdown the reactor.

4.2.3.2.1 Primary Control Rod System

The 9 core locations comprising the Primary Control Rod System
(PCRS) are shown in Figure 4.3-1. The three major components of primary
control rod system are shown schematically in Figure 4.2-100. The PCRS
design is essentially the same as the FFTF CRS design in order to
maximize the use of the SFTF design, analysis, and testing experience.
Figures 4.2-101 through 4.2-104 show the principal design features of

51 the primary control rod system.

4.2.3.2.1.1 Primary Control Rcd Drive Mechanisms

Principal features of the Control Rod Drive Mechanism (PCRDM)
51 | are shown in Figures 4.2-101,102 and 103.

The PCRDM is an electro-mechanical actuating device which
utilizes a collapsible rotor roller nut drive,and is actuated by signals
from the reactor control system. These signals cause the stator to be
energized and magnetically actuate the rotor assembly arms, causing
the roller nuts to engage the threaded portion of the leadscrew. Ro-
tation of the electrical field of the stator causes rotation of the
roller nuts with respect to the leadscrew which is rotationally
restrained. This rotation raises or lowers the leadscrew whereas,
stopping the rotation causes the rotor assembly to hold the leadscrew
at any desired position. De-energizing the stator causes the roller
nut to disengage the leadscrew, causing the leadscrew, driveline and
the control rod absorber to drop into the core at a rapid rate of
insertion (scram). Two independent control rod position indicating
systems are incorporated in each control rod drive mechanism.

Amend. 514.2-256 'M . r,. -# Sept. 1979



The primary safety function is to safely and reliably control
and shutdown the reactor. The function of the mechanism, while engaging
the leadscrew or disengaging for a scram, is sometimes also referred
to as a " latching" or " unlatching". The scram function is described
in detail in following sections and the mechanism components are shown
in referenced figures. Other functions of the mechanism may also be
referred to as a latch. However, the scram func*. ion of the mechanism
is the only function directly associated with shutdown and control
of the reactor.

Other design. functions of the CRDM are:

Position and hold the control rod at desired elevations in
the core.

Insert and withdraw the control rod in appropriate increments.

Release the control rod for rapid insertion (scram) following
a reactor trip.

Provides a means for uncoupling the control rod for
refueling and recoupling after refueling.

Indicate control rod position by two independent systems.

Bellows seals placed between the PCRDM and the PCRD in the
reactor vessel prevent the sodium vapor laden cover gas from entering the
mechanism cavity. A positive pressure of inert gas is maintained within
the CRDM above the bellows.

The internals of the mechanism operate in an inert gas at 2
to 15 psig pressure. The reactor cover gas pressure at the bellows is

51 essentially atmospheric so the bellows normally are subjected to a
maximum pressure differential of 15 psi.

Material choices for the CRDM are summarized in Section4.2.3.1.7.

The PCRDM consists of four major subcomponents: roller nut
drive, absolute position indicating system, relative position indicating
system and the seal system.

A seismic support for the mechanism nozzles will be provided on
the reactor head to ensure adequate support under seismic loading condi-
tions. It will support the CRDM nozzles at approximately 80 inches
above the head. This seismic support will also provide radiation
shielding in the Head Access Area.
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Roller Nut Drive

The drive mechanism is a collapsible rotor, roller nut type
having the stator outside the pressure boundary and the rotor and
rollers inside operating in an inert atmosphere. The design features
of the mechanisms are similar to the FFTF mechanism; however, design
changes have been made to provide greater drive motor power for the
increased weights of the CRBR CRD and control assembly. The rollers
engage the threaded lead-screw and drive the driveline assembly up or

51 down. The drive motor is a 6 Phase 4-pole DC type that can be indexed
in 15 degree increments (0.025 inch leadscrew steps). Gas forced
through a housing about the stator cools the stator coils.

The rotor assembly is composed of an axially located hollow
tube or spider on which are pivoted two rotor segment arms or shells
that are semicircular in cross section. Two rollers are mounted in
windows in the lower end of each rotor arm. In addition, four double
springs are captured between the arms, tending to force the arms 'part.
When the stator is energized, the upper ends of the arms are pulled
outward by the magnetic field, the lower arms are pivoted inward
engaging the rollers with the thread on a leadscrew. The bottom end
of the leadscrew is connected to the control rod through the driveline
assembly.

When the power to the mechanism stator is cut off, the magnetic
field holding the upper ends of the rotor arms outward collapses. The
springs separate the lower arms and the rollers release the leadscrew,
allowing it, the driveline and control rod to drop into the core. A
scram assist spring is provided to supplement the gravity drop over
the first F inches of rod travel on a fully withdrawn rod.

Separation of the lower segment arms activates out motion
limiter pawls which engage the leadscrew to limit upward motion of the
control rod when the rollers are disengaged. These pawls are spring-
loaded for positive engagement to retard upward motion. However,
for rod insertion, they allow the leadscrew, driveline and control

rod to ratchet into the core with minimal drag.

The four rollers are mounted in the rotor arms on ball bearings
to carry the axial loads. The axes of the rollers are inclined by the
leadscrew helix angle and the vertical position of the rollers is
offset by one-fourth the leadscrew pitch (0.6 in.) to align them with
the double thread of the leadscrew. Axial and radial rotor loads
are transmitted to the mechanism housing through a large bearing below

| the rotor segment arm pivot pins (Figure 4.2-101). A smaller radial51 bearing is located near the top of the housing, just above the syn-
chronizer bearing which serves to coordinate the radial motion of the
rotor segment arms. Bearing lubrication is of the dry film type.
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Relative Position Indication System

The relative position indication system consists of an electro-
magnetic sensor that counts the number of passes of the magnetic poles
of a position indicator rotor attached to the top of the drive mechanism
rotor.

The number and fraction of revolutions, multiplied by the
0.6 inch pitch of the leadscrew, indicates the distance of rod withdrawal
from the fully inserted position. If a scram occurs, the indicator
will lose its position reference and be referenced from an extreme
rod position. This is the more accurate of the two position indication
systems. The position indication accuracy of the present design isi +0.150 inch.

51 1-
Absolute Position Indication System

The absolute position indication system measures the position
of the CRDM leadscrew directly through sensor elements located on the
inside of the position indicator housing. The sensing elements are reed
switch type sensors, selected for CRBRP based on FFTF experience. This
system does not lose its reference position following a reactor trip.

53 | The position indication accuracy is specified in Section 4.2.3.1.4.'

The absolute position indicating system has provisions for " full-in"
and " full-out" indication and for confirming positive coupling withthe control rod.

S_ej 1 System

The purpose of the seal system is to prevent sodium vapor from
the reactor from enter ing the drive mechanism cavity and depositing on
the internal working components of the control rod drive mechanism.
Three separate bellows are used in the seal systen. The large bellows
seal the driveline to the upper bellows support, and must operate over
a range of approximately 37.5 inches with a 2 to 15 psi pressure diffe-

51 rential across it. Two smaller bellows seal the coupling actuator
shaft and the position indicator rod which run coaxially within the
dri veline. These bellows flex only during coupling and and uncoupling
of the driveline and control rod.

A torque restraint is provided in the space outside of the
large bellows to prevent the CRDM leadscrew, belows and driveline from
rota ting. Torque taker keys on the driveline ride in full-stroke

51 | vertical keyways in the torque tube (see Figure 4.2-102).
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A pressure switch is located in the CRDM pressure enclosure.
This switch is designed to sense the reduced pressure associated with a
bellows leak. When such a leak is sensed, an alarm will be sounded
notifying personnel of a bellows failure and that replacement is
necessary.

A continuous purge system using recycled cover gas is provided
to prevent sodium vapor and radioactive cover gas from rising through
the annuli of the CRDM to an elevation abov: Um mactor head. The
purge supply is connected to each CRPf" extension nozzle and produces a
predominantly downward flow of recycled cover gas through the small
annuli between the driveline, shield plug and shroud tube. This system
is also effective in the event of a failed bellows in preventing
sodium vapor from entering and depositing in the drive mechanism
cavity.

4.2.3.2.1.2 Primary Control Rod Driveline

The Primary Control Rod Driveline (PCRD) is.an approximately
37 ft. long hollow shaft which connects the mechanism leadscrew with the

5] j control rod (Figures 4.2-102 and 103). The PCRD is made of Inconel 718,
and its total weight is approximately 315 pounds.

The control rod disconnect coupling is located at the lower
end of the PCRD and is shown on Figure 4.2-103. A manual disconnect
tool, similar to the FFTF disconnect tool, is used to couple and uncouple
the control rod. The design of the coupling elements of the disconnect
is essentially the same as the design used on commercial pressurized
water reactors and on FFTF.

A position indicator rod or telltale rod (see Figure 4.2-103)
passes through the coupling and contacts a surface on the control rod
shaft. This position indicator rod extends into the PCRDM leadscrew
and is used to verify that the control rod remains fully inserted when
the driveline is disconnected and raised for refueling.

The piston-type dashpot, identical to the dashpot used on
the FFTF PCRD, is a part of the driveline (see Figure 4.2-103). The
dashpot has a radially free floating cup which is vertically supported
on a seat in the upper guide tube and a piston which moves with the
overall driveline assembly. The dashpot is designed such that the
piston travels the full driveline stroke but only provides a 9 inch
dashpot stroke. The upper end of the cup is perforated to reduce
weight and to prevent fluid from being trapped during the remainder
of the piston travel. The inside diameter of the cup is tapered in
the last 9 inches to restrict flow between the piston and the cup
and provide retarding force. The upper and lower cap of the dashpot
cup center it on the piston and outer tube. The piston which is
an integral part of the main structural member of the driveline, is
also tapered so that a large clearance exists between the cup and the
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piston at the beginning of the dashpot stroke, which is reduced as the
piston travels its length. The tapered piston configuration provides
the capability of supplying a fairly constant decelerating force over
the entire stroke.

4.2.3.E.1.3 Primary Control Assemblies

The Primary Control Assembly (PCA) contains boron carbide in a
movable pin bundle, with core reactivity controlled by moving the pin
bundle axially. Absorber assemblies are replaced in the core during
reactor refueling. The absorber assemblies are designed to:

Provide neutron absorber material to control reactivity for
reactor startup, power level control, fuel burnup compensation,
and reactor shutdown.

Provide passages to guide and control the sodium coolant.

Provide shielding to protect the core support structure
from excessive neutron fluence.

Provide features for proper interfacing with other core compo-
nents, the core support structure, the fuel handling machine,
and the core restraint system.

Mate with the PCRD to form a portion of the control rod system.

A pictorial drawing of the control assembly is shown in Figure
4.2-104. The control assembly is a hexagonal component consisting of
the control rod (movable 37 pin bundle) assembly and the outer duct

51 assembly. The control rod consists of the absorber pellets, absorber
pin cladding, the pin support structure, wear pads, control rod shaft,
rotational joint and the female driveline coupling. The outer duct
assembly consists of the control assembly handling socket (flow outlet
nozzle) outer duct, radiation shielding, inlet flow orifices and
inlet nozzle. Externally the control assembly is nearly identical,
geometrically, to the core fuel assembly. The assemblies are supported
at their inlet nozzles by the lower core support structure inlet modules.
The upper ends of the core assemblies of the reference design are
restrained radially by a passive core restraint system (see Section
4.2.2) at two elevations; namely, the above core load plane and the
top load plane. Load pads are provided on the core assembly ducts at
these two core restraint elevations and former rings are provided
between the core assemblies and the core barrel to limit radial mis-
alignment.

The control rods must move axially within the outer ducts of
the control assemblies from the fully inserted to the fully withdrawn

51 | posi tions. Positive position stops are provided in the handling socket
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to limit the control rod travel. The overall length of the control
assembly is 168 inches. The center of the 36 inch absorber pellet

' column is located at the center of the 36-inch core fuel height in the
I fully inserted position. For the fully withdrawn position the bottom

51 of the absorber pellet column is 1 Cated at the top of the fuel pellet
region. Radial misalignments between the control assemblies and the
driveline have been established by alignment studies which are presented
in Section 4.2.3.1.1.

S '. | Control Rod and Control Rod Shaft

The principal component of the control rod is the absorber pin
bundle. The structural support for the pin bundle is an inner duct tube
which encloses the absorber pins. The inner duct is attached to the top
and bottom grid plates which align the pins. The top grid plate and
inner duct are welded to an adaptor plate. The adaptor plate is connected
to the bottom of the control rod shaft with a rotational joint (See
Figure 4.2-104). This swival type joint prevents end moments from
being carried into the control rod from the control rod shaft and
driveline. This feature minimizes normal forces and frictional forces
between the wear pads and the control assembly outer hexagonal duct
thereby reducing outer duct wear and scram retarding forces. A female
coupling is provided at the upper end of the control rod shaft for
joining with the male coupling of the CRD. The inner duct wall thick-
ness has been determined based on the applied loads, clearances for
duct bowing and radial coolant pressure differential. The thin wall
inner duct together with the rotational joint increase the bundle
flexibility and reduce resistance to control rod travel in a bowed
outer duct. The coolant bypass flow minimizes thermal bowing of the
inner and outer ducts. Hydraulic tests on the FFTF control rod have con-
firmed the design methods for pressure drop and flow through the control
assembly. Final confirmation of pressure drop and flow characteristics
of the CRBR control assembly with the labyrinth wear pads will be provided
by the ongoing CRBR PCA hydraulic tests.

Labyrinth seal wear pads are provided at the top and bottom
of the inner duct. These wear pads guide the movement of the pin
bundle within the outer duct, establish the clearance to minimize contact
between the inner and outer ducts, enchance bundle to assembly flow

51 split, and provide a hard material wear interface with the outer duct.

Absorber Pins

The absorber material portion of the pin consists of a stack
of boron carbide pellets (92 + 2 percent theoretical density), 36 inches
long. Gas plena are provided in the absorber pin to limit internal
gas pressure build-up caused by helium generation. The total plenum
lengths are 14.2 and 24.3 inches for the bottom and top plenum,
respectively. Within the upper plenum there is a spacer and spring
to keep the boron carbide pellets and lower plenum spacer compressed
during handling and at impact after scram. The absorber pellet stack
consi of hot pressed boron carbide pellets, enriched to approximately
92% B
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Absorber pins are arranged on a triangular pitch to diameter
ratio of 1.05. Each of th': absorber pins in the interior rows of the
pin bunc; a is helically wrapped with a wire to provide lateral spacirg
along its length and promote coolant mixing. The exterior row of pins
is wrapped with elliptical cross section wire with reduced minor diameter
to provide clerance between the pins and inner duct to accommodate normal
swelling. Reduction of the wire size in the peripheral pins minimized
overcooling .of the side channels and provides improved flow distribution
to the interior channels. The wire is pulled through and welded at its
end to the bottom end cap and is laid along and welded to the
upper end cap. The pins are approximately 78 inches long within an
overall bundle length of 80 inches. The cladding is 0.602-inch nominal
outside diameter by 0.49 inch thick and is 20 percent cold drawn Type
316 stainless steel. The cladding tube and end caps provide structural
support and hermetic sealing for the absorber pelletes and spacer
components. The pins are supported at the top plate by a weld and are
free to expand through the bottom plate. This puts the pin in tension
during deceleration at scram arrest since the control rod stop is

51 1 cated in the outlet nozzle.

Outer Duct Assembly

In the assembled configuration, the pin bundle is held inside
the outer duct assembly by the outlet nozzle which has an internal shoulder
serving as the interface for the refueling gripper. An interior shoulder
in the nozzle serves as the full insertion stop for the control rod.
The principal structural member is the 0.120-inch wall thickness, 20

51 percent cold worked Type 316 stainless steel duct tube which extends
from the outlet nozzle at the top to the radiation shield at the bottom.
The duct wall is increased in thickness locally to approximately 0.21
inch at he load pads. The loaa pads mate with similar pads on surrounding
fuel assemblies to provide lateral positioning of the core components and
to transfer the loads developed through interaction with the core
restraint system.

Neutron Shield Block

The shield block is a hexagonal block, 4.575 inches across flats,
approximately 22 inches long including a hex to round transition over
the bottom 6 inches. An internal cavity in the circular section contains the
orifice plate assembly. A single flow hole,1.5 inches in diameter,
extends through the length of the shield concentric with the shield.
The lower end of the shield block is welded to the inlet nozzle which
provides the interfaces with the inlet modules. These interfaces include
six inlet flow ports, external piston rings limiting leakage flow to
the low pressure region of the reactor to maintain hydraulic balance

51 and the discrimination features.
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Assembly Discrimination

Two unique noninterchangeable discriminator types are provided
| for the control assembly discriminator types to preclude insertion of a51

control assembly into a non-control assembly core location and also
preclude insertion of any other type of reactor assembly (fuel, blanket
or removable radial shield) into a control assemLly core location.

51
ddition, these two unique control assembly discriminator typesIn

preclude insertion of each type of control assembly into an incorrect
control assembly location. The two types of control assemblies that
require discrimination from each other are as follows:

1. Primary control assemblies that are to be located in Row 4 or
Ro., 7 corners, only.

2. Secondary control assemblies that are to be located in Row 7 flats

51 only.

The geometries of the control assembly discriminators are
similar to that shown in Figure 4.2-15 for the fuel assemblies. However,
the diameters of the discriminator posts on the control assemblies are
sufficiently different from the corresponding diameters on the other
types of reactor assemblies to preclude incorrect insertion of an assembly
during refueling. The discriminator system will stop the insertion of
any assembly into an incrorrect assembly location 2.35 inches short

51 of its fully inserted position. This resulting 2.0 inch height diffe-
rence is detected by the In-Vessel Transfer Machine (IVTM) axial
position locating system and the IVTM will not release the assembly
from the grapple.

4.2.3.2.2 Secondary Control Rod System

The Secondary Control Rod System (SCRS) (shown schematically
51 | in Figure 4.2-105) provides six two-position control rods that move

from their full-out position tc their full-in position to shutdcwn
the reactor. Each control rod is held in its full-out position by a
scram latch that engages the control rod's top end. The scram latch
is located at the bottom end of a drive shaft extending through the
reactor closure. The Secondary Control Rod Drive Mechanism (SCRDM)
that positions the drive shaft and latch is mounted above the reactor
head. The control rod has gravity and hydraulic pressure forces from
the coolant pressure drop across the core which are applied to the
control rod in a direction that tends to drive it into the core. The
latch holds the control rod in the full-out position against those
forces.

The SCRS hardware includes the following major items:
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1. The Secondary Control Assembly (SCA) that has a hexagonal configu-
ration similar to fuel ass'mblies and contains the movable
control rod (Figure 4.2-106).

2. The Secondary Control Rod Driveline (SCRD) that extends through
the reactor closure and seals the reactor cover gas (Figure
4.2-107).

3. The Secondary Control Rod Drive Mechanism (SCPDM) mounted to the
reactor closure top side and conr.cted to the drive shaft seal
assembly (Figure 4.2-108).

The SCRS utilizes hydraulic forces to assist scram action. The control
rod moves axially within the control assembly guide tube. During normal reactor
operation, the rod is supported above the core by the latch that is actuated by
a pneumatic cylinder. Appropriate flow paths and orifices within the assembly
allow the reactor coolant to flow from the high pressure plenum to the region
above the piston. Sodium below the piston is ducted to the low pressure plenum.

Therefore, a pressure drop in the downward (scram) direction
exists across the control rod piston continuously during normal operation.
Upon receipt of a scram signal, the control rod is released by depressurization
of the latch-actuating cylinder and is forced down by the hydraulic pressure
force and gravity into the core region. Coincident with scram initiation, the
primary coolant pumps are tripped, that is, turned off; however, the transient
pressure decay is relatively slow with respect to the SCRS scram speed, so that
sizeable scram assist pressure forces exist throughout the scram stroke. This
relatively slow decay of the scram assist pressure due to the primary coolant
pump coast down also applies when consideration is given to the postulated
uncooling accident.
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The latch can be actuated to release the control rod by ventina the
pressure in the pneumatic cylinder. The weight of the rod and the hydraulic
forces cause the arippers to spread and release the rod.

To retrieve the rod from the full-in position, the latch is lowered
by the SCRDM. Upon engagement of the latch with the control rod, the pneumatic
cylinder is pressurized to secure the rod in the latch. The SCRDM is then
actuated to raise the control rod slowly out of the core reqion to its normal
full-out oosition. In this position the latch is located just below the top
of the handlino socket as shown ir Figure 4.2-105.

For head rotation, the control rods are released and the drivelines
below the closure are withdrawn well into the upper internals structure to
provide protection for them during head motion.

4.2.3.2.2.1 Secondary Control Rod Mechanism

Nozzle - The drive nozzle that i attached to the reactor head pro-
vides the support and mounting feature for the SCRDM and its attached SCRD and
control rod. The mechanism holddown ring at the nozzle upper end attaches the
SCRDM to the nozzle in a manner similar to that used by the primary drive

39| mechanism.

Sealed Housina - The sealed housing forms the outer shell of the

39 | SCRDM that will contain the argon pressure that backs on the rnain shaft
bellows. An integral flange at the housino's mid-section mounts and seals the
SCRDM to the drive nozzle. The sealed housina uooer end is caooed off by the
connector plate. The lower end is attached to the fixed end of the main shaft
bellows. A member that has two Cono-seals (similar to the drive shaft seals
used by the primary drive) makes the attachment to the main shaft bellows
collar to facilitate assembly. The sealed housing is pressurized through a
connector in the too connector olate. The housin7 pressure is estimated to be
aporoximately 5 psi above the reactor cover aas pressure. Should a bellows or
any other aas seal fail, the leak will be detected, and an alarm sounded, by a
system that continuously monitors argon flow in and out of the sci!"'

Split Shell Framework - The main structural framework for the SCRDM is
provided by two half shell menbers that suoport the end plates containing the
leadscrew bearings. The two halves are joined together with bolts at longitu-
dinal flanges running the length of the members. Two bars are clamped between
the shells to provide guide rails for the latch mechanism and carriage assembly.
The split shell design permits the internal mechanism to be nearly completely
assembled before adding the other half shell, thus simplifying the assembly
procedure. A mid-support for the leadscrews is worked into the split

39 shell framework design as shown in Figure 4.2-108. A flanged housing
attaches the split shell framework to the connector plate where the
load is transferred to the drive nozzle.
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Leadscrews_- The axial motion for the drive is generated by twin ball-
nut leadscrews. Bearing support is provided at three elevations. The lower
bearings are in a duplex arrangemerit that takes the axial load and gives a rigid
support for column loading considerations. The mid-support bearings use needle
bearinos for a thin cross section and provide rigid suoport. The positionit1
carriage ball-nuts travel between the lower two bearings. Each leadscrew is
rated for 10,000 pounds column loading with rigid ends and 25,000 pounds ten-
sile static load. The leadscrew has 0.2-in. lead oer revolution. The upper
bearings provide radial support at the gear drive.

391 Motor and Locking Device - Power to the leadscrews is provided by an
electric notor. Two idler gears from the motor pinion gear transfer the
torque to the leadscrews. A locking device is coupled to the other end of
the motor shaft. This device permits the carriage to translate only when

39 tho torque is applied through the motor.,

Latch Mechanism - The latch mechm ism is mounted to the upper side of
the positioning carriage and provides the function of operating the control rod
release latch at the end of the drive shaft. The main components of the latch
mechanism are the position indication devices, the pneumatic actuator, and the
scram valves. The motion of the concentric shafts inside the drive shaft are
indicated by two LVDT's (linear variable differential transformers).

The pneumatic actuator utilizes high pressure argon in order to
apply a tensile force to the tension rod to keep the latch locked. The scram
valves that vent the pneumatic actuator, which in turn releases the control
rod latch, are mounted below the pneunatic actuator. Guides located above
the scram valves and on the positioning carriage engage with the split shell

39 guide rails to provide a stable motion path for the positioning carriage and
latch mechanism.

The scram valves are redundant and testable. A system of two-out-
of-three logic permits any of the three solenoids to be actuated for test
purposes without causing scram. However, actuation of any two of the three
solenoids is sufficient to release the control rod. The valves are instru-
raented to monitor response during testing. This feature permits periodic

39 . testing of the scram valves thereby enhancing reliability of the system.

Electrical Lead Coil - The electrical cables needed for the latch
mechanism LVOT's and scram valves and the pneumatic tubes needed for the
pneumatic cylinder and driveline internal pressurization are routed to the

39) latch mechanism by a helical coil assembly.

Position Indication - The position indication transducer for the lead-
screws is located within a housing that fits inside the helical coil

39i assembly. Figure 4.2-108 shows the design. The large spur gear
meshes with a gear on one of the leadscrews. The transducer is a single turn
encoder that reauires a high ratio gear reducer between the input shaft and
encoder. A torsion spring applies a torque to the low speed end of the gear

reducer (less than one turn) to eliminate backlash. The encoder will nominally
indicate 0.1-in. of positioning carriage movement. The positioning carriage
position is also indicated by three proximity switches mounted at elevations

O
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corresponding to the control rod fully inserted position, fully withdrawn or
operating position, and driveline refueling position.

39

Connector Plate - Hermetically sealed, electrical connector faed-

39 | throughs are mounted to the top plate with high quality metallic seals.
Connectors from the SCRDM cables can be attached to the feedthroughs on the
lower siae of the connectcr plate before it is mounted to its housing. Room
is provided at the top of the drive to accommodate the cable length needed
for this operation.

4.2.3.2.2.2 Secondary Control Rod Driveline

Latch - The control rod scram release latch is located at the bottom
end of the driveline. The coupling head on the control rod is gripped by the
latch gripper fingers that are held in the locked position by the latch tension
rod. A 1/4-in. downward stroke of the gripper fingers and latch tension rod
will release the control rod by permitting the control rod coupling head to
slide out of the gripper fingers. The upper end of the latch tension rod is
coupled to the pneumatic actuator discussed in Section 4.2.3.2.2.1. The pneuma-

39 tic actuator has a stroke range of plus or minus one inch, as compared to the
1/4-in. for control rod release, thus allowance is provided for differential
thermal expansion over the driveline length. Since the latch tension rod is

39 tensioned by the pneumatic actuator the pneumatic actuator piston can shift
either up or down slightly to accommodate drive line expansions and con-
tractions and still maintain a relatively constont force on the latch
tension rod.

The angle surfaces contacting the gripper fingers are designed to
operate over a coefficient of friction range of 0.2 to 2.0. The latch has been
designed to be capable of carrying a 1,000 pound downward load on the latch fin-
gers from the control element. Preliminary estimates indicate an applied load
of approximately 450 pounds at reactor full power of whicn 345 pounds is1

developed by the hydraulic scram assist feature of the SCRS. The remainder
39 is due to gravity loads.I

The presence of the control rod coupling head within the latch fingers
is indicated by a mechanical extension of the sensing tube that contacts the
top of the coupling head. The sensing tube has a stroke range of minus 0.5-in.
and plus 1.0-in. from the latched position shown on Figure 4.2-107.

Rigid Drive Shaft Section - At the minus 344-in. elevation, where the
39| relative motion between the core assemblies and the upper core support

structure is postulated, the drive shaft portion of the driveline has a thick

I wall to protect the latch tension rod inside. The surrounding core support
39 structure and control assembly handle are expected to deform before the drive

shaft crushes, thereby keeping the latch tension rod free to release.
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Bellows - The latch tension rod and sensing tube are sealed with
metal bellows located at two elevations: the lower end of the upper
driveline above the three-shaft coupling and the upper end near the posi-
tioning carriage. The volume inside the drive shaft between these two
sets of bellows will be pressurized with argon from a source outside
the SCRDM. The internal drive shaft pressurization is planned to be
a few psi higher than the maximum pressure at the latch end, which is
somewhat lower than the core inlet pressure. The drive shaft internal
pressure is planned to be set at a fixed value that covers all reactor
flow rates (thus, core inlet pressure levels).

Three-Shaft Coupling - For initial assembly purposes the
driveline is joined by a three-shaft coupling shown near elevation minus
120. The coupling consists of concentric sleeves that can be slid
back to permit access to the next inner shaft. The outer drive shaft
sleeve has locking collars at each end. The locking collars pre-load
the threads to eliminate any looseness in the threads.

Head Shielding - The head shield plug design is similar to the
primary system shielding design.

Attachment to SCRDM - The SCRD attaches to the bottom of the
SCRDM positioning carriage by a bolted flange.

4.2.3.2.2.3 Secondary Control Assembly

The control assembly consists of a hexagonal duct that is
similar to the fuel ducts, a nosepiece, a shield, a guide tube, a
control rod, and an upper handle. The principal dimensions of these
components are summarized in Table 4.2-42.

The control rod is composed of 31 absorber pins surrounded by
a circular wrapper and includes a piston assembly at the bottom and a
damper assembly at the top. Each absorber pin contains a 36-inch column
of enriched B4C pellets, and the minimum total B10 loading in the

51 | control rod is 4.7 kg. The absorber pin has a gas plenum above and
below the pellet column with thin walled spacer tubes in each to
maintain position. The upper plenum also contains a holddown spring.

The piston assembly has an inlet plenum region to provide
good flow distribution for the coolant as it enters the piston region
from the guide tube. There is a small clearance between the piston

assembly and the guide tube above and below the inlet region. The
lower region requires tight clearances to create high pressure drop
for hydraulic scram assist. The upper region has small clerances
to minimize leakage flow around the outside of the control rod.
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The damper assembly above the absorber pins contain the damper and
dashram, a coupling head to mate with the latch, and an exit plenum for the
flow through the absorber pin bundle. The damper is made up of a series of
plates and belleville-type springs. Two types of plates are alternately
stacked with the springs. All plates have a hole in the middle to accommodate
a shaft. The shaf t has a plate at one end and an arresting arm at the other.
After the rod has traveled 90% of the scram stroke, the arresting arm contacts

39| the downstop and starts to compress the stack of springs and plates. Sodium
between the plates is expelled, slowing down the rod. The exterior of the
housing containing the springs and plates is tapered to act as a dashram.
The dashram starts to slow the rod when it enters the guide tube by reducing
the annular flow area between the rod and guide tube.

A downstop is attached to the outer duct such that the boron carbide
is fu;1y inserted in the core when the control rod is resting on the downstop
and the damper is compressed. The top end of the guide tube is also attached
to the downstop, while the lower end of the guide tube contains a shield plug
which has a sliding fit with the nosepiece. The guide tube has ports to pro-
vide upflow for cooling the control rod and downflow around the piston for
hydPaulic scram assist. The cuide tubes' ports are adjacent to the inlet
region of the control rod when the rod is in the withdrawn parked position.

The shield plug at the lower end of the guide tube has a hole
through the middle to permit downflow to the low pressure plenum. The shield
is sized to provide a steel volume fraction of 73% averaged over the 20 inch
shield height and the 4.76 inch assembly pitch. The shield plug also has
grooves in its perimeter to permit the upflow from the nosepiece inlet to

39 traverse the shield region.

The nosepiece contains two concentric flow regions. Coolant from the
reactor high pressure plenum enters the outer flow region of the nosepiece

39| through inlet ports. Sodium flows upward through the shield arooves and then
between the guide tube and outer duct until it reaches the ports in the guidetube.

Part of the flow goes through and around the contr ol rod to cool the
absorber pins and exits the assembly around the latch seal. Most of the coolant
at the guide tube ports flows downward around the piston, through the shield
and inner flow region of the nosepiece, and into the reactor low pressure
plenum.

4.2.3.3 System Evaluation

4.2.3.3.1 Primary System Evaluation
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4.2.3.3.1.1 Alignment Analysis

The section presents the results of an evaluation of the forces
which occur due to lateral misalignment of the CRBRP primary control rod
system components. These forces act to retard control rod translation
during scram and therefore must be considered in the Scram Analysis
(Section 4.2.3.3.1.3).

All the effects contributing to drag forces (product of a
lateral load and a coefficient of friction) were considered including
lateral bending effects, torsional windup of the driveline, constant
operational effects (e.g. , out-motion limiter pawl ratchetting along
the leadscrew) and PCA duct bowing. The lateral bending loads
resulting from system misalignment were determined by a static analysis
using the ANSYS finite element structural computer codc (APP-A) to
model the PCRS. The worst case misalignment of the fixed (non-moving)
boundary of the PCRS was determined to be the refueling misalignment,
Figure 4.2-95B. This misalignment envelope was further defined by
determining the shape of the upper shroud tube, assumed to be initially
straight, when forced to interact with a misaligned non-translating
assembly (NTA) and constrained to the defined end points according to
Figure 4.2-95B. The NTA, consisting of the upper bellows support,
torque tube, shield plug, shield plug extension and shield tube, was
assumed to be misaligned in the direction opposite to the direction
of the installed shroud tube.

A finite element model of the translating assembly (leadscrew,
driveline, dashpot cylinder and piston) was prepared and forced to
conform to the envelope defined by the misalignments from Figure
4.2-95B design clearances and the analysis of the NTA above (see Figure
109 and 109a). The translating assembly itself was assumed to
be misaligned, Figure 4.2-109b, as determined by an analysis of
tolerances of the component parts. This resulted in a system of static
forces required to elastically bend the translating assembly into
conformance with the fixed envelope (Figure 4.2-109c). Six unique
analyses as described above were performed for various withdrawal
positions from fully inserted to fully withdrawn.

Assumptions salient to the lateral misalignment force analysis
were as follows:

1. The control rod system is at a uniform temperature which corres-
ponds to the " worst case" refueling conditions for misalignments
(see Figure 4.2-95B). Axial thermal expansion of the components
has been ignored.
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2. Linear interpolation of maximum misalignment values between the
top and bottom of the control assembly is valid.

3. The dashpot cylinder is forced over to one side of the shroud tube
and parallel to the slope of the shroud tube.

4. The NTA and TA are initially misaligned as in Figures 4.2-109a & b,
and these are the worst possible configuration.

5. The stiffness of the disconnect actuating rod internal to the
control rod driveline is negligible when compared to the outer tube.

6. The sum of the absolute values of the reaction forces acting on the
T. A. will be greatest (largest retarding forces) for the two-
dimensional case with the greatest curvature in the elastic curve

51 of the control rod.
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c.

The total lateral loads calculated for each withdrawal position
are summarized in Table 4.2-43.

The same analysis was perfonned for the PCRS sodium test mis-
alignment conditions, which envelop the design basis in order to determine
the validity of the worst case assumptions made. These assumptions were
a) the position of the dashpot and b) worst case NTA and TA misalignments.
Table 4.2-43a sunmarizes the analysis bases and the resulting total forces
for the fully inserted position.

Subsequent system tests at the misalignments defined by Figure
4.2-95a resulted in a measured drag load of approximately 10 pounds.
This confirmed that the dashpot moves laterally as designed (i.e. is not
fixed as assumed) and that the assumption of combined worst case mis-
alionment of the translating and non translating assemblies is
ext > .ely conservative.

Only slight variation in the calculated lateral loads was observed
over the control rod stroke except near the full insertion position. The
end of stroke drag forces are effective only over the last six inches
where the control rod coupling can contact the inside diameter of the
scram arrest flange.

The maximum coefficient of sliding friction from the available
data (see Section 4.2.3.1.3) was used for each of the material couples in
the primary control rod system. These coefficients are greater than the
30 values given in Table 4.2-36A. Table 4.2-43 summarizes the lateral
misalignment drag loads at each withdrawal position.

Torsional effects are minimized by the Rotational Joint at the
top of the absorber bundle. Torque taker clearances and normal manufac-
turing twist of the absorber ducts can lead to twist of the driveline
which is torsionally restrained by the Torque Taker at the top and by
the hexagonal control rod at the bottom. The Rotational Joint provides
the azimuthal degree of freedom to relieve the potential driveline
torsion, as well as providing lateral degrees of freedom which minimize
moment transmission between the shaf t and the control rod. Tests
performed on prototype Rotational Joints (Ref.177) established that
the maximum torque transmitted through the joint was 20.5 inch pounds.
This was observed af ter an extended soak period in sodium and represented
only a momentary " static" friction peak which immediately reduced to
approximately 8 inch pounds torque. Because of the nominal cross corner
hex diameter of 4.6 inches, the maximum torsional contribution to lateral
load is 9 lbs. acting momentarily at the beginning of a scram.

The out-motion limiter pawl drag must be considered in the scram
retarding forces acting on the translating assembly. This load results
from the spring loaded pawls ratchetting along the leadscrew as it

51 scrams. The magnitude of this load is approximately 14 lb.
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Control assembly duct bowing can modify the system of misalignment
drag forces by changing the material couples and slightly altering the
available clearances. Two point contact occurs when the inner and outer
ducts are in contact. Depending on the misalignment condition, duct
to duct contact relieved the contact at one or both of the wear pads.
Only a very small incremental change in misalignment or duct bowing can
cause a change from wear pad to duct to duct contact. Thus, the principal
contributor from duct bowing results from the change in material couples,
i.e., from Inconel 718/316 Stainless Steel to 316/316. In rod withdrawal
positions greater than approximately 6 inches, only about 7% of the total
drag loads occur at the wear pads. Between 6 inches withdrawn and
fully inserted approximately 20% of the total drag occurs at the PCA
wear pads. Therefore, since the coefficient of friction for the 316/316
couple is approximately 16% lower than for the 718/316 couple, the
loads due to duct bowing decrease and are estimated at approximately
-1 lb. for withdrawn positions and -8 lbs. for near and fully inserted
positions. These forces were neglected in the scram analysis.

The drag forces used in the scram analysis for the PCRS are
given in Table 4.2-43. Drag forces are less than 135 lbs. for the control
rod stroke from full out to approximately 6 inches withdrawn and increasing
to about 290 lbs. at full insertion.

4.2.3.3.1.2 Control Assembly Bowing Analysis

Assembly bowing results from three factors: flux gradients
across the assembly causing differential irradiation swelling, thermal
gradients across the assembly, and mechanical loading from adjacent
assemblies together with creep or plastic deformation. The movable
control rod is suspended from the rotational joint which provides
sufficient degrees of freedom to prevent large moments in any plane
being transmitted through the joint to the shaft. Thus, control rod
bowing is not mechanically influenced by the shaft nor by adjacent
assemblies because of the clearances between it and the outer duct.
The outer duct is restrained at the inlet nozzle, the above core load
pad (ACLP) and the top load pad (TLP). Therefore, the outer duct bow
is dependent on a static equilibrium condition with adjacent assemblies,
and the magnitude of bowing deflection at any axial position is limited
by this condition and the clearances of the core restraint system at
operating conditions.

The control rod moves inside the outer duct, positioned and
guided by the Inconel 718 labyrir.S seal wear pads at the top and bottom
of the rod (Fig. 4.2-104). The nominal diametral (flat to flat) clearances
between the control rod and duct are 0.100 inch at the bottom wear pad,
0.120 inch at the top wear pad to allow for radial thermal growth relative
to the bottom, and 0.297 inch inner duct to outer duct clearance. The

51
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limiting bowed condition is three point contact, defined as contact between
both wear pads and the outer duct on one side of the rod, and duct to
duct contact on the opposite side (see Section 4.2.3.1.2). Beyond this
condition, the drag loads are directly proportional to control rod
stiffness.

The control rod preliminary bowing analyses model was derived
from the core restraint system analyses (Section 4.2.2). The model is a
3 assembly model for simplicity, which was shown to predict essentially
the same interassembly loads and deflections as the much more complex
row model used for core restraint system analysis. The model includes
all the phenomena contributing to bowing as discussed above.

Worst case bowing tends to occur in the Row 7 corner control
rod due to maximum flux and thermal gradients at that location, relative
to other control assembly locations. Therefore, the anlysis for the
Row 7 Corner assembly conservatively envelopes all other primary control
assemblies, and is used as the basis for demonstrating satisfactory
performance for all PCAs.

The maximum transverse themal gradient in the control rod
occurs during full power operation with the rod at or near full insertion

and the rod misaligned such that both top and bottom wear pads contact
the outer duct toward the center of the core. This condition is shown
in Figure 4.2-lll(a). For purposes of this evaluation, it has been
conservatively assumed that the R7C rods can be in fully inserted position
during power operation. It is expected that the R7C rods will be with-
drawn at least 13.4 (18.6 nominal) inches at the beginning of the
minimum withdrawal cycle (BOC-4) for full power operation.

The direction of potential reaction forces for the assumed

initial condition are indicated by the arrows in the sketches (Fig.
4.2-111). Both the inner and outer ducts are assumed to be straight
for the initial configuration. The outer duct then bows convex toward
the center of the core under the influence of transverse themal
gradients and irradiation induced differential swelling. Swelling
induced bow tends to become significant only toward the end of one year
of operation. The inner duct is assumed to remain straight for this
configuration resulting in the point contact conditions shown in sketch
(B). The reaction loads for sketch (B) would he small and similar in
magnitude to sketch (A).

If the rod is assumed to be misaligned so that both wear pads
contact the outer duct on the side away from the core centerline, a small
reverse thermal gradient (high on the outside) can occur across the rod
(Sketch F, Fig. 4.2-111). The resulting small control rod reverse bow

51
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together with any outer duct. bow, which must be convex relative to the
core centerline at power operation, redistribute the bypass flow to
reach a thermal equilibrium condition similar to a straight rod. There-
fore, it is concluded that the worst case assembly bowing condition is
achieved by assuming no operational bowing of the control rod, while
permitting the outer duct to bow as dictated by the adjacent assemblies.
Predictions of control rod bowing utilizing the maximum transverse
thermal gradients predicted for the rod over a range of radial mis-
alignments and rod withdrawal and using extremely conservative flux
data have indicated that the rod bows less than 0.01 inch (de. iation
from a straight line connecting the end points) in a direction parallel
to the outer duct bow. Therefore, the assumption of no control rod
operational bow has been analytically confirmed.

Outer duct bowing is primarily dictated by interactions with
adjacent assemblies. However, the thennal and flux gradients across
the assembly do contribute to a small extent to the equilibirum bowed
condition. For bowing predictions a combination of high flux and high
temperature was conservatively assumed in the analysis despite the fact
that these maximum occur at different rod withdrawal conditions and
therefore do not concurrently exist in actual operation. In addition,

a low flux case was assumed which maximizes the flux gradient across the
adjacent fuel assembly, together with the further conservatism of
assuming that the adjacent fuel assembly is initially pre-bowed for
one cycle to cover the possibility of non-batch refueling. ,

The three assembly bowing model together Nith its assumptions
introduces conservatism into the analysis. Since assembly interaction
effects dominate control assembly duct bowing, the inherent assumption
of two face stiffness leads to greater prediced bow. In-service,

asse.ablies adjacent to the four duct faces not in the plane of bo.ging
add stiffness to the assembly and reduce the magnitude of the bow.
This conclusion is supported by preliminary data from the Core Restraint
Test Facility, and will be further verified as more data becomes avail-
able.

Figure 4.2-110 is the predicted outer duct bow for 275 FPD
operation again based on flux data which is conservative by a factor of
approximately 1.5. Key elevations are indicated on this figure
including the position of a fully inserted rod, the above core load
pad (ACLP) and the top load pad. Since the clearance evaluation is a
balance of available design clearances and reductions in these clearances
from various effects, it is clear that the worst case (greatest reduction
of clearance) is with the rod fully inserted. This ca1 be determined
by connecting the intersection of the control rod full-in end points
with a straight line and gaging the deviation from this straight line
to the bowed configuration. Clearly as the rod is withdrawn, the
deviation decreases, therefore the clearance increases.
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Figure 4.2-110A is a plot of the outer duct bow adjacent to a
fully inserted rod - i.e. the maximum deviation from the straight line
noted above, superimposed on the clearance envelope of straig.it inner
and outer ducts under the following assumptions:

a) The wear pads are in contact with the outer duct on the same side.
(Thus the clearance at 80 inchu and 0 inches is zero. )

b) The wear pads are at their maximum tolerance.

c) The inner duct OD is at its maximum tolerance.

d) The outer duct ID is at its minimum tolerance.

Additional assumptions relating to manufacturing are made as
follows:

a) The wear pads are azimuthally misaligned by the maximum tolerance,

b) The inner duct is non-straight by maximum manufacturing tolerance
and is assembled so that the bow oppose; the predicted outer duct
bow.

c) Outer duct manufacturing bow tolerances have been assumed to be
cumulative with the predicted operational bow. This is extremely
conservative since analyses have shown that the end of life bowed
configuration is not significantly altered by assuming an initially
bowed configuration due to manufacturing tolerances.

The assumptions on manufacturing tolerances all reduce design
clearances and are identified on Figure 4.2-110A. The follcwing conclusions
can be drawn from Figure 4.2-110A:

a) Two point (duct-to-duct) contact would occur under the assumptions
of these analyses. The load from this contact will be small due
to the freedom given by the rotational joint.

b) Three point contact does not occur. In fact, a large margin to
three point contact exists as gaged against the maximum bow in
275 FPD operation.

Therefore, it is concluded that bowing will not detract from the scram
performance of the PCA. The large margins and very conservative assumptions

51
lead to a high confidence in this conclusion.
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4.2.3.3.1.3 Scram Analysis

This section describes preliminary scram analyses performed for
the primary control rod system to demonstrate the expected rates of reac-
tivity insertion during a reactor scram. Considered in this section are
available shutdown reactivities, typical rod positions, control rod scram
speeds and scram reactivity insertion rates.

Typical Rod Withdrawal Positions

Rod positions at the time of the scram is required may vary
significantly due to: withdrawal over the fuel cycle, potential variations
in rod bank positions, uncertainties in rod worths and variations in
the fuel cycle length between the first and later cores. The time to
insert the first dollar of shutdown reactivity in the reactor scram is
typically of greatest importance as this first dollar is sufficient
to turn around the power peak or fuel temperature increase for most
transients. Table 4.2-44 shows typical rod withdrawal positions at the
beginning and end of the first six operating cycles. BOC-5 has been
shown to be the worst case for the slowest first dollar insertion and
is therefore the basis for the scram insertion analysis.

Control Rod Scram Speed

Control rod insertion analyses are performed by solving the
equations of motion considering all the forces acting on the PCRS trans-
1r. ting assembb , both scram assisting and scram retarding. Section
a.2.3.3.1.1 presented the analysis of scram retarding forces. Table
4.2-43 gives the total drag force as a function of withdrawal. The drag
force is greatest between 6 inches withdrawn and fully inserted; however
the loads are still less than the li.aiting load, which is equal to the
driveline and control rod weight (n400 lb), which could cause failure
to fully insert the rod.

Typical results of the at'ove distance versus time insertion
analysis, using the CRAB computer code, are given in Figure 4.2-112.
This figure shows insertion profiles from various withdrawal positions,
based on the drag forces given in Table 4.2-43. The CRAB code scram
calculation methods have been checked against experimental data obtained
in FFTF tests. Results of a typical cm.parison of calculation and
experiment are given ir. Figure 4.2-113. It can be seen from this
figure that the CRAB code predictions ;now excellent agreement with
experiment.

Scram Reactivity Insertion Rates

Scram reactivity insertion rates have been calculated based on
the displacement / time profiles given in Figure 4.2-112, the cycle dependent

51
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rod positions of Table 4.2-44, and the minimum rod worths of Table 4.3-32.
Results of these calculations are given in Figure 4.2-114. BOC-5 is the
worst case with respect to time to insert the first dollar despite the
fact that the initial withdrawal height is greater than for 80C-4. The
difference in minimum shutdown worth overrides the position effect for
BOC-5 vs. BOC-4. All other cases insert reactivity faster due to
higher worth or due to farther initial rod withdrawal. End of cycle
insertions are significantly faster due to increased shutdown margins
and rod withdrawal positions which lead to faster rod speeds due to
greater scram assist forces at those positions. It is concluded that
the primary control rod system satisfies the speed of response require-
ments given in Section 4.2.3.1.3 for the worst case rod positions.

4.2.3.3.1.4 Seismic Scram Analysis *

An analysis was performed to determine the ef fect of a safe
shutdown earthquake (SSE) on the CRBRP Primary Control System's scram
capability. Lateral contact forces on the trar lating assembly were
determined for a severe three second segmen+. of Qe SSE which was then
used in evaluation of scram performance unjer seism:c conditions.

The worst time to initiate a scram in this 3 *:u. 'ime interval
was identified by determining the ti.ne required to scram 9 inches. This
criteria was used bece :se it repres ents the required rod travel of
the rods to insert approximately ont dollar of reactivity. A 1.2 second
load time history whose initial po' ' is the worst scram initiation time
was then used repetitive!y unti . the :ods were fully inserted. A
dynamic impact coefficient of friction of 0.5 was used since this
value is conservative relative to the coefficient of friction averaged

51 over the length of the PCRS (se" aaragraph 4.2.3.1.3).

The ANSYS computer program was used to perform the seismic
analysis, using the semi-linear transient dynamic (time history) option
of the program. An overall reactor system model was first used to
determine the motions of the important components. The gross motions
of the system components were then used as input functions in a decoupled
primary control rod system model to determine the response of the
leadscrew, driveline and control assembly within the PCRDM, shroud
tube and control assembly duct.

The nonlinear primary control rod system model and its use
in the seismic impact analysis are discussed in Section 3.7.3.15.3.
The results of this analysis used in the scram calculations are the
contract forces (vs. time) during the seismic event.

*See footnote to Section 3.7.3.15.
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The scram analysis was performed using the CRAB computer code
(see Appendix A) incorporating the dashpot model and time variant scram
retarding force capability. Calculations were performed for rod positions
at the beginning of cycles. The results of the SSE scram insertion
predictions are compared with the seismic scram requirements in Figure

51 4.2-119.

It is concluded that the primary control system satisfies the
SSE scram insertion requirement of Figure 4.2-93. The reactivity effects
of the slightly increased scram time are evaluated in Section 15.2.3.3.

The seismic scram analysis is a conservative evaluation of scram
capability under SSE environment in that a conservative calculation of

51 loads and scram initiation time was employed.

4.2.3.3.1.5 Control Assembly Analyses

Absorber Pin

The prgary centrol assembly utilizes enriched B4C (approximately
92 atom percent B in Boron). Data on helium release, thennal conducti-
vity and pellet swelling, required for abscrber design, are available

51 in References 44 and 44a.

Currently connitted B C tests providing EBR-II irradiation data4
in support of CRBRP control assembly design are given in Table 4.2-46A.
This table sunmarizes each test using the HEDL name for the test. Typical
test parameters for pellet temperature, pellet diameter and B-10 captures
are given. Also noted is the status of each test including target
completion dates for the EBR-II irradiations.

The tests of Table 4.2-46A will extend the irradiation data well
above the pellet temperatures and pellet sizes anticipated for the primary
control assedly. The BICM-1 test has provided data to 80X1020 B-10 captures /
cc, which is cmparable of first core burnups for CRBRP. The BV-2 test
for vented pins will provide data on pellet swelling for burnups typical
of 275 FPD cycle operation. The tests of Table 4.2-46A cover the

51 operating range for the primary control assembly.

The planned EBR-II B C irradiation tests do not include in-4
reactor transient cycling of abscrber rods. Out-of-pile testing of
irradiated pellets has been perfonned under the HEDL development program
to determine gas release under transient thermal conditions. Preliminary
results indicate that helium release upon temperature increases occurs
over a relatively long time (on the order of 15 ninutes) characteristic

Since B C temperatureof a Primary Control Assembly thermal transjent. 4
increases during transients are small (<100 F) the incremental gas

51 increase from a transient is a small effect. Incremental gas release

"
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during transients based on the thermal transient tests are included in the
pin lifetime analyses. Since the absorber pins are designed to preclude
pellet to clad interactions or B C melting under worst case transient4
conditions, gas release is the only B C variable required to be assessed4in transient analyses.

Further perfornance data for the PCA will be obtained from the
PCA Irradiation Test (see Section 4.2.3.4.1.1) which will integrated
lifetime performance data for near prototypic environments and operating

51 parameters.

| pins. Table 4.2-46 summarizes performance parameters for the absorber
51 The thermal-hydraulic parameters are discussed in Section 4,4

For the current design, the plenum lengths have been established by
the maximum available pin length, and the clad stresses at the end of
one operating cycle are less than 5,000 psi as shown in Table 4.2-46.

Preliminary strain analyses of the pin have indicated that there
is only minimal accumulated strain at the end of the lifetime requirements.
Additional analyses utilizing the cumulative damage function approach

51 has been performed which also verifies the lifetime capability of the
pins. Use of the CDF for the absorber cladding requires that the duty
cycle be separated into various stress state / time segments superimposed
on the steady state operating conditions. This introduces conservatism
in the analysis since conservative estimates of stress and time form
the basis for the analysis. Effects such as sodium interaction with the
cladding and pin-duct interactions are included in the lifetime evaluation.
B4C swelling is calculated to assure that no force contact occurs
between the pellets and the cladding (see Table 4.2-36) thus reducing
the margin for error in the calculations. Figure 4.2-llla shows pellet
swelling and associated pellet to clad gap for rod in the Row 7 corner
location. Figure 4.2-lllb shows axial B-10 burnup profiles for each
rod position in the equilibrium cycle.

Based on the results of the preliminary analyses performed, it
is conj uded that the pin lifetime capability exceeds the 328 FPD
requirement for the first 2 operating cycles as well as the 275 FPD
requirement for subsequent cycles. Further, ample margin exists to
lengthen the lifetime requirement of the pins. For the initial
pellet to clad gap shown in Figure 4.2-llla for the required lifetime
would have to be increased to allow for the additional pellet swelling

51 that would o: cur over the goal 550 FPD lifetime.

Structural E/aluation

A preliminary elastic analysis was performed to evaluate the
structural adequacy of the control assembly outer ducts. Design stress

51 | limits were derived using the criteria defined in Table 4.2-37B. Bo th
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ductile and brittle failure modes were c insidered in deriving these
cri teria. Material data was taken from Ref.1 for the worst case
thermal and irradiated state of the critical duct sections evaluated,
that is, the lower duct welds and the ACLP. Plastic analysis, including
creep and swelling effects, is not expected to significantly change the
result of the elastic analysis.

| The results of the analysis for fuel ducts are presented in
51 Tables 4.2-7 and 4.2-8. These results are applicable to the control rod

duct since the control assembly utilizes the fuel ducts. It can be seen
that positive margins exist for all loading conditions and stress cate-
gories. The control assembly duct does not attain the same temperatures
as the fuel duct, thus the allowable stress and the margins of safety
are greater for the control assembly. For the ACLP region of the duct,
the increase in material allowable due to the lower control assembly duct
temperatures, as shown in Figure 4.4-29, will raise the margins both for
primary plus bending and primary plus secondary categories. In addition,

the CDF will decrease from the already comfortable value to much less than
1 for both peak and seismic loading conditions.

| Analyses were performed to evaluate the effects of scram impact
51 on the control assembly and the outer duct. These analyses indicate

that scram impact does not pose a problem for the control assembly duct.

The leadscrew-driveline-control rod assembly and the duct were
modeled as a dynamic system (Figure 4.2-120). A driveline initial velocity
of 25 psi was assumed to provide added analytical margin over the 14 ips
design final velocity of the driveline and the FFTF dashpot test results
of 9 ips. The results of this preliminary analysis are as follows:

1. There is insignificant rebound (both in magnitude and frequency)
of the control assembly following impact on the scram arrest flange.
In addition, the outer duct does not appear to be overstressed.
Additional effort is in progress to establish acceptability of the

51 end-of-life residual ductility.

2. The "breataway" link (see Section 4.2.3.1.3) at the base of the
control r i shaft is not dynamically overstressed upon scram
impact. 'he dynamic weight of the control rod is less than the
force at which the " breakaway" feature is designed to rupture

51 (16,500 pound predicted force,19,000 pound maximum) to satisfy
the stuck rod or stuck coupling requirement referenced above.

3. The impact of the disconnect coupling actuating shaft is slight
and does not damage the rod for an initial velocity of 25 ips ,
and does not occur at the design veiocity of 14 ips.
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4. There are large margins of safety for the driveline expansion sleeve
and the position indicator rod for an impact at 25 ips.

5. The control rod welds (adapter plate-to-duct and pin-to-adapter
plate) have adequate margins of safety based on 25 ips impact
velocity.

6. Absorber cladding stress is insignificar+ in scram impact.

7. There is sufficient absorber pellet preload to prevent pellet
separation and interpellet impact.

4.2.3.3.1.6 PCRDM and PCRD Structural Analysq

The CRBRP control rod system utilizes a modification of the FFTF
| mechanism to benefit from FFTF design and development experience.51 A

complete structural analysis of the FFTF mechanism is reported in
(Ref. 41). Review of this analysis and scoping analyses of CRBRP
primary control drive mechanisms indicate that loading requirements
except the seismic requirements, are very similar to FFTF requirements.

The mechanism is designed to withstand all loads stermiing from
SSE, and safely shutdown the plant. Preliminary seismic analysis has
indicated that all seismic loading conditions are well within allowable
limits.

51
Preliminary analyses have been performed to determi.ie the

structural adequacy of the control rod driveline, based on conservative
assumptions of minimum material properties and maximum loads on stressed
components. These evaluations considered the maximum load applied to
the driveline by the motor including a stuck rod, latching and a cold
stator. These loads are the peak tensile, compressive and buckling
loads, and envelope all other loads encountered by the driveline. Table
4.2-47 summarizes the applied and allowable loads and stresses for the
PCRDM and PCRD components for the peak loading conditions. This table
utilizes the results of FFTF analyses from Ref. 41, scaled where appro-
priate to CRBRP loading conditions. Only the maximum loading conditions
have been addressed in this preliminary assessment of the PCRDM/PCRD
structural analysis. It can be seen in Table 4.2-47 that the maximum
load or stress for these conditions does not exceed the allowable loads
and stresses. Detailed analyses at CRBRP loading conditions will be
performed to confirm the preliminary values given in this table.

4.2.3.3.1.7 Overall System Performance Evaluation

Potential for Functional Failure of Critical Components

As stated in Appendix C, a Failure Model and Effects Analysis
51

of the control rod system were performed. In this analysis, each basic
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component was considered separately to determine the type of failure, its
causes, its effects on system perfonnance, and the probability of occurrence.
With regard to the primary mechanism and driveline, the analysis yields
the conclusion that functional failures of the components are either
extremely unlikely or have insignificant effects on system performance.

51

The primary safety functions of the CRDM and PCRD are reliable
scram, and accurate, repeatable positioning. Therefore, the components
which could conceivably inhibit these functions must be active in these
functions. These components are the segment arms, including springs,
pivot pin and synchronizer bearing, the scram spring, and the driveline
coupling. Effects of failure of these components and other components
such as bellows and stator cooling system are evaluated below.

Segment arm functional failure is failure to separate and
release the leadscrew. This could result from segment ann spring failure,
synchronizer bearing failure, or pivot pin lockup. There have been no
known segment arm spring failures in 15 years of collapsible rotor
mechanism experience and analysis of the FFTF mechanism has shown capa-
bility to scram with at least one failed segment arm spring under the
conservative assumption of worst case bearing friction. Bearing and
pivot pin failure would occur only if debris jarmed the bearing, or gross
dimensional inaccuracies occurred. There is no known source for debris,
and dimensional variation is limited by rigorous quality inspection.
Structural failure of the bearing is extremely unlikely, as the bearing

. is only slightly stressed.

A seal system has been provided in the CRDM to prevent sodium
vapor from entering the roller nut area (see Seal System, Paragraph
4.2.3.2.1.1). However, in the extremely unlikely event that sodium
vapor could be deposited in the roller nut area, testing has indicated
(Ref.11) that a roller nut type of CRDM scrams with no statistically
significant scram time degradation in a sodium vascr-inert gas environ-
ment; that CRDM performed the required withdrawal, insertion, and
scram functions satisfactorily while being cycled through 9600-ft and
scranmed 1070 times with a 340-lb driveline weight attached. Testing
with a purposely failed bellows in Phase IV of the FFTF Control Rod
Environmental Life Test was completed in June 1976. The FFTF Control

51 Rod System performed satisfactorily with a failed bellows.

Loss of stator coolant could ultimately result in stator failure
and rod drop as the CRDM is fail-safe to stator failure. Monitoring of
the stator coolar t temperature will be utilized to permit corrective
action to prevent a spurious scram.
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A malfunction of the coupling would be sensed at connection
after refueling by means of the position indicator rod at the center of
the driveline. The coupling is designed to lock by differential thennal
expansion for worst case clearance. Preliminary analysis has shown that
the coupling lockup temperature at beginning of lffe is approximatelyg
500 F for minimum clearance and approximately 700 F for maximum clearance.
Thug, the control rod coupling is tight at operating temperatures above
700 F. Thennal expansion of the driveline could result in small positioning
errors which will be evaluated in light of the control rod reactivity
worth-position relationship.g

Finally, an FFTF mechanism has been life-tested through 1500
full-length scrams. 20,000-f t of travel and 30,000 start-stop cycles
without functional failures. Additional life tests are in progress
for the CRBRP PCRDM.

Sensitivity to Mechan; cal Damage

Preliminary structural analysis has shown the primary mechanism
adequate under seismic (SSE) c.onditions. Testing in similar mechanism
has been completed in which cubstantially greater shock loads than the SSE
were imposed without failure. Therefore, the structural adequacy of the
mechanism has been firmly established.

There is no conceivable driveline failure mode which would prevent
sc ram. That is, even a gross rupture of any part of the driveline causes
the control elemen' to drop. Failure of the dashpot could cause a hard
impact at the end o scram, however, the source of such a failure cannot
be identified.

The positioning function of the driveline could be impaired should
the dashpot cup bind at the top of its 1-1/2 in. travel. This failure
mode is judged as being insignificant since there is a large clearance
(0.41 in.) between the cup and the shroud tube. The only circumstances
which could cause binding are: a) debris of sufficient size wedged into
the gap at the end of the upstroke, and b) mechanical damage so severe

.as to produce enough distortion of the driveline to bind against the
shroud tube. The latter has been ruled out previously in the evaluation
of the CRD under the worst case design loading and particles greater
than 0.25 in. diameter are screened out by the inlet module area. Also,
the full-stroke displacement of the dashpot cup (1-1/2 in.) is sufficient
to cause significant loss of reactivity insertion in a scram if the
dashpot cup fails to seat.

It is therefore judged that there is very little sensitivity
to mechanical damage affecting reactivity control or shutdown capability
of the primary CRDM and CRD. Detailed evaluations will be performed in
the design and testing efforts to further support these conclusions.
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Potential for Excess Reactivity Additions

The maximum design withdrawal speed of the mechanism is 9 ipm.
The reactivity insertion associated with this withdrawal rate is evaluated
in Sec tion 4.2.3.1.1. The maximum uncontrolled withdrawal rate of the

51 | primary control rod system is 73 ipm, limited by the rollout characteris-
tics of the mecnanism. For this to occur, four separate and unrCated
failures would have to simultaneously occur in the mechanism cont aller,
including output signal oscillation at a frequency greater than t..e
power supply source frequency. Additionally, the uncontrolled motion
would be confined to only one rod, due to the single rod stepwise
function of the contrciler. Because of the number of simultaneous
failures required to cause a rapid withdrawal, this event is judgeu to
be extremely unlikely. Howeve , the reactivity effects of such an

event are discussed in Section 15.2.2.3 and have been found to be
within the capabilities of the plant protection system to prevent
fuel damage.

Potential for Rod Ejection

Inadvertent lifting or ejection of the control assembly is not
considered credible because of the low pressure design of the reactor
system. The weight of the control assembly (including the driveline)
is approximately 400 lbs. There is no conceivable uplif t force of
a similar magnitude. In spite of this, an out-motion pawl is added
for another layer of conservatism to limit outmotion speeds.

At refueling when the control assembly is disconnected from the
driveline, a situation may be postulated in which full pump flow is
started by an unknown mechanism. A control assembly flow rate of
about 58,445 lb/hr is required to lift the control rod with the driveline

disconnected. The preliminary maximum flow rate is 51,493 lb/hr for
these postulated conditions which result in a flotation margin of
1.li Table 4.2-48 compares predictions of the flotation conditions
witi, the FFTF control assembly flow tests. This comparison shows that
the flotation conditions are predicted to an accuracy of better than
5% on both flow rate and pressure drop. Consequently, flotation of the

control rod nnnot occur even with the driveline disconnected. A major
structural failure of the lower axial shield orifice assembly would
have to occur before flow rates approaching flotation conditions would
be possible. Therefore, rod ejection is not considered credible and
is not included as a design bcsis.

_CRDM Housing Leak

The CRDM pressure boundary design incorporates a buffered seal
51 configuration to prevent leakage of reactor cover gas into the head access
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area. The buffer zone consists of an Argon gas atmosphere above the-

bellows and the Bellows Support / Extension Nozzle Seal. These boundaries
are shown pictorially in Figure 4.2-102 and schematically in Figure
4.2-102A. This seal configuration places two seals in series between
the Cover Gas region and the Head Access Area. With this series seal
configuration, the static pressure in the buffer region between the
series seals can be continuously monitored with pressure transducer
type instrumenta tion. Continuous monitoring of the buffer zone pressure
will reveal seal leakage in any of the buffer zone seals and permit
remedial action before failure of the other series seal can cause
leakage to the Head Access Area.

Seals between the Buffer Zone and the Cover Gas include the
three welded metal bellows units and the Conoseal between the Upper Bellows
Support cylinder and the Extension Nozzle (see Figures 4.2-102 and 120A).
The welded bellows are included in this seal boundary to permit motion
required for the CRDM leadscrew stroke, actuation of the control rod
disconnect coupling, and motion of the position indicator rod. The
Upper Bellows Support / Extension Nozzle Conoseal joint is required to
complete the seal between the Buffer Zone and the Cover Gas. The seals
on the opposite side of the buffer zone, namely, the Upper CRDM Mechanism
Seals, between the Buffer Zone and the Head Access Area, include the
Motor Tube / Extension Nozzle, the Position Indicator Housing / Motor Tube,
the pressure switch and several Voishan Seals, all shown schematically
in Figure 4.2-120A.

51 The seal boundarier are filled with an atmosphere of inert 3rgon
gas at a pressare slightly higher than that of the reactor cover gas.
This inert argon buffer gas protects the CRDM rotor assembly and lead-
screw-roller nut assembly from the deleterious effects of the reactor
cover gas environment. In addition, the pressure of the buffer gas is
continuously monitored by a pressure switch located at the top of the CRDM
housing. In the event of a deterioration of either one of the redundant
seal boundaries in the CRDM sealing configuration, the resulting decrease

51 | in the pressure of the buffer gas would be detected by this pressure
switch and appropriate corrective action could be initiated while the
remaining seal maintained the integrity of the reactor primary system
bounda ry. The reliability of the pressure switch which monitors the
argon buffer gas can be demonstrated by means of existing reliability
data for similar electro-mechanical components and/cr component tests.
The low probability of failure that is anticipated for a simple electro-
mechanical device such as the pressure switch, when combined with the extreme-
ly low probability of a simultaneous leakage failure of the two redundant
seal boundaries, eliminates the .onsideration of an undetected leakage

51 | f reactor cover gas into the head access area as a credible event. The
design requirement leakage rate for the CRDM housing is based on a helium leak
rate of 1 x 10-4 cm3/sec maximum for each CRDM at normal reacter operating
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pressures. This design leakage rate is based on the demonstrated leak rate
data for the mechanical compression seals and bellows units, and is con-
siderably less than portion of the total cover gas leakage into the head
access area that has been allocated to the CRDM housings. In additon,

the integrity of the CRDM housing seal configuration will not be signi-
ficantly dagraded (relative to the allowable leakage under SMBDB conditions)
by the effects of the SMBDB loading condition which includes a reactor
vessel after pressure of 300 psi maximum which corresponds to a steady

51 state pressure acting on the underside of the head.

4.2.3.3.1.8 Previous Experience and Development Work

51 | As previously noted, the Primary Control Rod System design is
similar to the FFTF Control Rod System. The FFTF Control Rod System
testing and analysis to date has confirmed the acceptability of this
type of system for LMFBR application. The FFTF analysis and test data
have been and will continue to be used in the design and analysis of
the CRBRP Primary Control Rod System and Components.

Prior to the selection of the collapsible rotor roller nut type
Control Rod Drive Mechanism for the FFTF application, this type of
mechanism was used in naval pressurized water reactors for at least
15 years. The environment of the PWR drive mechanisms is not the same
as the inert gas atmosphere of the FFTF and CRBRP applications. However,
the FFTF development testing of the collapsible rotor roller nut mechanisms
in inert gas / sodium environnents has indicated the analysis techniques
utilized in confirming scram reliability of this type of mechanism in
PWR applications is valid for LMFBR applications. This analysis which
was done for the FFTF Control Rod System and will be done for CRBRP,
utilizes friction coefficient data developed in the FFTF friction and
wear test prngram conducted at WARD, HEDL, and LMEC.
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4.2.3.3.2 SSecondarL ystem Evaluation

4.2.3.3.2.1 Tolerance Analysis

Accurate knowledge of the control rod position above the core
of an operating plant is needed to assure that scram performance require-
ments can be met. Dimensional loop tolerance from the control rod, up the
driveline, through the SCRDfi to the reactor head, and then down through
the vessel to the core support structure has been analyzed to predict the
effects of temperature change from shutdown to full power on control rod
position relative to the core. This analysis indicated the need to reduce
the effect of that total loop tolerance. To minimize the cumulative effects
of the various toierance conditices and to increase the confidences with
which the position of the control rod is known, a means is provided to
accurately establish the locatien of the top of the control rod when the
plant is shutdown. This location is established in the following manner.
The drive shaf t will bottom out on the control rod under notor insertion
stall forces. This assures a reference position for the control rod with
respect to the control assembly. The leadscrew position indication can
be read for a reference point from which subsequent control rod withdrawal
movement can be measured. This approach bypasses the tolerance buildup
that could develop from considering the entire dimensional loop and gives
a more accurate indication of control rod position. Additional tolerance
analysis important to the proper operation of the SCRS is addressed in the
following paragraphs.

In the latch, the gripper moves within the driveshaf t and contacts
43 a shoulder in the driveshaf t at the gripper's upper end when the latch is

engaged. During engagement, the control rod coupling head contacts the
lower end of the gripper fingers, and the coupling head forces the gripper
fingers radially apart until their outer surface contacts a cam surface

43 | on the driveshaf t. Tolerances on the driveshaf t between th' upper shoulder
and cam face on the cor: - ponding gripper features shall be such that the
resulting radial position of the gripper fingers will fall wi^hin safe
bounds when loaded by the coupling head. A radial 0.150-in. cutward move-
ment from the nominally engaged position of each gripper finger shall be
required to release the coupling head. The cam angl; shall be such that
a 2:1 relation of finger movement to axial movement will exist. The
coupling head and gripper fingers shall be designed such that contact
stresses will remain within acceptable limits if the gripper finger radial
position changes over a range of 0.040-in.

One of the objectives considered when the damper design was
selected was that the design reduced the close fitt and high tolerances
required for most hydraulic darrpers. The minimum radial gap for the

43 | 3d tapered dashram part of the damper is 0.030 in., which is relatively large
compared to typical dashpot designs. Along the stack of the damper plates, the
radial gap clearance between the plate outside diameter and the cylindrical
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housing inside diameter changes from a minimum 0.010-in. gap to a maximum
0.125-in. gap. These clearances are a'oove the minimum usually used in
liquid sodium design.

The amount of movement the pneumatic cylinder piston must undergo
to fully engage the control rod coupling head with the collet is a function
of the tension rod strain in addition to the 0.25-in. of motion required
to close the collet. For the 1200 pound design tensile load (corresponding
to the 400 pound control rod load)6 the rod will stretch approximately
0.130-in. at a temperature of 1000 F. The compressive reaction to this
1200 pound load occurs in the drive shaft, and results in a decrease of
0.016-in. in the length of the drive shaf t. Thus, the stroke of the
piston must allow for 0.396-in. of motion between the loaded and un-
loaded conditions. Since the current piston design can produce plus or
minus one inch of motion, no problems are foreseen. In addition, the

current design also has a threaded adjustment at the tension rod-piston
coupling to accommodate tolerance build-up conditions.

An analysis of the available clearances between a bowed channel
guide tube and the control rod within, has been performed considering
the Row 4 duct bow shown in Figure 4.2-110 for the expected one year ;ife.
Considering the control rod as bowing in a direction opposite the duct,
the clearances between the control rod and the duct guide tube were
calculated at various positions along the duct. No interferences were
found to exist. Therefore, no resistance to scram occurs as a result of
bowing.

4.2.3.3.2.2 Scram Analysis

The Secordary Control Rod System is designed to shut the reactor
51 down with any five of the six control rods scramming. One dollar of

ractivity is inserted into the core when five rods are inserted approx-
imately eight inches below the top of the core. The exact distance depends
on the position of the boron carbide above thecore prior to scramming.
The scram analyses presented in this section are based on the boron
carbide parked about three inches above the core. The quickest response
of the Secondary Control Rod System occurs at full-flow conditions when
the hydraulic scram assist is greatest. Figure 4.2-121 shows the insertion
of the rod from the start of the rod motion for a scram from steady 100%
flow, neglecting pump coastdown. The rods nre inserted eleven inches
into the core to shutdown the reactor in less than 0.32 seconds from
start of rod motion. After 0.70 seconds, each rod has moved 25 in.
and the dashram has entered the guide tube. The dashram is tapered so
that the flow area between the guide tube and the dashram will de-
crease as the rod moves farther into the guide tube. This reduction in
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flow area will decrease the force driving the rod and eventually slow
the rods so that the rod velocity is reduced when the damper arresting
arm strikes the downstop. The dashram also centers the damper in the
guide tube so that the arresting arm strikes the downstop uniformly.
The scram performance of the Secondary Control Rod System is degraded
somewhat when the reactor operates at lower flow ates because the
hydraulic scram assist is less. However, the degradation is not severe
because the weight of the control rod provides an assist and the increase
in flow resistance as the rod velocity increases is not as great as at
full flow.

The loss of preferred and alternate power is the most severe
anticipated transient that has been presently identified for the Secondary
Control Rod System. Detailed plant evaluations of this transient are
given in Chapter 15 of this PSAR. With provision for detection and

51 | electronic delays, 0.46 seconds is allowed to achieve an insertion of one
dollar with five out of six rods scramming. Figure 4.2-94 shows the
scram reactivity insertion requirements as a function of the time af ter
start of rod motion for non-seismic events from 100% and 40% flow con-
ditions. Figure 4.2-122 shows the reactivity insertion as a function
of the time af ter the start of rod motion for the loss of preferred
and alternate power transient from 100% flow. One dollar of negative
reactivity is inserted within 0.30 seconds af ter rod motion begins with

51 | five out of six rods scramming and using the minimum pressure drop
across the assembly and the worst combination of piston and guide tube
dimensions.

The coastdown after loss of preferred and alterrate power is
considerably slower when the reactor is operating at 40% power and flow.
Thus, the rate of temperature increase is slower and the initial tempera-
ture is lower than at 100% power and flr v. This permits a longer allowable
shutdown time. However, larger margins are required ai, low power-flow
conditions to assure minimum PPS sensitivity to noise and non-linear
effects. This means that one dollar must be inserted within 0.65 seconds
from the start of rod motion. The reactivity insertion as a function
of the time after start of rod motion is shown in Figure 4.2-122 for
the loss of preferred and alternate power from 40% flow conditions.
One dollar of negative reactivity is inserted within 0.51 seconds after

51 | rod motion begins with five of six rods scranming using minimum pressure
drop and worst dimensions.

The reactivity insertion requirements for seismic events are
shown in Figure 4.2-94. Since the Secondary Control Rod System dis-
connects the contral rod at a point within the control assembly for scram
insertion, only the control rod wear pads contact the guide ducts during
a seismic event. Consequently frictional drag forces ~are not large in
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the secondary assembly during a seismic event. For the Safe Shutdown
Earthquake (SSE) at 100% flow conditions, one dollar of negative reacti-
vity must be inserted within 0.56 seconds af ter the start of rod notion.

51 | With five out of six rods scramming, one dollar of reactivity is
inserted within 0.51 seconds after rod motion begins using minimum
pressure drop conditions and worst dimensions of the piston and guide
tube. The reactivity insertion requirements at 40% flow ( anditions
during the SSE are yet to be determined. The scram analyses for the
Operating Basis Earthquake (OBE) have not yet been completed, but the
ability to meet the required insertion times is anticipated.

4.2.3.3.2.3 Control Assembly Analyses

Each secondary control assembly has a flow rate of 71,500 lb/hr.
76% of which flows around the piston and into the low pressure plenum.
The flow through the control rod is 8600 lb/hr and the remaining flow is
leakage around the outside of the control rod. Other pertinent operating
parameters are summarized in Table 4.2-49.

To achieve the hydraulic scram assist force of 345-lb. , a pressure
drop of approximately 35 psi occurs across the piston at the design flow
t ate of 54,600 lb/hr to the low pressure plenum.

The peak absorber centerline temperatures of 2125 F for the hot
51

spot and 1780 F for nominal conditions occur only at the bottom pellet
of the absorber pellet stack since the B C is fully withdrawn from the4
core under operating conditions. The axial B C temperatures decrease4
rapidly in moving away from the top of tge core. No problems are expected
with a peak absorber temperature of 21.'S F. fhe solidus temperatureUW of boron carbide can vary from 3880 F to 44g0 F (depending on the
stoighiometry) which is well above the 2125 F peak temperature. The
2125 F is a centerline temperature that only occurs at the beginning of
life when there is a large gas gap between the boron carbide pellet and
the cladding, so there is no problem with cladding interaction. Al though
there is currently a lack of experimental data at this temperature, data
at this and higher temperatures should be available before the fina!
design is completed. Experimental test assemblies designed by the
Handford Engineering Development gaboratorigs to irradiate boron carbide
pellets at temperatures from 2400 F to 3600 F are being irradiated in
EBR II. The irradiation test for one assembly has been completed and
the results of the post-irradiation examination are being correlated
for subsequent use in absorber design. Another test assembly is being
irradiated in EBR II to higher exposures. Results from this test are

51 expected to be available the first part of Calendar Year 1980.

The absorber pin lifetime of 328 FPD, as shown in Table 4.2-49,
51 | is based on an average gas release rate in the peak pin of 22%. This

release rate is averaged over time end the length of the boron carbide
column, and includes the affects of uncertainties in B-10 loading and
temperature. The peak pellet temperatures are above the currently available
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irradiation test uata temperatures. Additional B C irradiation tests
4are planned to cover the temperature range of the secondary absorber

pins. However, due to the rapid decrease in the axial B C temperature4profile, the dominant fraction of pellets contributing to the helium
pressure are in the temperature range of available irradiation data.

T'ie calculated axial distribution of neutron captures in the
boron carbide of the peak absorber pin is shown in Figure 4.2-93a. The

28distribution is based on a 328 FPD residence, corresponding to the first
two reactor cycles.

Due to the relatively low clad temperatures in the absorber
pin, thermal creep is not a significant contributor to clad failure.
The lifetime limit is determined by the time-independent stress limit
for the cladding. (See stress limits of Section 4.2.3.1.5 above) Since

39 this stress limit is conservatively based on the proportional elastic
limit, ample margin to both ductile and brittle pin failure exists, and
the pin lifetimes can be confidently assured.

O
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SCA Guide Tube Analysis

The Secondary Control Assembly (SCA) guide tube provides mechan-
ical guidance for the control rod during insertion and withdrawal, and
also provides a cylindrical boundary which in conjunction with the control
rod scram piston develops a hydraulic scram assist force on the control rod.
Insertion of the control rod is assisted also by the force of gravity.
Reactor sodium coolant flow, admitted into the annulus fonned by the SCA
outer duct and guide tube through tne inlet ports in the SCA nosepiece, is
the flui" source providing the differential pressure across the scram piston.
The *cdium coolant flow is admitted into the guide tube interior through guide
tube ports located above the withdrawn parked position of the scram piston.
Normal leakage flow past the scram piston is discharged to the low pressure
plenum through a flow passage in the shield plug attached to the lower end of
the guide tube. The guide tube, as a result of the pressure drop across the
scram piston carries a slight (about 34 psi) external pressure over its lower
length below the scram ports. The approximate length from the scram ports
to the shield plug is 36 inches wi'h the overall guide tube length being
74 inches. The guide tube wall thickness is 0.100 inche . Sodium flow in tFe
annul;s between the ruter duct and guide tube above the ~ ort elevation is
vented into the guide tube via a vent hole inmediately below the downstop
joining the top of the guide tube to the outer duct. Due to this vent hole
there is no pressure force acting on the guide tube wall above the scram port
el eva cion. With respect to maintaining guide tube functional requirements,
deformation due to creep induced by the reactor environment is of principal
analy.ic concern.

The guide tube, under worst case geometric tolerance conditions, is an
oval tube subject to geometry changes due to creep resulting from externally
applied pressure loading. Therefore, an examination for possible elastic / plastic
buckling instability of the guide tube is required. Guidelines for conducting
analyses to insure that buckling instability is not impending are provided for
in the high temperature design by Code Case 1592 of Section III of the ASME
Boiler and Pressure Vessel Code. It is under thesc stringent code guidelines
that all analyses of the guide tube for radial creep deformation and buckling
stability have been conducted. Basically, the code analytic requirements include
the application of both time-dependent and time-independent load factors. That
is, Code Case 1592 requirements state that protection against load-controlled
time-dependent (creep) buckling be provided for by multiplying the specified
peak operating condition loads by a factor of 1.5. Aralyses are then carried out
for the specified component lifetime with 1.5 nominal operating condition loads
to demonstrate that instability will not occur during the specified lifetime.
Also required is the application of a time-independent load factor of 3 times
operating condition loads. The time-independent load factor is applied as a
static instantaneous test at any time in the time-dependent creep analysis to
insure that sufficient margin above the 1.5 time-dependent load factor exists to
prevent a condition of instability. In the guide tube analysis, the time-
independent load factor of 3 is applied at the end of lifetime where the

39 greatest ovality of the guide tube has occurred from creep deformation.
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Irradiation induced deviatoric and dilatational creep components
are the only source of creep deformation in the guide tube. For the mini-
mum required guide tube residency of 323 full power days (FPD) analyses
have shown that thermal creep of the guide tube is virtually nil when the
peak loading (34 psi) is combined with the peak temperature (800 F) occurring0
at this loading. The critical location for irradiation creep analysis of the
guide tube is at the core midplane where the maximum neutron fast flux occurs
and peak external pressure is assumed to occur. Above the scram port eleva-
tion (1.25 inches above the core midplane) guide tube temperatures are maxi-
mum, however, essentially zero pressure loading acts on the guide tube boundary
and as a result only temperature dependent irradiation swelling dilation occurs
in this region. The extent of the swelling region above the ports is approx--
imately 18 inches. At this elevation the neutron flux has diminished to less
than 40% of the core midplane flux value resulting in swelling dilation values
on the order of 0.0005 inches or less at the end of the 328 FPD minimum life-time. Below the port elevation external pressure acts on the guide tube and
as a consequence deformations due to both deviatoric and swelling components
of irradiation creep occur. A finite element model and a closed form solution
(based on the theory of linear viscoelasticity) were used to determine the
radial creep deformation in this region under the guidelines established by
AStiE Code Case 1592. Both methods of solution give results that are 'r. excel-lent agreement. For a pressure loading of 51 psi on the guide tube which is
1.5 times the nominal pressure of 34 psi, the maximum inward radial deflec-
tion of the guide tube at the critical core midplane elevation is 0.0088 inches
at 328 FPO. The margin on buckling collapse from external pressure at the
328 FPD end of life worst case creep ovalization condition is on the order of
7 times the maximum stability criteria loading of 102 psi, (3 times nominal
loading of 34 psi, per code rules). Clearance calculations for guide tube
worst case creep deformations at end of life (328 FPD) show that forced cdntact

39 of the control rod within the guide tube during scram insertion will not occur.
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4.2.3.3.2.4 Overall System Performance Evaluation

Potential for Functional Failure of Critical Components

A failure fiode and Effects Analysis (FMEA) has been performed on the
mechanical portion of the SCRS. The purpose was to identify all of the
failure modes for each part and components, and to trace the effect of each
failure mode on the performance of the SCRS.

The mechanical portion of the SCRS is shown in Ficure 4.2-123 as the
box with the words " drive system" encircled.

In performing the Ft1EA, the boundary of the " drive system" was care-
51 | fully described as consisting of six SCRS drives, each made up of a

Secondary Control Rod Drive Mechanism (SCRDM), a Secondary Control Rod
Driveline (SCRD), and a Secondary Control Assembly (SCA). The " drive system"
also includeJ the position indication and drive control eauipment associated
with each drive. Figure 4.2-124 shows the equipment which the " drive system"
boundary contains. It is the failure modes of the components of these
assemblies that were analyzed to determine their effects on the drive and
eventually on the " drive system." The modes of operation of the SCRS were
carefully described as well as the details of operation and the environ-
mental conditions applicable to all operating modes. These descriptions
provided the framework in which component failures were to be identified and
evaluated

The FMEA consists of listing the components which make up an assembly,
considering possible failure modes for each component, considering failure
mechanisms for each failure mode, identifying the effects on the drive of each
failure mode, and finally, tracing the effect of each failure mode on the
" drive system." This procedure was followed for each of the three assemblies
and for the drive control and position-indication equipment as well. In
addition to intrinsic component failures within an assembly, consideration was
given to 1) abnormal communications across boundaries, 2) operator errors,
3) maintenance errors, and 4) component failures outside the assembly under
question.

A review of the failure mode effects indicated that no single
component failure within the system could prevent the " drive system" from
performing its scram function.

w...., . ,

O o.1., u.

Amend. 51

4.2-296



Components identified as critical in the FMEA have been given careful
design review with consideration for providing alterations or backups in the
desian if necessary. Components requiring special testinq were also identified.

Component Strenoth Adequacy

The Secondary Control Rod System Components are beinq designed to
allowable stress / strain limits derived using the criteria defined in Sec-
tion 4.2.3.1.5, Subsection 2. Both ductile and brittle failure modes were con-
sidered in derivino thase criteria.

Since every component must satisfy both functional and strength
requirements, a large spread in the structural margins of safety is expected.
Those components that have large margins of safety will be identified and
analyzed later than the more critical components.

Potential for Functional Failure of Latch

The latch must: a) function to hold the control rod above the core
during normal reactor operation; i.e. , remain latched, b) function to release
the control rod to effect scram; i.e. , unlatch, and c) function to recouple
the control rod to the drive shaft for retrieval prior to reactor start-up;
i.e., relatch. Of these three, only the release function for scram carries
sianificant safety implications.

The two potential failure medes considered to be of primary importance
in the release function are extrene friction coefficients and self-welding of
the surfaces in intimate contact (between the coliet grippers and cam surfaces,
and between the coupling head and the collect grippers, as shown in the schema-

tic view of Fioure 4.2-125).

The concern of extreme friction coefficients is beinq dealt with by
designing the latch to operate properly over a wide range of friction coeffi-
cients: from 0.2 to 2.0. It should be noted that the two pair of contacting
surfaces can experience different friction coefficients. The design is such
that the friction coefficients need not be the same on both surfaces for proper

release. In fact, the friction coefficients on the two surface pairs can vary
independently over the range specified without jeopardizing proper latch opera-
tion. The selection of the geometry of the mating surfaces to achieve accommo-
dation of a maximum allowable friction coefficient of 2.0 is discussed in
(Ref. 47). The specification of the lower limit for acceptable friction coeffi-
cient is motivated by the desire to have a reasonably low actuation force, and
by the fact that no tests to date with the candidate materials have shown that
friction coefficients below 0.2 will occur. Low friction coefficients require
increased actuation forces to keep the latch closed because friction tends to
helo hold the latch closed. Friction coefficients higher than 2.0 can be

accomnodated by slight changes in the contact angles for the nating surface.
For example, if the angles shown in Figure 4.2-125 as 26" were decreased to 18 ,
then the maximum allowable friction coefficient would be approximately 3.1.

.
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The requ: red total ectuation force to be applied to the tension rod
is shown in Figure 4.2-126 as a function of friction coeffir.ient for two cases:
a) maximum allewable friction coefficient - 2.0, and b) maximun allcwable
friction coefficient - 3.08. Selected caterials combinations will be tested to
verify the expected friction coefficient. As reported in Table 4.2-50, the
expected friction coefficient renges from 0.37 to 0.73 for the candidate ma-
terials. Incorel 718 on Inconel 718 and chromium carbide er Inconel 718 at
10000F, and depending on the tituation; i .e., static, dynaric, or breakaway.

Avoidance of problems associated with self-welding depends upon
proper material selection and upon achieving proper geometry of the
surfaces so that contact stresses are limited to sufficiently low values
that neither produce severe distortions nor favor self-welding. As
noted in Table 4.2-15, Inconel 718 on Inconel 718 shows no self-welding
tendency under the operating conditions expected for the latch. Similarly,
chromium carbide on Inconel 718 exhibits relatively low breakaway friction
coefficients as shown in Table 4.2-50. Breakaway friction coefficients
are a measure of self-welding tendencies during long-term holds. Further-
more, the geometry of the contacting surfaces is selecped to give relatively

39) low Hertz contact stresses, approximately 70,000 lb/in . The surface of
the gripper pads in contact with the cam is scherical, and the cam is
conical. The inner surface of the gripper, the one in contact with the
coupling head, is cylindrical with a circular cross section whereas the
coupling head is spheroidal with a large radius in the vertical plane.
Because of this geometry between the coupling head and the aripper, the
point of contact at this interface is not critical', the radius of curvature
of the gripper pad is concave and uniform everywhere, and hence, regardless
of the location of the contact point, the contact stresses are the same.
Consequently, if manufacturing errors result in slight mislocation of the
gripper with respect to the cam surface, and the coupling head and gripper
contact point differ somewhat from the design point, virtually no change
in stress will result. A thorough test program is planned for operation
of prototyoe latches in an environment and under conditions typical of reactor
operation. Post-test examination of the latch will divulge wear character-
istics and, in conjunction with the friction coefficient measurements made

during the test, will provide assurance that the latch is properly designed
for the application.

Because self-welding is a diffusion phenomenon, higher temperature
and contact stresses are generally considered to favor self-welding due to
the fact that these conditions promote diffusion across the contact area.
Latches typically sustain high contact stresses and so might be considered
candidates for self-welding problems. However, it is important to
recognize that relatively high contact stresses are accompanied by
relatively large (on a microscopic scale) elastic strains and associated
storage of strain energy. This strain is available to rupture any self-weld
bonds that might have occurred during intimate contact. If it is assumed
that a self-weld bond has occurred on the latch contact areas, the forces
acting on the latch as a result of only the gravity forces on the control
rod have been calculated to be capable of inducing tensile stresses on the 3
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39 \ order of 1,200,000 psi on the postulated self-weld bond. Clearly such a high

stress cannot be sustained by any self-weld bond, and the bond would be
ruptured, and the rod would be released. Consequently, it can be concluded
that even if self-welding were to occur, the consequences would be limited to
slightly greater wear on the latch components due to adhesive wear
characteristics. If for some other reason, latch release were not achieved,
then the primary control rod system would shut down the reactor.

3

Sensitivity of the Systems to Mecho... cal Damage

The Cecondary Control Rod System is being designed to withstand
significant mechanical damage and still permit scram, wherever unknown loads
are remotely impossible.

39
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Analysis has shown that 1.15-in. of relative lateral deflection between
the bottom of the head and the top of the control assembly handling socket must
occur before significant loads can be developed. At that point, the bottom of
the driveline will have rotated one degree from its vertical orientation. The
control rod coupling head has been designed to accommodate this rotation with-
out inducing loads into the control rod.

Assuming the case of two opposite control assembly load pads equally
loaded at the corner points of curvature, the minimum ultimate capacity of the
control assembly duct was calculated as 7100 pounds. An additional 200 pounds
resistance is provided by the guide tube within the duct at the above-core load
plane. Any other combination of loads on up to all six sides at the load pad
region of the control assembly will produce a larger ultimate capacity value.
For instance, loading the duct equally on all six faces requires a force of
41,900 pounds per face to reach the ultimate capacity of the duct. Thus, it

is important that the tolerances at the load pad region be held as tight as
possible to insure that the maximum load carrying capacity of the duct load
pads is utilized.

Potential for Excess Reactivity Additions

The planned SCRS operation is to withd aw the control rods to their
full-out position before the reactor becomes critical. During reactor opera-

tion, the SCRS control rods are always out of the core. When the control rod
is in normal parked postion at the top of the core, the top of the damper

35 | assembly is 1.5" from the bottom of the handle extension. Since the damper
assembly cannot fit within the extension, the control rod cannot be withdrawn
farther than l '3 inch beyond its normal withdrawn position. Movement of the

35 control rod from the top of the core to 113 inch beyond the top of the core
would be only a small reactivity addition. During shutdown, downflow provides
a downward force on the assembly which increases as the flow increases. The
operation and design of the SCRS precludes reactivity addition due to unexpected
control rod withdrawal.

The design maximum withdrawal speed of the SCRDM is 9 ipm, which is
the same as the Primary Control Rod System maximum desian withdrawal speed.
Reactivity insertion rates associated with this withdrawal meed have been

| shown to be acceptable (Section 4.2.3.1. 3).

Potential for Rod Ejection by Pressure Forces

The Secondary Control Rod System uses a net downward hydraulic pres-
sure force for scram assist. This downward force is achieved by restricting
the flow area at the top exit pf.the assembly (the latch seal), and by having
flow communication with the low pressure plenum. The downward flow to the low
pressure plenum undergo a large pressure drop when it passes through the
narrow clearance between the piston at the bottom of the control rod and the
guide tube. With this configuration, the downward hydraulic force on the con-
trol rod increases as the flow rate increases, so a flow increase does not

present a rod ejection hazard.
c. - , ,s . ,
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The piston that creates the large pressure drop in the downward flow
must be between the flow ports in the guide tube and the low pressure plenum
to achieve the downward force. However, the control assembly design precludes
the piston ever rising above the guide tube ports. There is more than 1.75-in.
between the bottom of the port and the top of the piston, so the piston would
have to be raised more than that amount before it could even start to affect
performance. The clearance between the top of the damper assembly and the

35 1 lower end of the top handle extension is only 1.5" Even if the driveline
were withdrawn beyond the normal parked position, the control rod would con-

3ri tact the top handle extension at 1.5" and prevent any further withdrawal .
The piston is thus prevented from being above the ports.

The seal around the driveline (the latch seal) maintains a large flow
restriction at the top assembly outlet. This seal is the principal contribu-
tion to pressure drop in the upward flow. The seal cannot be withdrawn from
the assembly without scramming the control rod because the damper will contact
the handle extension. If the driveline is inserted so that the latch seal
drops below the handle extension, the driveline still provides adequate flow
resistance to prevent an upward hydraulic force on the control rod.

The only time the driveline is completely withdrawn from the assembly
is during refueling, when the reactor is shut down and the pumps are operating
at low flow. However, the control rods are not lif ted even if the pumps are
operated at full-flow conditions. This situation can only occur when the rods
are fully inserted. With the driveline removed, more flow exits at the top of
the assembly, and it passes through the narrow annulus between the dasharm and
the guide tube. The flow undergoes a large pressure drop at the dasharm, and
this creates a lifting force on the control rod. However, this lifting force &is only 25% of the assembly's weight when the pumps are operating at full-flow W
conditions.

SCRDM Housing Leak

The details of the two seal boundaries forming and housing buffered
seal and leak detection vary between the CRDM and SCRDM.

a) In the SCRDM the first seal boundary consists of three metal
bellows and three metal mechanical compression seals. These
elements in conjunction with the drive housing structure and
driveline structure, seal off the total area inside the drive
mechanism nozzle. At the top inside surface of the drive mech-
anism nozzle, two metal mechanical compression seals are located
with the housing pressure ported between the seals to form a
buffered seal configuration. Of this seal pair, the one seal

is adjacent to the reactor cover gas and is part of both the first
seal boundary and the second seal boundary, which is described
below. The drive housing pressure, which is higher than the
reactor cover gas, acts as a buffer against the cover gas so
that any leakage is into the reactor. To follow the first seal
boundary path through to the drive centerline, the next portion
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is the drive housing structure that extends downward from the
nozzle top to near the head level. Near the head level top, more
metal mechanical compression seals are required for assembly and
disassembly purposes. The driva housing pressure acts across
these seals with respect to the cover gas, and thus acts as a
buffered seal. The lower end of the long stroke welded metal
bellows attaches to the inner flange of the previous compression
seal. The top end of the long stroke bellows attaches to the
driveline. The cover gas occupies the inside of the bellows and
the drive housing pressure surrounds the outside. The driveline
configuration extends across the inside of the long stroke bellows
to complete the first seal boundary. The driveline contains two
internal concentric shaf ts, one for latch actuation and the other

to indicate the control rod coupling head presence within the
latch. These shafts within the driveline are sealed with respect
to each other with two metal bellows at each end of the driveline.
The bellows at each end of the driveline allow it to be internally
pressurized to a higher pressure than the drive mechanism housing.
The second seal boundary, or the primary system boundary, consists
of the metal compression seal at the nozzle, the drive housing,
and the top end connector plate. The electrical and pneumatic
inputs throu;h the connector plate are sealed with either metallic
compression seals or welded seals. Another seal is used for the

39 connector plate with respect to the drive housing.

b) The volume enclosed by these two seal boundaries contains the
motor, leadscrews, and position indicators. This volume, like the

39 CRDM, is also purged with clean argon gas that is monitored to
detect leaks. The difference in monitoring is that in the SCRDM
the buffer gas flow rate is measured.

4.2.3.3.2.5 Previous Experience and/or Development Work with Similar Systems
and Materials

Various control rod drive systems have received significant develop-
ment and accumulated extensive experience throughout the years. EBR-II, Fermi,
and FTR are the major U.S. programs that provide control rod drive experience
for LMFBR conditions, with FTR being the most applicable.

EBR-II has operated for many years and accumulated reliable drive per-
formance. The main shaf t long-stroke bellows of EBR-II are located above the
reactor head, as are the SCRS bellows, and the EBR-II experience has demonstrated
that sodium vapor migration up the long narrow annulus to the bellows, is minimal
and has not caused a problem. The EBR-II control rod is attached to the drive
shaft by a gripper mechanism that even though its design is not the same as the
SCRS latch and it does not release for scram, it still confirms that latch or
gripper mechanisms can function reliably in liquid sodium.

Amend. 51

4.2-302 OM Sept. 1979



O
The Fermi reactor utilized a latch at the drive shaft end to release

the control rod for scram. Af ter development, the final latch configuration
performed well. The reported failure of a latch to scram was the result of a
failed bellows exclusive of the latch mechanism. The Fermi latch design dif-
fers from the SCRS latch, but its success again adds to the confidence of using
latch mechanisms for LMFBR control rod drive systems. The failed bellows pre-
vented the Fermi latch from releasing by permitting liquid sodium to rise in
the driveline. The sodium contacted air and reached a cooler elevation where
a sodium freeze plug was created inside the drive shaft that prevented the latch
release. Subsequent modification to the Fermi drives pressurized the drive
shaft with argon and provided leak detection. The SCRS design has incorporated
both driveline pressurization and leak detection.

The FFTF roller nut drive is the most recent drive development work,
and it is also the CRBRP primary control rod drive. Several of its features
will be applicable to the SCRS even though the SCRS is being designed to be
diverse from the roller nut drive. The static netallic reactor core gas seals
used for FFTF will be applicable for the SCRS. The design and testing experi-
ence on FFTF has provided candidate materials for satisfvina difficult dosign
requirements for operation in sodium. Inconel 718 was selected for the FFTF
drive shaf t material and is also planned for some of the SCRS driveline

39 components. The fuel assembly and control assembly load pads require a low
coefficient of friction material that will withstand high compressive loads
and rot exhibit self-welding in high temperature sodium. For the FFTF, chromium
carbide was fcund to be a suitable ccating that can be applied to the stainless
steel base material . This chromium carbide coating will be evaluated as a

39 | candidate for SCRS h tch parts. The FFTF main bellows have undergone develop-
meat that will apply to the SCRS. The SCRS design has maintained the same out-
side and inside diameters as used for the FFTF bellows, so that the design will
be directly applicable. The SCRS stroke is longer but the SCRS bellows do not
have to follow the scram motion as do the FFTF bellows.

Boron carbide has been the near universal selection for the absorber
material for LMFBR reactors both in this country and abroad. Both FFTF and
the SCRS are utilizing this absorber material, so the design data and develop-
ment experience will be applicable to the SCRS.

4.2.3.4 T_esting and Inspection Plan

The testing and inspection plan described herein for the reactivity
control system is divided into five areas which verify the design of the sys-
tems and the quality of the components installed in the reactor. These five

41|
areas are an extensive performance test program, plant tests, surveillance,
acceptance tests, and post-irradiation examination.
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4.2.3.4.1 Performance Test Program

Extensive testing programs are planned for evaluation of the
reliability and design of both reactivity control systems. These tests
will include individual component tests and complete prototype systems
tests.

4.2.3.4.1.1 Primary Control Rod System

The PCRS testing program will consist of the following major
testing activities:

A) Component Tests: When sufficient engineering data is not available
to verify a component for the design environment, the following
component design test and/or analysis will be perfomed to provide
design verificatior.

1. Dynamic Seismic Friction Test

Test will be used to evaluate the effective coefficient of
friction and flu coupling effects between a rod and its guide
bushings under simulated seismic conditions. Data obtained
will be used to provide function coefficients for seismic
scram insertion analyses.

2. Control Assembly Hydraulic (Flow) Test

Test results will be used to establish the flow and vibration
characteristics of the primary control assembly design under
prototypic flow cenditions.

3. Control Assembly Pin Compaction Test

Test has provided data to determine inter-pin and pin-to-duct
loads for the primary control assembly analyses.

4. Control Assembly Rotational Joint Test

Test has provided performance data on the rotational joint which
confirmed the reduction in control assembly wear and reliable
operation of the joint.

5. BaC Data Test

The base technology irradiation test program being conducted by
HEDL includes acquisition of data required for design verification

51 of CRBR control assemblies (see Table 4.2-46A).
,
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6. Friction and Wear Tests

The base technology materials test program being conducted at
LMEC and ARD provides data for the material couples selected
for fabrication of the primary control rod system.

7. Control Assembly Analytical Methods

Provides an analytical model calibrated with test results for
predicting primary control assembly thermal-hydraulics perfor-
mance, lifetime characteristics and scram dynamics behavior.

B) System Level Tests: A Primary Control Rod System Prototype Test will
be performed to verify that the Primary Control Rod System is con-
sistent with its design requirements under design basis operatingconditions. The Control Rod Drive Mechanism will be evaluated by
a CRDM Unlatching Test which consists of twice the design lifetime
travel and unlatches. The PCRS prototype test consists of a single
design lifetime of scrams and travel under prototypic sodium
conditions on a second mechanism with driveline and control assembly.

C) PCA Irradiation Test: A PCA ir7diation test is scheduled to be
inserted in the FFTF for 600 FPD. The intent of this test is to
provide prototypic irradiation data on the PCA absorber assembly to
support the PCA goal lifetime of 550 FPD. The test assembly will
contain 37 pins of enriched B4C and will function as an integral
part of the FFTF Secondary Control Assembly Bank. The parameters
of the test assembly have been selected to provide data prototypic
of the PCA for burnup, fluence, B4C and cladding temperatures andcladding strain. Data from this test is expected to be available
in 1983.

D) Other Tests: See Appendix C for Reliability Test Program.

4.2.3.4.1.2 Secondary Contrcl Rod System

The SCRS testing program will consist of the following major
testing activities:

A) Latch Tests: Component development tests of the scram latch con-
figuration for the secondary control rod system will be performed
to verify the design of this component.

B) Damper Tests: Component development tests of the damper configura-
tion for the secondary control rod system will be performed to

51 verify the design of this component.
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C) Position Indication Tests: Component development tests of the
position indication system for the secondary control rod system
will be perfonned to verify the design concept for this subsystem.

D) SCA Static Flow Tests: The static flow test will be performed to
verify design calculations for hydraulic forces and flow splits
through the secondary control rod.

F) Prototype Tests: Two complete prototype secondary control rod
systems will be tested in sodium to verify compliance with the design
life requirements under prototypic (excep' radiation) environmental
conditions. Experience learned fror, the first prototype tests will
be incorporated into the design of the second prototype to be tested.

G) Coil Cord Tests: The latch mechanism that moves with the driveline
requires pneumatic and electrical service that is supplied by a
coil cord. Component development tests of the coil cord configu-
ration for the secondary control rod system will be performed to
verify the assembly procedures and design of this component.

H) Latch Seal Tests: This test will be performed to provide information
necessary to (1) properly size and shape the latch seal flow restriction
and (2) to determine the leakage rate through the driveld.ie flow
limiters.

I) Nosepiece Flow Tests: The nosepiece flow test will be performed to
provide hydraulic characteristics of an SCA nosepiece assembly.

J) Argon Control System Tests: This test will be performed to verify
that the Argon Control System (ACS) can control the argon pressure
in the three regions of the SCRS and detect leakage to or from each
of the three argon pressure volumes.

4.2.3.4.2 Plant Tests

Plant testing is divided into two categories. The first category
is Start-up Test where the reactivity control systems components are
carefully evaluated to verify conformance with the functional design
parameters after initial installation in the reactor. The second cate-
gory of Plant Testing is selected parameter tests performed during shut-
down and refueling to assure there has been no significant degradation
of the system since the Start-Up Tests.

Start-Up Tests

Plant start-up testing for the control rod systems will consist
51 primarily of installed perfonnance tests. The specific design parameters

to be measured in the PCRS will include scram insertion time, control
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rod adjustment rates, control rod worth, running and holding current for
CRDM stator coils, and stator coil temperature.

Design parameters to be measured in the SCRS will include scram
insertion time, control rod withdrawal rate, control rod worth, housing
temperatures, scram valve solenoid holding current, motor power necessary
for rod withdrawal, housing and driveline leak tightness and scram latch
holding pressures.

Tests During Shutdown and Refueling

To assure there has been no degradation of the reactivity control
systems, selected design parameters will be periodically measured during
reactor operation. Tests which require access to the mechanism or which
will interfere with safe reactor operation, will be performed during
shutdown and refueling periods. For the PCRS, the following shutdown
tests will be performed: scram insertion time, roller nut drop out
current, stator checks, and position indicator checks. For the SCRS,
the following tests will be perfonned: scram insertion time, withdrawal
rate, latch operation, and position indication accuracy.

4.2.3.4.3 Surveillance

Surveillance During Operation

Surveillance during operation covers those conditions which cdn
be monitored or inspected while the plant is in operation through the use
of instrumentation or other means provided in the plant equipment design.
By periodic surveillance, data will be accumulated which will indicate
a drift or change in operating parameters. The more significant PCRS
conditions to be surveyed are: detection of ruptured bellows through
CRDM pressure switch; position indicator or drive malfunction by compa-
rison of position indicator readouts; and CRDM stator / cooling system
malfunction by monitoring of stator thermocouples.

The conditions in the SCRS to be surveyed are: temperatures
within the SCRDM housing, the electrical holding current for the scram
valve solenoid, and the quantity of make-up argon gas required to
maintain the SCRDM housing and SCRD pressurization. If a leak in the

i SCRDM housing or SCRD should occur, it will be noted by an alarm in
the control room.

jSurveillance During Shutdown and Refueling
i

: This surveillance covers control rod system components which
j can only be inspected by removal from the reactor. Inspection requirements

51 vary in this category due to the downtime requirements of the plant.
However, they can be summarized in the following groupings:

o n , w,
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o Disassembly surveillance during normal refueling periods

These removals and inspections may periodically be performed on one
or two PCRDM's during refueling examination or the upper mechanism
components. Typical areas of examination would include roller
nut wear, rotor assembly and bearing conditions, and ejection
pawl wear, and inspection of weld areas for cracks.

s Disassembly surveillance af ter replacement

On a planned schedule, a mechanism and driveline will be removed
and replaced so that it may be partially diassembled and inspected.
These extensive inspections will include the following types of
examinations : condition of leadscrews, springs, welded joints,
wear surfaces, and wiring. During these inspections, expendable
items, defective components, and those with limited design life,
will be replaced to requalify the mechanism and driveline for
reactor service.

4.2.3.4.4 Acceptance Tests

Acceptance tests will be performed both at the fabricator's site
and at the CRBRP site after shipment. These acceptance tests follow
stringhent inspection and quality assurance procedures established for
all stages of fabrication beginning with material procurement.

A. Fabricator Acceptance Tests

The fabricator shall perform acceptance tests on plant equipment
to establish that the performance of each unit is within acceptable
limits. The acceptance limits shall be determined from the performance
requirements of the equipment specifications.

For primary CRDM/CRD, these acceptance tests will include
(but not be limited to), the following perfonnance tests:

a) Withdrawal Force; Minimum and Maximum

b) Insertion Force; Minimum and Maximum

c) Leadscrew Withdrawal Speed; Minimum and Maximum

d) Leadscrew Insertion Speed; Minimum and Maximum

e) Stator Coil Amperage, Voltage and Resistance, as a Function
of Temperature

f) Stator Coil Steady-State Temperature Variation during
Operation and Holding Periods

g) Stator Current Decay Time and Total Leadscrew Release Time
as a Function of Temperature, Force and Stator Power

h) Scram Characteristics as a Function of Stator Pcwer, Rod
51 Speed, and Force.
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Similar supplier acceptance tests will be established for the SCRDM and
SCRD.

For the Primary Control Assemblies, fabricator acceptance tests
for pin cladding and B C pellets will follow the guidelines of RDT M3 -4
28T, May 1972, for cladding and RDT E6 30T, May 1973 for B C pellets -4
and will be fully defined prior to the FSAR. It is currently expected
that the fabricator acceptance test requirements will cover the following
as a minimum:

B C Pellets:4

1) Pellet geometry
2) Densi ty
3) B-10 content
4) Stoichiometry
5) Chemical Impurities

Pin Cladding, Pin Assembly, and Final Assembly

1) Geometry and Dimensional Checks
2) Bonding Gas Analysis as appropriate
3) Cladding Metallurgy (grain size, intergranular attack)
4) Cladding Mechanical Properties
5) Weld Integrity
6) Ultrasonic Inspections
7) Cleanliness
8) B-10 Content
9) Weights

Inspections (such as mechanical properties) will be based on
sampling plans for lot qualification which will be defined prior to the
FSAR.

Critical parameters such as B-10 content will be detennined in
100% inspections.

Similar fabricator acceptance tests will apply for the SCA.

B. On-Site Acceptance Tests

In addition to the acceptance tests to be performed by the
equipment fabricator prior to shipment, receiving inspection and/or
acceptance testing will be performed on each item of plant equioment when
it arrives at the site. The purpose of these on-site inspectt' is and
tests will be to verify that the performance of the equipment has not

51 deteriorated during shipping to the site.
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Requirements for on-site acceptance tests have not yet been
identified for the CRDM's and CRD's. Required testing beyond no. mal
inspections for shipping or handling damage will be identified prior to
the FSAR. Inspections for shipping damage will be visual check for dents,
mars, breach of containment, extraneous materials in the shipping container
and verification of acceptable shipping loads by chekcing the trip
accelerometer in the container.

For the primary control assembly, the following on-site accep-
tance tests will be performed on each unit:

a) Examination of the shipping container for broken seals,
dents, penetrations, sheared bolts or any sign of shipment
damage and verification that the shock indicators were not
tripped.

b) A visual inspection of the assembly for dents, nicks, and
gouges, especially in the area of hexagonal load pad
corners, shield block corners, the inlet nozzle, piston
ring and discriminator post, and correct assembly iden-
tification by verifying handling socket identification,
discrimination post geometry and assembly serial number.

c) A control rod stroke functional test for detecting
excessive drag forces between the inner and outer ducts.

Defects determined during visual examination will be photographed
and measured. This insepction would be perfonned to determine if defects
are of such an insignificant nature to be acceptable. A photographic
record will be maintained for all accepted defects.

Similar on-site acceptance tests will be performed for the
secondary control assemblies.

4.2.3.4.5 Post-Irradiation Examinations

Post-irradiation examinations will be performed on control
assemblies from representative positions in the core for both the primary
and secondary control assemblies. All assemblies in early cores will
be given visual, bow, and dimensional checks before shipping for dis-
posal. A feu selected assemblies will be shipped to hot cell facilities
for more detailed examinations.

The detailed examiniations will include: gas release measure-
ments from the absorber pins; bowing of the inner and outer ducts;

51 B-10 burnup analysis and sectioning and examination for portions of the
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various components by metalography and autoradiography. Physical property
tests will be performed on the absorber pin cladding, pellets, the
absorber duct, the control rod shaft, and other significant areas of the
assemblies. Physical property examination will include tensile tests,
stress rupture tests, ductility, and notch tensile tests, chemical
analysis, and wear and erosion examinations. The results from these
post-irradiation examinations will be used to verify performance pre-
dictions. If examinations of the discharged assemblies indicate confidence
in extending the assembly life for an additional cycle, one assembly
of each type may be retained in the core for an additional cycle to
veri fy the extended li fe potential .

4.2.3.5 Instrumentation

4.2.3.5.1 Primary Control Rod System Instrumentation

The instrumentation for the primary control rod system consists
of two independent control rod position indication systems as well as a
pressure switch to monitor the integrity of the CRDM bellows sealing
arrangement and thermocouples to monitor the temperature of the CRDM
stator windings.

4.2.3.5.1.1 Absolute Control Rod Position Indication System

The absolute rod position indication system (of the primary
control rod system) measures the leadscrew positon by merns of ultrasonics
and magnetics to provide a signal indicative of rod position.

In this indication system, a magnetic wire is housed in a tube
that extends into the inside diameter of the leadscrew. Electrical
pulses sent through the wire cause a magneto - strictive twisting of the
wire at the point where the wire is adjacent to a magnet mounted on top
of the leadscrew. The iesultant sonic pulses are detected at the top
of the wire and are timed electronically to indicate the distance to
the point of origin. This time / distance indication is converted to
a D.C. signal which is analogous to rod position.

4.2.3.5.1.2 Relative Control Rod Position Indication System

The relative control rod position indication system measures
the position of the corresponding leadscrew by means of counting the

j number of revolutions of the CRDM rotor assembly. The number of revo-
1,lutions is determined by means of an electromagnetic sensor that counts
j the revolutions of an indicating disk attached to the rotor assembly.
!The number and fraction of rotor assembly revolutions, multiolied by
the 0.60-in. pitch of the CRDM leadscrew, provides an indication of the

|leadscrew position as measured from the fully-inserted position.51 The.
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six poles of the indicating disk in conjunction with the 0.60-in. pitch
of the leadscrew provides a resolution of +0.10-in. and an accuracy
of +0.15-in. for this indication system. However, if a scram or

misstepping occurs, the relative position indication system loses its
zero-position reference and must be reset at the full-inserted control
rod position.

4.2.3.5.1.3 CRDM Pressure Switch

The upper mechanism assembly is in a sealed environment
pressurized with argon gas to protect the rotor assembly and leadscrew
from the deleterious effects of the sodium vapor in the reactor cover
gas. The argon pressure is monitored by a pressure switch located at
the top of the CRDM motor tube housing. In the event of a failure of

51 the bellows sealing arrangement for the upper mechanism, the higher pressure argon
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gas will leak into reactor cover gas volume, and the resulting decrease in
argon pressure will be detected by the pressure switch so that corrective
action can be initiated.

4.2.3.5.1.4 CRDM Stator Thermocouples

The CRDM stator coils are equipped with thermocouples to monitor the
temperature of the stator windings. In the event of a loss of flow of the
stator coolant gas, the resulting increase in stator temperature will be
detected by the thermocouple so that corrective action can be initiated.

4.2.3.5.2 Secondary Control Rod System Instrumentation

The instrumentation for the secondary control rod system consists of
two independent control rod position indication systems, as well as a scram
latch indication system to detect if the driveline is coupled to the control
rod, a pressure switcil to monitor the integrity of the SCRDM bellows sealing
arrangement, thermocouples to monitor the internal temperatures of the SCRDM,
and an acoustic monitor (accelerometer) for measurement of scram insertion time
for the secondary control rods.

4.2.3.5.2.1 Leadscrew Encoder Position Indication System

The driveline motion is provided through two parallel leadscrews. An
encoder geared directly to one of the leadscrews provides the driveline position
indication. The driveline position indication is used for coupling the latch
to the control rod for raising the control rod to its operational withdrawn
position, and for withdrawing the driveline to the fully retracted refueling
position.

4.2.3.5.2.2 Proximity Switch Position Indication System

Three proximity indicator switches are used for a limit switch func-
tion to indicate the three major driveline positions which are, full-down with
the control rod in the core, withdrawn for plant operation with the control
rod fully out of the core, and withdrawn for refueling with the control rod
disconnected from the driveline, and with the driveline bottom end located
within the upper core support structure. These three indicators backup the

leadscrew encoder position indication. The proximity indicator switches will
operate indicator lights on the control room operator's panel showing the three
major positions and function in the control logic circuit to automatically stop
the drive motor at the stroke end points.

4.2.3.5.2.3 Scram Latch Indication System

The latch design provides a mechanical feature that contacts the top
end of the control rod coupling head over a range of positions on either side
of the latched position. The motion of the coupling head is transmitted to
the SCRDM by a sensing tube within the driveline. An LVDT (linear variable
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differential transformer) attached to the upper end of the sensing tube pro-
vides an indication of the location of the control rod coupling head with

respect to the latch gripper. This indication is used for the coupling opere-
tion wherein the coupling head is first sensed as the driveline approaches,
and shows when the driveline is in the correct position for actuating the
latch gripper. When the coupling is completed, the sensing tube provides con-
tinuous indication that the control rod is connected to the driveline and
therefore, serves an important safety-related function.

The tension rod that couples the scram latch at the driveline bottom
39 | end to the pneumatic actuator within the SCRDM, has its position indicated by

a linear variable differential transformer (LVDT) located in the SCRDM. With
39 1 pneumatic pressure (argon) applied to the pneumatic actuator, the tension rod

pulls on the latch gripper to retain the control rod cou' ling head within the
l a tch . The position of the tension rod provides the i. acation that the
latch gripper is in the state that holds the control rod. When this indication
is coupled with the sensing tube indication that shows when the control rod
coupling head is within the latch, then the control rod is known to be properly
latched to the driveline.

4.2.3.9.2.4 SCRDM Pressure Witches

The SCRS utilizes three different argon pressure levels. The lowest
pressure, approximately 5 psig above the reactor cover gas pressure, fills the
SCRDM housing and provides a low pressure differential across the main drive-
line bellows to assure leakage into the reactor if a leak should develop. The
mid-pressure, approximately 65 psig, internally pressurizes the driveline to
assure a latch bellows leak will not permit liquid sodium to rise inside the
driveline if a bellows leak should occur. The highest pressure, approximately
220 psig, is supplied to the pneumatic actuator to keep the scram latch ener-

39 gized. Each of these pressures is static once equilibrium is reached and the
pressures are monitored in the control room. The system will include a leak
detection capability for each pressure zone to warn of any bellows failure or
other possible leak.

4.2.3.5.2.5 SCRDM Thermocouples

The temperature within the SCRDM will be measured oy several thermo-
couples. The thermocouples will be located on the motor housing and at various
elevations within the SCRDM housing for an indicatie i of the axial temperature
distribution.

4.2.3.5.2.6 Acoustic Monitor

An acoustic monitor and accelerometer, will measure scram times to obtain
comparative surveillance data through the drive lifetime. The impact of the
control rod meeting the control assembly downstop will produce vibrations that
would be sensed. This will be verified by prototype testing. Addi tionally,
the acoustic monitor could be used for diagnostic mechanical signature analysis
of such SCRDM mechanical components as bearing, gears, ball-screw /baP -nut,
and valve operation.
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TABLE 4.2-A

Design Procedure for Steady State Creep Analysis

Calculated Parameter Required Assumptions Comment

Strain Rate Thermal Creep Rate for Solution Annealed Overpredicts Irradiated 20%
316 Stainless Steel CW 316 SS Creep Rate

Temperature Upper 2a Local Hotspot Over Design Life 97.5% of Time Temperature is
below this requirement

Total Gradient Totally Relaxed by Thermal Primarily Relaxed by Non-Creep Damaging Irradiation Creep
* Fission Gas Upper 2a Limit, Linear by Cycle Linear Behavior more Conservative'"

than Actual' Exponential Increase
"

Fuel Loading Worst Prediction Considered Worst Combination of Irradiation
Induced Creep and Swelling and
Fabrication Variables

Cladding Wastage
g/d Upper Limit on Tolerance, Wear, Defects, Approximately 40% of Original
W Sodium Corrosion and Fission Product Cladding Thickness is AssumedAttacky Not Effective at End of Design

Li fe
Stress Limit Below Proportional Limit No Plastic Strain Allowed
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Table 4.2-B
Comparison of Design Lifetime Predicted by Strain Criteria with Actual Lifetime

(Reference 75 )

E0L Actual Design
g EBR-II Cladding Burnup Allowable
Ui Subassembly Tempera ture Attained Burnup Burnup
p Identi fication ( F) (f1WD/Kg) (MWD /Kg) Ratio Conment
C
b CLADDING TEMPERATURE AB0VE 1200 F

P 12A 1260 79.2 49.5 1.60 ---

P 23B 1393 53.2 35.2 1.51 ---

P P 23A 1383 67.5 39.2 1.47 Continued Irradiation,with
'? failure at 110 MWD /Kg. 32
E!
'"

CLADDING TEMPERATURE BELCW 1200 F

PNL 9 1055 83.4 80.0 1.04 Continued to 90 MWD /Kg w/o failure |32
WSA 3 1052 122.4 80.0 1.53 Completed w/o Failure
PNL 11 1039 110.9 80.0 1.38 ---

PNL 10 1070 61.1 80.0 0.76 (1) Significant wear
NUMEC E/F 1085 52.2 80.0 0.65(1) Wear and Locally Hich Terperature 32

Note: (1) Four EBR-II assemblies with similar operating conditions but with reduced bundle porosity to
.g[ eliminate wear have operated to peak burnups in excess of 80 MWD /Kg without failures. Thesem

15 32
ri assemblies include P-14, SLSF-1, SLSF-2, and SLSF-3.

E3 m
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TABLE 4.2-C

316 STAINLESS STEEL FRETTIi4G AND WEAR
DATA IN SODIUM

Load Sodium No. of Angl e * Wear Depth
It_em Ref. (lbs) Temp.( F) Cycles (Degrees) (mils)

l 1 3.0 1000 1000 NA 2.4
2 1 3.0 1280 1000 NA 2.6
3 1 1.5 1000 1000 NA 1.3

|4 1 1.5 1280 1000 14A 1.6
55 2 22-29 1260 2.5 x 10 NA 2.0 '

|6 3 1.5 1160 10000 12.0 0.4 !

l7 3 1.5 1160 10000 20.5 0.3 '

8 3 1.5 1160 10000 29.5 0.5
!9 3 5.0 1160 10000 12.0 2.0 |
|

10 3 5.0 1160 10000 20.5 2.4 I

I
11 3 5.0 1160 10000 29.5 1.1

* Angle between wire and cladding axes; motion in direction of claddingaxis. Not applicable (NA) to pin-disk type tests.
15

Amend. 51
Sept. 1979
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TABLE 4.2-0

OVER-TEMPERATURE TRANSIENT EXPERIMENTS

NO. OF RODS WHICH FAILED
BELOW, AT, OR AB0VE

EBR-II PEAK ANL LOF DESIG:1 PREDICTION
ASSEMBLY MWD /KG TEST * BELOW EQUAL ABOVE

UNIRRADIATED L2, R3, 0 0 18
R4, R5

PNL-11 30.0 L3 (PNL-17) 0 1 11

NUMEC-F 40.0 L4 1 2 34

PNL-10 50.0 NONE O O 24

* NOTE: All above design limit.

4.2-334

Amend. 51
9

3510073
'



TABLE 4.2-E

RAPID REACTIVITY INSERTION EXPERIMENTS

R0D PARAMETERS SECONDS TO BREACH
DESIGNATION TYPE TEST KW/FT MWD /KG % SD. ACTUAL (1) DESIGN (2)

H3, PNL 17- T $0.5/S 8.5 31.0 88.9 NF* NF
24

HOP 3-2A, T $3.0/S 12.0 21.4 87.3 NF 0.42
p. 23A-27

HOP 3-28, T $3.0/S 12.0 44.0 87.3 NF 0.43
p. 23A-30

, H5, PNL-17- U $0.5/S 8.1 23.5 88.6 1.9 .78
25

H4, NUM-F- U $0.o/S 10.6 39.5 85.5 0.94 0.62
51

HUT 5-3A, U $0.5/S 8.1 50.1 85.7 3.2 2.70
(PNL-10-17

HOP 3-3C U $3.0/S 8.0 29.7 88.8 0.80 G.65
PNL 17-34

EG-NUM-F- U $3.0/S 11.5 42.6 85.5 0.59 0.41
56

* No Failure

(1) Experimentally determined time to cladding breach.,

51 [ (2) Time to cladding breach calculated from strain
I, limit criteria in Reference 173.

4.2-335 Amend. 51
Sept. 1979
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Ta bl e 4. 2-1

DENSITIES OF COMP 0UNDS IN THE U-Na-0 SYSTEM

DENSITY
COMPOUND g/cc

UO 10.972

NaV0
3 '

Na U 0 6.17227

Na U0 5.51/5.732 4

Na UO4 5 '

Na UO 5.63 4

4.2-336 9 m Amend. 51
*540ti.'' Sept. 1979
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TABLE 4.2-2

CALCULATED AND EXPERIMENTAL IS0 THERMAL 0XYGEN CONTENTS
FUEL AND S0DIUM FOR FUEL SOLIUM REACTION

Equilibrium
Oxygen 0/M Ratio for C/M Ratio for 0/M Ratio for Oxygen Conc. 1Tempera ture Pressure t UO P 0 UO.75 u0.25u2

UO2 in Na,*
P

Calc.'B u0.2 2K C (a tm. ) -t G(0 ) '
11 Measured Calc 11 Calc. Measured { ppm)

2

600 327 2. 4 x 10-67 183 1.92 -- 1.90 2.00 -- 007700 427 7.3 x 10 .,5
177 1.93 -- 1.913 2.00 .114--

800 527 2.9 x 10~47 170 1.94 1.955 1.925 2.00 -- 90
900 627 1.4 x 10'47 164 1.945 -- 1.931 2.00 2,00 4.471000 727 3.3 x 10-35^

158 1.95 1.938 2.00 2.00 16.12
na --

h 1100 827 7.8 x 10-30 151 1,955 1.958 1,944 2.00 2.00 46,00
1200 927 3.5 x 10-27 145 1.96 1.959 1.950 2.00 2.00 110.50

t Calculated from equai.f on(6)
tt From Rand & Markins data
* Calculated from equation (3)

$N
Na
* Q.

e.
c
w

C.

e O O



TABLE 4.2-3

TYPI.AL SURVEILLANCE-EXAMINATION PLAN **

_

FUEL OR BLANKET ASSEMBLY

Visual
Bow
Twist
Dimensions

Across Flats
NON- Across Corners
DESTRUCTIVE

RODS DUCTS | END PIECES

Visual Visual Visual
Bow Bow
Length Twist
Profilometry Dimensions
Ganna Scan Across Flats
Radiography Across Corners

______________ _______________________ .___________________ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ..

Gas Release Metallography*
Sectioning

Metallography
Autoradiography
Burnup Analysis

DESTRUCTIVE
Cladding Properties Metallography*

Tensile Test
Stress-Rupture
Density

* Only if other observations or tests indicate need.

51 ** Final Surveillance Examination Plan is dependent on results from various
experimental sources.

4.2-338 Amend. 51
Sept. 1979
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TABLE 4.2-4

COMPARISON OF
CRBRP AND FFTF FUEL ASSEMBLY DETAILS

Parameter CRBRP Value FFTF Value

Number of low enrichment 0 28
assemblies

Number of high enrichment 156 45
assemblies

Rods per assembly 217 Same

Rods (total number) 33,852 15,841

Rod outside diameter (in.) 0.230 Same

Rod radial spacing 0.056 inch wire Same
wrapped around fuel
rod cladding in clock-
wise helical spiral
with pitch of 11.9
inch

hRod triangular pitch (in.) 0.2877 Same

Clerance between fuel 0.0017 Same
rod assemblies at wires
(nominal,in.)

Clearance between fuel 0.0577 Same
rods (nominal, in.)

Ciadding thickness 0.015 Same
' (nominal, in. )

Cladding thickness 0.014 Same
(minimum,in.)

Rod axial support 17 key shaped rails Same
through keyhole slots
in bottom end caps

Rod length (in.) 114.40 93.40

Pellet Column Length (in.) 64 including two 49 including two
51 14 inch axial blankets 5.7 inch Inconel 600

Reflectors

O
4.2-339 Amend. 51

Sept. 1979
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TABLE 4.2-4 (Continued)

Parameter CRBRP Value FFTF Value

Fission Gas Plenum Length 48.0 42.0
(in.)
Fission Gas Plenum Avail- 1.287 1.158
able Volume-Cold (in.3)

Lower axial blanket length 14 0.8
(iri. )

Lower axial blanket compo- Depleted uranium Same
sition dioxide

Core region length (in.) 36 Same

Core Pellet material Plutonium-uranium Same
dioxide

Core Pellete Diameter (in.) 0.1935 0.1945

Pellet Length (in.) 0.205 to J.283 Same

Densi ty:

Nominal (percent of 91.3 90.4
theoretical)

Cold smeared (percent 85.5 Same
of theoretical)

Plutonium Content: 32.8 19.8 and 24.2

Diametral gap between fuel 0.0065 0.0055
cladding and fuel pellet
(nominal,in.)

Upper axial blanket length 14 0.8
(in.)
Upper axial blanket Depleted uranium Same
composi tion dioxide

Axial Blanket Pellet 0.1900 Same
51 Diameter (in.)

4.2-340
Amend. 51
Sept. 1979
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TABLE 4.2-4 (Contirued)

Parameter C_RPRP Value FFTF Value

Axial Blanket Pellet Length 0.31 to 0.46 0.4
,(in.)

Nominal density (percent 96.0 95.5
of theoretical)

Diametral gap between fuel 0.100 Same
cladding and axial blanket
pellets (nominal, in.)

Inlet Nozzle Discrimination 1.956 1.985
Post Max. Dia. (in. )

Number of orifice zones 6 3

Number of shield blocks 1 3

Shield block total length 20.0 21.5
(in.)

Shield block effective 14.7 13.1length (in.)

Shield block outside hex 4.695 4.665
(in.)
Load pad, outside dimension 4.745 4.715
across flats (in. )

Duct across flat, dimension 4.335 Same
(inside,in.)

I Duct wall thickness (in.) 0.120 Same

Lold pad thickness 0.205 0.190(nominal,in.)

Fuel rod growth clearance 2.1 1.00
(in.)

Outlet nozzle ID 3.60 2.80
51 (nominal,in.)

4.2-341 Amend. 51
Sept. 1979

SM010



TABLE 4.2-4 (Continued)

Parameter CRBRP Value FFTF Value

Outlet nozzle OD .~.90 Same
(nominal,in.)

Misaligned grapple pickup 1.75 1.25
capability

Amend. 51
4.2-342 Sept. 1979
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TABLE 4.2-5

NOMINAL RADIAL BLANKET ASSEMBLY DESIGil PARAMETERS

Assemblies (number) 150

BW ^ Rods per Assembly (number) 61

Number of Flow Orificing Zones 4

Pitch to Diameter Ratic 1.072

Blanket Rod Spacing Wire-Wrap, 0.033" dia. wire
with 4" pitch

36 Blanket Rod Length, inch 116.5

Cladding and Duct Material 20 percent cold worked
Type 316 Stainless Steel

36| Rod Outside Diameter, inch 0.506

C idding Thickness, inch 0.015

Fuel Pellet Column, inch 64
(urani um-dioxide)

Pellet Diameter, inch 0.470

36 Pellet Length, inch 0.5 to 1.0 at supplier's option

Pellet Density, % theoretical 95.6

36 | Smeared Density, % theoretical 93.2 (dish voids not considered)

Pellet Material Depleted U0
2

Diamctral Gap L,etween Cladding 0.006
and Pellet (initial, cold), inch

Distance accoss Flats .1 Duct Inside, inch 4.335

36 Duct Wall Thickness, inch 0.120

Number of Radial Blanket Rows 2-1/2

Fuel Arrangement Column of Cylindrical
Pellets

4.2-343
Amend 51
Sept. 1979
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TABLE 4.2-5 (Continued)

36| Fission Gas Cold Available Plenum Volume, in.3 8.12
3

Fill Gas He

Fill Gas Pressure, atm (at ambient temp.) 1

36| Spacer Material 316 SS 20% CW

Assembly Pitch, inch 4.760

4.2-344
Amend. 51
Sept. 1979ggf3
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TABLE 4.2-5A

General Plan for Verification of Fuel Design Analysis and Criteria

Activi ty Pertinent Tests Utilization of Results

1. Comparison of FURFAN and Reference Steady State Test FFAR evalua ' ns
FRST with experiments (steady- Program (Reference 162)
state)

2. Comparison of FURFAN and Reference Transient Test FSAR evaluations
FRST with experiments Program (Reference 168)
(transient)

51 3. Comparison of WRAPUP pre- Reference Steady State Test FSAR evaluation
dictions with experiments Program (Reference 162)a

6 (steady-state)
E>
3;

M'E cc
R8 C:

.a ;,

e

s

e O O



51 | TABLE 4.2-6 DELETED

,

Amend. 51
4.2-346 '351&1p; sept. 1979



TABLE 4.2-7

CRBR LORE ASSEMBLY STRUCTURAL INELASTIC CRITER A AND LIMITS

Type of
Failu e Mode Cri teria Limitr

') TF |
Crac k F, . % r f

e (,** 'g, - 1

* I' mas pri nc ' r41Initiation loc al
| su

Ductile nere.

Au9ture af . True 8'in. Fractu e Strainr

se True sein. Unifom Elongation
~

TF = frtania11ty Factor

TF = .7 (ej + og + e )y

(23 -e2I *('2-83I *I'3''l)
= Principal Stressesey . e ' '32

' mas principal = Maniswa Princt:al Strain
(Peak + Accu ulated)m

gf
I

Creep e 7/3 OC+D jF ry = aA = vtatu ofg |De * ,/3 O )F%a
1.0 "

DC L leit
./

| ,, - x- o=$' g,

' N
| - . 0.0 g 1.0

0

wne re ,

nf * Creep Dawge Factor

C
D dl=

tr

tr = tupture Tleie Based on Equt valent
Stress or Man. Positive brincipal
Stress

D = Fatigut Caeiage Factor

hD =

n = Ro. of Cycles

g * Allowable 40. of Cycles Based onN

range of equivalent or Man.
Principal Strain

f acessiva Pea t *
,,3[PA7 ICefomation Accumula te s a

eere .
FOL = Peat + Accumula ted hon.
Unifom Defamtion Ltmlt.
Enclwsing Irradiation
Creep and 5=elling

i

N
Residual g / RX

=+e re .

RDL = Residual non-Uelfom Deformation
Limit. Lucluding Irradiation 9

' I ') %'J .d)
7 - '

Creep and $ welling U

51

Amend. 51
4.2-347 Sept. 1979



TABLE 4.2-8A

SUMMARY OF DESIGN LOADING CONDITIONS FOR FUEL ASSEMBLY STRUCTURAL ANA: VC

Design Fast Steady St. ate Cross-Duct %.=- As s er.ibly Core Restraint CoolantRegion or Fluenge Temp. (Inger Surface) Temp. ,G ra M ;/. i. Temp.gGradient Bending Moment Pressure
Component _ n/cm F t- F in-lb psi

21Shield Block 3.15x10 73G NA* NA NA NA
Region

22Mid-Core 9.29x10 895 50 126 30700 31.2
Region

22**Load Pad 3.0x10 1084 118 219 48860 1.46
Region

20Outlet Nozzle 7.12x10 1116 134 214 NA NA

[ Region

l9Orific.7 Plate 6.61x10 730 N1, NA NA 41.6
Region

21Rod Attachment 3.15x10 730 NA NA NA 43.8
Assembly

Not Applicable.*

The ACLP material propergies for the structural damage calculatio.: were based on a design toi. fast
**

2fluence of 3.0x10 2 n/cm , which is in excess of the maximum fast fluence which actually occurs
51 at this location.

O
G1
A

X f' .C
AE h** C1.

,

U1

a~



TABLE 4.2-8B

DESIGN SEISMIC AND CORE RESTRAINT LOADS OF THE FUEL ASSEMBLY ACLP

OBE SSE Core Restraint
Load * Load Load Load

Designation ' '. b f ) (lbf) (lbf)

F) 4156 5823 432

F 1184 1658 2982
a
'"
;, F 3156 4422 2983
3

51 * Load Direction and Points of Application to ACLP are shown in
Figure 4.2-33A.

$ l'
Ng 50

.a w-

>-
@ @ t .)y~ y,a

'.'O

O O O



TABLE 4.2-8C

SEISMIC LOADS IN VERTICAL DIRECTION

(LOAD IN POUNDS)

Axial Location OBE SSE

Top Load Pad 35 55

Above Core Load Pad 110 170

Shield Block 180 280

51 Inlet Nozzle 290 460

36 It013

Amend. 514.2-350 Sept. 1979



TABLE 4.2-9

TESTING FOR LOAD FOLLOW

Activity Title Activity Description Supported Activity

Fuel Rod Ratcheting Out-of-pile tests to determine cladding Reload Core Preliminary
creep and stress relaxation due to internal Design
pressure and thermal cyclir.g prototypic
of CRBRP load follow conditions

Fuel Rod Load Follow Perform in-reactor fuel rod load follow Re'7ad Core Fuel Rod Design
Testing simulation to determine effects of critical

design parameters. These tests in con-
junction with suitable analyses will estab-
lish limits for plant load follow operation.
The test program will utilize instrumented.

6 assemblies in EBR-II and RAFT capsules
d, in GETR.
$

Fuel Rod Load Follow Perform fuel rod load follow simulation in Reload Core Fuel Assembly
Verification FFTF instrumented open test assemblies to Design Verification

verify adequacy of reload design for plant
load follow operation.

Fuel Bundle - Duct Test utilizing prior sodium exposed fuel Reload Core Preliminary
51 Interaction Tests bundle to determine axial force in com- Design

pressed duct required to overcome friction.
$$
Re
* Q.

,

to

w
C:1
N2
cc
N
D

O O O



TABLE 4.2-10

STEADY STATE CDF VALUE FOR THE HOT R0D OF
BLANKET ASSEMBLY 2010F THE FIRST CORE

AXIAL LOCATION CASE I* CASE II**

0.46 0.0106 0.0137

0.62 0.187 0.205

Case I does not include effect of power jump.*

51 ** Case II includes effect of power jump.

3510,'5A

Amend. 51
4.2-352 Sept. 1979
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TABLE 4.2-11

WORST FUEL ASSEMBLY HOT R00 STEADY STATE
DUCTILITY LIMITED STRAINS AT HOT SPOT

Fuel Assembly End-of-Life Strain at Hot Spot

10 0.042%

12 0.030%

14 0.038%

51 25 0.034%i

O

.

gS.1022e

O
4.2-353 Amend. 51

Sect. 1979



TABLE 4.2-llA

Characterized Cladding Breach Summary

FluenceBreached Peak MW22 2Fuel Cladding 10 n 'cm Cladding % 5 train 0 Breach
Pin Material E>0.1 Mev Temp. F Inelastic Total Postulated Cause of Breach

D-5 316 L-SA 13.0 1076 5.6 s5.9 Ductility exhaustion at cladding notch

PNL 5-1 304-S A 8.6 905 1.1 3.4 Pin-to-pin contact
'

PNL 10-14 316 - 20% CW 5.0 1022 10 <0.2 Cladding wear

it-E-122 316 - 20% CW 3.2 1112 s0 <0.2 Unidentified

P-12A-63K 316 - 30% CW 2.3 1247 2.3 s2.4 Cladding recrystallization
u

890(a) 1.2 to 1.0 to .EBR-II 3.0 to
M 304 L-SA Intergranu..iar crack propagation
A Driver Fuel 4.4 1047 2.3 3.9

29
(a) Cladding I.D. Temperature

C.O

Ui
S'.
M

E 2I !j
''Z8
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TABLE 4.2-12

SUMMARY OF DESIGN LOADING CONDITI0tJS FOR BLANKET ASSEMBLY STRUCTURAL ANALYSIS

Blanket Design Fast Steady State Cross-Duct Inter-Assembly Core Restraint Coolant
Assembly Fluence Temp. (Igner Surface) Tempo G adient Temp. Ggadient Bending Moment Pressure

Region Type n/cm2 F F F in-lb psi

22Shield Inner 0.4x10 730 NA* NA NA NA

22Radial 0.55x10 730 NA NA NA NA
n

22**
Load Inner 3.0x10 927 33 146 29940 1.0

22**Radial 3.0x10 971 79 (both) 1450 0.5
Region

20Outlet Inner 0.18x10 972 17 216 NA NA

20$ Radial 0.37x 1 975 28 (both) NA NA

Not Applicable.*

The ACLP material properties for the structural damage calculations were based on a design E0L fast**

22 n/cm , which is in excess of the maximum fast fluence which actually occurs2fluence of 3.0 x 10
51 at this location for both blanket types.

EE . . ,gg n;
(p i* CL

x~ c':
m

9
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TABLE 4.2-13

DESIGN SEISMIC AND CORE RESTRAINT LOADS AT THE BLANKET ASSEMBLY ACLP

OBE SSE Core Restraint
Load * Load Load Load

Designation 'lbf) (1bfl (lbf)

F)
4278 5995 310

*
F 2975 4169 297.

2

$i
*

F 3064 4294 297
3

51 * Load Direction and Points of Application are shown in Fig.rt. 4.2-33A.
CC
Cli
e
'

:3.

iO
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TABLE 4.2-14

E0L Steady State Cladding Strains Due to FCMI anc 'lenum Pressure

F/A X/L F/A 10 B/A X/L IB/A 67 RB/A 206

-20.33 4.2 x 10 % 0.31 0 0

-2 -3 -3
0.50 4.7 x 10 % 0.62 4 x 10 % 6 x 10 g

-2 -2
0.75 3.7 x 10 % 0.81 1.1 x 10-6% 2.2 x 10 %

51 1.0 4.2 x 10-2g

4.2-357 Amend. 51
Sept. 1979

9
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TABLE 4.2-15

CRBR FIRST CORE WIRE WRAP PERFORMANCE SUMMARY

F/A 10 IB/A 67 RB/A 203

Maximum Wire Stress 11.7 KSI 14. 2 KS I 10.5 KSI

Wire Stress Limit 21 KSI 21 KSI 21 KSI

Wire Stress M.S.* .79 .48 1.0

Maximum Wire Strain 2.5x10-4% 6.4x10 % 1.2x10'4%-6

Wire Strain Limit 0.6% 0 . . ., 0.3%

Wire Strain M.S. >100 >100 >100

Allowable Stress (or Strain)*M.S. = Mar 9in of Safety = ,j
51 Maximum Stress (or Strain)

Amend. 51

4.2-358
Sept. 1979
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TABLE 4.2-16

FUEL ASSEMBLY BOUNDING MARGIN OF SAFETY SUMMARY

F/A Margin of Safety *
Re9 ion Crack Initiation Excessive ' Deformation

Local - Co0A i red Peak plus Residual
Ductile Creep- Accumulated

__

Rupture Fatigue Damage

Shield 2.80 61.62 4.75 2.13
Block

CMP 12.76 191.3 37.4 -

Hex Duct

ACLP 10.49 91.68 4.65 1.58
Hex Duct

TLP 0.37 0.29 3. 0 1.86
Outlet
Nozzle

Attachment 82.33 925,925 10.11 =

Assembly

Ori fice 4.03 291,544 0.43 1.52
Plate

51

Allowable Value* Margin of Safety = ,)
Calculated Value

4.2-359 Amend. 51
Sept. 1979

9
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TABLE 4.2-17

BLANKET ASSEME'.Y BOUNDING MARGIN OF SAFETY SUMMARY

B/A Margin of Safety *

Region Crack Initiation Excessive Deformation
Local Combined Peak plus Residual
Ductile Creep- Accumulated
Rupture Fatigue Damage

Shield 3.22 5.13 0.48 0.81
Block

ACLP 21.22 97.04 0.128 0.066
Hex Duct

TLP Outlet 0.14 415 0.69 0.16
Nozzle

Attachment
Assembly Acceptable per drop test results

Allowable Value
51 * Margin of Safety = _)Calculated Value

4.2-360 Amend. 51
Sept. 1979

354020



TABLE 4.2-18

ASSESSMENT OF APPLICABILITY OF FFTF DESIGN VERIFICATION TESTS

FFTF Design Verification Test Applicability to CRBRP Fuel Assembly Design

Fuel Assembly Life Tests Generally applicable. Isothermal test temperature is non-
prototypic, shield block and outlet nozzle configurations are
non-prototypic.

Prototype Fuel Assembly Water Fuel rod and assembly length, mass distribution, and shield-
Vibration Test orifice and outlet nozzle configurations are different.

Fuel Assembly Nozzle Insertion Inlet nozzle to receptacle interface is prototypic. Assembly
Tests length, bowed shape, load pad and handling socket configura-

tions are different.

( Fuel Duct Load Capacity Test CRERP load pad thickness is larger; combined loading effects
a may be non-prototypic. Generally applicable.
E

Floating Collar Behavior Test Currently not included in CRBRP reference design.

Piston Ring Sealing and Sodium Directly Applicable.
Life Test

Hydraulic Balance Sodium Erosion Directly Applicable.
Test

Orifice Pressure Tests Not applicable since CRBRP utilizes a different configuration.

Bypass Flow Nozzle Leakage Test Directly Applicable.

mg Pressure Drop and Flow Applicable where geometries are similar.jg Characterization
* Q.

@ Small Bundle Heat Transfer Tests Directly Applicable.
'

.-.
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TABLE 4.2-18 (Continued)

FFTF Design Verification Test Applicability to CRBRP Fuel Assembly Design

Duct Load Pad Friction, Wear and Directly Applicable.
Materials Evaluation

Material Property Characteriza- Directly Applicable.
tion

Fuel Irradiation Program. Most information is applicable either directly or by inference
to CRBRP conditions.

.
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TABLE 4.2-19

PLANNED CRBRP FUEL ASSEMBLY DESIGN VERIFICATION TESTS

Completion Provides
Activity Title Activity Description Date Input To

Fuel Assembly Flow Full scale 217 rod water test to determine flow Complete Final Design
Test in Water distribution, pressure drop, rod vibration, Verification

potential for fretting and wear, and assembly
and rod dynamic characteristics.

Outlet Nozzle Flow Component test to assess effect of geometry on Complete Final Design
Test in Water flow distribution and pressure drop in water.

Inlet Nozzle and Component test to assess effect of geometry on Water Test Final Design
a Orifice-Shield Test flow distribution and pressure drop and cavita- 8/79
'o in Water and in Sodium tion in water and a check cf dimensional Sodium Test Final Designr

h stability in a long term sodium test. 6/81 Verification

w
High Temperature Long term duct load pad test for prototypic 12/79 Final Design
Duct Loading Test geometry and temperatures and combined bending, Verification

crushing, torque and axial loading to deter-
mine load limits and deformation.

11:1 Scale Wire Wrap Air flow tests performed to reduce uncertain- Complete Final Design
Bundle Air Flow Test ties in fuel assembly subchannel flow and

mixing characteristics.

(.e Irradiation Testr in Verify predicted behavior of CRBRP fuel 7/81 Prior to Reactor
U! EBR-II and/or FFTF assembly under prototypic operating Operation.

N 51 conditions.
w
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TABLE 4.2-20

PLANNED CRBRP BLANKET DESIGN VERIFICATION TESTS

| Completion Provides
Activity Title _ Activity Description Date Input To

Assembly Flow and Full scale assembly test to detemine rod and 12/79 Final Design
Vibration Test in assembly vibrations and pressure losses in the Verification
Water assembly.

Component Pressure Flow test in water various blanket assembly 9/80 Final Design
Drop Test components, measuring the pressure losses as

a function of flrw rate.

Load Pad Strength Component test to detemine the strength of a 12/79 Final Design.
and Duct Bending cold worked duct and load pad for various Verificatioa-

d, Stiffness Test loading conditions anu temperatures.
$

Rod Cladding Rupture Component test to detemine the strength of Complete Final Design
Test the cold worked cladding for several combi- Verification

nations of temperature and time and to
establish a conceptual stret.s rupture time
curve.

'

M3

9 Rod Irradiation Test D temine the performance characteristics Complete Final Design
'J. in EBR-II of radial blanket rods in a reactor environ- Verification

>: ment including the effects of a power jump.

3 Fabricate Rod Bundle Provide prototypic fabrication experience Complete Assembly
Irradiation Test in for blanket assemblies. Fabrication

51 FFTF
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TABLE 4.2-21

CS5 MINIMUM MARGIN OF SAFETY (I) AND FATIGUE DAMAGE SUMMARY

STRESS CATEGORY

(P +Pb + 0) RANGE FATIGUE DAMAGE (2)LOCATION SECTION P PL+Pbm

PERFORATED PLATE 1 2.3 0.35 1.1 <0.016

PERFORATED PLATE /
SUPPORT CONE JUNCTION 2 1.1 0.76 0.90 <0.030

3 4.1 2.5 1.3 <0.030
4 1.0 0.68 0.24 <0.030

CORE BARREL 5 1.6 1.1 0.63 <0.030

( FLOW BAFFLE SKIRT 6 1.3 0.48 negative not calculated

SUPPORT CONE 7 1.6 1.5 0.96 <0.03C

SUPPORT CONE /REACTOP
VESSEL JUNCTION 8 1.1 1.3 1.1 <0.030

9 2.0 1.4 1.1 <0.030
10 1.6 0.51 0.52 <0.030

REACTOR VESSEL 11 0.35 1.0 0.06 <0.030

BL SS E
NOTES: (1) Margin of Safety = -1 where minimum acceptable margin is zerop D E SI

(2) Allowable Fatigure Damage Factor = 0.9 to account for potential creep damage

?E
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TABLE 4.2-22

SUPPORT CONE BUCKLING EVALUATION SUMMARY

LOADS APPLIED SEPARATELY

Applied Critical Load
Load Load Elastic Elastic-Plastic F.S. j)

Hydrostatic 170 psi 9325 psi 655 ;,i 3.85

8 10 9Bending 1.0 x 10 in-lb. 3.74 x 10 in-lb. 1.7.3 x 10 in-lb. 12.3

5 8 7
Shear 8.8 x 10 lb. 8.7 x 10 lb. 2.6 x 10 lb. 29.7

COMBINED LOADING CONDITION

Loading Applied Critical Stress
Direction Stress Elastic Elastic-Plastic ' S.[j)

Hoop c = 6471 psi 245,2000 17,160 2.65
y

Meridional o = 4800 psi 181,450 12,700 2.65

Inplane Shear T = 778 psi 29,420 2,070 2.65

NOTE: (1) The minim;m required factor-of-safety on theoretical elastic-plastic
buckiing calculations is 2.5 per Code Case 1331-8.

Amend. 5133,, .,

4.2-366 Sept. 1979



TABLE 4.2-23

PRIMARY AND PRIMARY-PLUS-SECONDARY STRESS EVALUATIONS

SECTION 1

LOCATION MIDDLE SURFACE ELEMENT 1 SURFACE ELEMENT 19 SURFACE

LOAD STRESS IrlTENSITY STRESd INTENSITY STRESS INTENSITY
_

SP = 175 nsi 4037 12,548 8696

VERTICAL SSE 505 2320 1840

LATERAL SSE 32 70 86
, _

__

p LIN. THERMAL AXISYM. MODEL NA 3615 4712

STRESS RANGE LIGAMENT MODEL NA 2928 2928

P 4574 NA NAm

PL+Pb
_ _ _ _ _.

10,622UA 14,938

ALL4 t3LE S = 15,300 1.32 # = 20,200 (CORRECTED FOR SHAPE
* *

FACTOR)

MS 2.3 0.35 0.90

(PL+Pb + 0) RANGE NA 21,481 17,780

ALLOWABLE NA 3 .* = 45,900
m

@ MS NA 1.1 1.5

% .=
> ~
.
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TABLE 4.2-24

PRIMARY AND PRIMARY-PLUS-SECONDARY STRESS EVALUAlIONS

SECTION 2

Location Middle Surface Element 601 Surface Element 605 Surfats _Load Stress Intensity Stress Intensity Stress Intensity
AP = 175 PSI 4676 8831 9751

Vertical SSE 845 1496 1347

Lateral SSE 1779 2399 1903a

6 Linearized Thermal NA 11,484 8251g Stress Range !

co

P 7300 NA NAm

P) +P NA 12,726 13,001b

Allowable S = 15,300 1.5 S = 22,950m m
C7 MS 1.1 0.80 0.764*

| (P) +Pb+ NA 24,210 21,252.angeN
Allowable NA 3S = 45,900

m

3@ MS NA 0.90 1.2Q.*



TABLE 4.2-25

PRIMARY AND PRIMARY-PLUS-SECONDARY STRESS EVALUATIONS

SECTION 11

Location Middle Surface Element 1448 Surface Element 1451 Surface
Load Stress Intensity Stress Intensity Stress Intensity )
AP = 175 PSI 9370 9387 9352

Vertical SSE 405 406 404

Lateral SSE 1574 1563 1672*
.

y Linearized Thermal NA 32,021 31,764g Stress Ranae te -

P 11,349 NA NAm

P) +P NA 11,356 11,428b

Allowable S = 15,300 1.5 S = 22,950m m

MS 0.35 1.0 1.0

(P) +Pb+ NA 43,377 43,192range

Allowable NA 3S = 45,900m
[ji MS NA
ra ~

0.06 0.06
'

-
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TABLE 4.2-26

FATIGUE DAriAGE IN THE CSS PERFORATED PLATE AT SECTION 1

Event n (SMech)R ( th)R (Salt}i "i "ig

lE-(lu) 11 18,101 42,931 30,516 10 * 0.001

5
10-(-1U) 640 18,101 32,992 25,547 2 x 10 ** 0.003

6lu-(-3N) 257 18,101 21,126 19,614 710 ** d

6
3N-(-3N) 11,743 18,101 15,575 16,838 710 ** 0.012

63N-0 257 18,101 7,788 12,944 710 ** 0

P CUMULATIVE FATIGUE DAMAGE, U = 0.016
7
tj * Based on 350*F curve in Figure 4.2-56

** Based on 800"F curve in Figure 4.2-56

CC
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TABLE 4.2-27

f1AXIfiUM FATIGUE DAf1 AGE IN CSS FOR SECTIONS 2 TO 11 EXCEPT SECTION 6

Event n (Smech)R (Sth)R (Salt)i "i "ij

lE-(-lE) 11 21,81/ 77,168 49,493 1300* 0.008

41U-(-1U) 640 21,817 41,234 31,526 8 x 10 ** 0.008

5lu-(-3N) 257 21,817 33,289 27,553 1. 5 x 10 * * 0.002

63N-(-3N) 11,743 21,817 25,344 23,581 10 ** 0.012

63N-0 857 21,817 12,672 17,245 >10 , g

?
'? CUf1ULATIVE FATIGUE DAMAGE, U = 0.030
$
~ * Based on 850 F curve in Figure 4.2-56

** Based on 800 F curve in Figure 4.2-56
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TABLE 4.2-28

SUMMARY OF STRESSES THROUGH SECTI0tJS A-A Ar4D B-B

,

.

liote: Strenes at Section B-B
given in rotated coordinates

*
.

N

g B
-

Inner Surface
N B

A f 7,

Type of Allowable Allowable
(Q Section Stress Location S S S SIflT (1) SIf4Tx y xy
v

; A-A Membrane Ave- .ge 810 1990. O. 1990. 15,300 7.7
;>
,*A B-B Membrane Average 130. 2675. 675. 2840. 15,300 5.4

d"
A-A -170. 13920. O. 14090. 22,950 1.6

n S r ace

i!! 'i"*% "/ !""Ja"ce -17 . 16605. O. 16775. 22,950 1.4B-B

@ (1) 304. SS. 0 775 F.
e



TABLE 4.2-29

STRESSES IN COOLANT SCREEN FROM PRESSURE DROP ACROSS SCREEN

Equivalent Plate Equivalent riste Principal Stresses M35-

| Allow.jStresses Principal Stresses (P/hx Equiv. Plate Stress) Stress,D
Allow-

*D # #5 5 5 o1(eq.; e (eq.)Element Surface x y xy
_

_

_.

c)(eq. ) e1 __2 _ _ _3 _K___ j s !*.Tj_ J1)__ _ SIf4T_
2 o o

Top -847. -610. -225. -4/4. -982. O. -1955. -4050. O. 1.03 4170. 27540. 6.6

2 Middle 8. 70. 50. 100. -2. O. 412. -49. O. 461. 18360. 40.

Bottom 883. 750. 324. 1147. 486. O.
{4731. 2005. O. 1.U4 4320. 27540. 5.6

Top -1873. -1575. -258. -1426. -2022. O. -5882. -834!. O. 1.02 8507. 27540. 3.2

3 Middle -143. -61. -48. -39. -166. O. -161. -685. O. 685. 18360. 27.

Bottom 1586. 1453. 162. 1695. 1345. O. 6592. 5548. O. ?.01 7061. 27540. 3.9
'

Top -1528. -1900. 212. -1432. -1966. O. -5907. -8233. O. 1.02 8397. 27540. 3.3
4

.O 202 Middle -119. -21. 5. -20. -119. O. -82. -490. O. 490 18360. 37.i

m --.
-

O Bottom 1290. 1859. -201. 1923. 1226. O. 7932. 5057. O. 1.02 8090. 27540. 3.'
'

- - - - ---

W Top -796. -720. 111. -641. -876. O. -2644. -3613. O. 1.01 3649, 27540. 7.5
+

203 Middle -18. 84. -54. 107. -41. O. 441. -169. O. 610 18360. 3

Bottom 760. B88. -219. 1052. 596. O. 4339. 2458. O. 1.02 4425. 27540. 6.2

Top -1698. -1856. -151. -1606. -1948. O. -6625. -8035. O. 1.01 8115. 27540. 3.4

204 Middle -83. -128 -40. -60. -151. O. -247. -623. O. 623. 18360. 29.

Bottom 1532. 1601. 72. 1647. 1487. O. 6794. P 31. O. i.01 6861. 27540. 4.0
a

(1) 304 SS, @ 775*F (Emergency Condition)

$co
u ro

CL
CC -

Ch G m
~h M

=
-
i

O O O



*
ro

R!
L

STRESSES (PSI) CRITERI A (PSI)

MEMBRANE
PART MODEL +

NAMES USED MEMBRANE BENDING BEARING SHEAR Sm 1.5 Sm Sy 0.6 Sm

'

* BPFM INTEGRATED 1.240 1.290 4.330 - 15.300 22.930 17.050 -

,.

? 3-D ,

|w SEISMIC SEISMIC '

E LUG MODEL 2.720 8.360 2.400 1.550 15.300 22.950 17.050 9.180

SEISMIC
SHEAR PIN 8.600 14.190 4.950 4.205 61.830 92.750 ' 31.000 37.100.

BPFM CSS
9.895 4.330 4.690 15.300 22.950 17.050 9.540PIN 9.390

.

t

$E b'?,

xa v1
.a ~.'

w-
w <n .:> Table 4.2-29a. BPFM Stress Sur. mary (0BE)d~ y
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STRESS INTENSITIES CRITERIA,

(PSI) (PSI)

LOCATION MODEL Pm Pm + Pb (Pm + Pb + Q)g Sm 1.5 Sm 3Sm

BPFM WEB 1. BPFMINTEGRATED
(SECTION 1) 3-D SEISMIC 2681 3100 45,fi92 0 45,900 @

MODEL
BPFM WEB 2. 1/8 BPFM 3-D
(SECTION 2) SOLID MODEL 1520 1997 32,995 0 45,900 0

3. 3-D PERFORATED
.> BPFM WEB THICK PLATE
6 (SECTION 3) MODEL 1521 1880 40,240 0 15,300 22,950 45,900 @

BPFM PLATE
(SECTION 4) 1616 2G82 36,940 43,900

BPFMINLET AXISYMMETRICAL
PORT MODEL 1353 1433 85,683 @ 167650 @

NOTE: O NG-3228.3 (SIMPLIFIED ELASTIC PLASTIC ANALYSIS) IS USED. VALUES GIVEN ARE CALCULATED AND
ALLOWABLE RANGE OF PRIMARY PLUS SECONDARY MEMBRANE PLUS BENDING STRESS INTENSITIES
EXCLUDING THERMAL BENDING.

@ NG-3228.1 (PLASTIC ANAL.YSIS) IS USED. VALUES GIVEN ARE CALCULATED AND ALLOWABLE RANGE OF
THERMAL STRESS INTENSITIES TO INSURE SHAKEDOWN.

$2I
Re
* CL

E$ b
C4 * Table 4.2-29b. BPFM Stress Summary1
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STRESS CATEC.JRY FATIGUE G)

s .IL
LOCATION Pm Pm + P (Pm +- Pb + OIR N,,b

SECTION 1 4.7 6.4 0.005 M 0.529

a SECTION 2 9.0 10.5 0.391(2) 0.094
'ro
L SECTlON 3 9.0 11.2 0.141 W 0.194

5
SECTlON 4 8.5 10.0 0.242 0.053

INLET PORT 10.3 15.0 0.875 W 0.017
-_

A OWARE STRESS INTENSIMNOTE- 0) M ARGIN 1.0' APPLIED STRESS INTENSITYg
/ '7' SEE STRESS SUMMARY TABLE FOOTNOTEe

G ALLOWABLE FATIGUE DAMAGE 1.0

U

$E
Ne

F

$$
Table 4.2-29c. BPFM Margin And Damage*



TABLE 4.2-30

EFFECT OF (C + N) LEVEL ON TENSILE PROPERTIES OF
TYPE 304 STAINLESS STEEL

Mechanical StandardPrope rty Equation Deviation

Yield
Strength, 89.952 + 181.167 (C + ft) - 0.082 T (C + N) - 4.269 Tl/2 + 0.058 T 2.236KSI

* Ultimate -1.806 - 227.391 (C + N) + 1634.644 T-1/2.

2.6457 Tensile
d Strength, + 0.626 T (C + N) - 2.607 x 10 T2 (C + N)

-4
"

KSI where T is R

Total
Elongation, 29.595 - 89.898 (C + N) + 628.443 T-1/2 2.955

% where T is R

Uni form
Elongation 25,748 - 78.211 (C + N) + 546.745 T-1/2 2.955"

where T is R

Temperature range validities: yield strength 75 - 1200 F
vi g ultimate tensile strength 200 - 1100 Fem total elongation 400 - 1200'FFR uniform elongation 400 - 1050 F
~
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TABLE 4.2-31

EFFECT OF (C + N) LEVEL ON TENSILE PROPERTIES OF
TYPE 316 STAINLESS STEEL

Mechanical Standard
Property Equations Deviation

Yield 88.474 + 211.640 (C + N) - 0.114 T (C + N) - 4.295 Tl/2 + 0.062 T 2.306
Strength, where T is %
KSI

-1/2Ultimate 8.563 - 461.665 (C + N) + 1427.712 T
Tensile + 1.512 T (C + N) - 7.191 x 10-4 2 (C + N) 6.458

*
T.

U7 Strength, where T is R
O KSI
m

Total
Elongation % 28.000 - 99.139 (C + N) + 653.926 T-1/2 where T is R 6.703U

Unifonn 24.780 - 87.738 (C + N) + 578.725 T-1/2 6.703
UElongation,% where T is R

C
(;, Temperature range validities: yield strength 75 - 1300 F
,;a ultimate tensile strength 75 - 1300"F
C total elongation 75 - 1300 F
*0 unifonn elongation 400 - 1050 F
g

N2
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TABLE 4.2-32 and 4.2-33 DELETED

3[yilOGO
hmend.51

4.2-380 Sept. 1979



TABLE 4.2-34

RESULTS OF DILAIION ANALYSIS (MID-FLAT DILATION)
Elevation

Above Bottom
of Lower Fast Flux Dilation Dilation Dilation

Assembly * Axial Pressure Temperature (n-cm-2-sec x 1015) After After After
Case Ref. No. Tace Blanket (in) Differential (*F) n 1 Cycle 2 Cycles 3 Cycles15(psi) 2 x 10 ( i r. ) (in) (in)

cm - sec

1.1 C1 -- 23 3.5 759 3.1 74 0.0133 0.0241 0.029
1.2 -- 32 3.5 788 3.712 0.0219 0.0331 0.044
1.3 -- 41 3.2 816 3.211 0.0220 0.0369 v.0522.1 F4 2 23 35.4 784 2.795 0.0283 0.0502 0.072
2.2 2 32 32.1 844 3.269 0.0376 0.0895 0.1432.3 2 41 28 8 916 2.829 0.0318 0.1121 0.1532.4 2 50 25.5 970 1.464 0.0239 0.0363 0.098
3. F1 2 23 42.9 760 3.173 0.0312 0.0519 0.073
3.2 2 32 39.0 796 3.712 0.0395 0.0763 0.114
3.3 2 41 35.0 836 3.211 0.0371 0. ord? 0.136

.O 4.1 F6 3 23 22.0 702 1.263 0.0186 0.0222 0.029
no 4.2 5 32 20.0 850 1.500 0.0202 0.0283 0.043' 4.2 5 41 17.9 922 1.297 0.0215 0.0247 0.C61$ 5.1 B1 2 23 15.9 788 0.823 0.0196 0.0213 0.025- 5.2 2 32 14.1 858 0.9 72 0.0212 0.0230 0.0325.3 2 41 12.3 93( 0.837 0.0226 0.0238 0.026

5.1 F1 5 23 42.9 774 3.222 0.0330 0.0584 0. 03 46.2 5 32 39.0 819 3.769 0.0415 0.0947 0.146
6.3 5 41 35.0 890 3.260 0.0432 0.1296 0.2156.4 5 50 31.0 932 1.693 0.0239 0.0450 0.106

* Refer to Figure 4.2-67 for asserbly location and f ace numbering scher'le
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TABLE 4.2-35

PRIMARY AND SECONDARY SHUTDOWN SYSTEM DAMAGE SEVERITY LIMITS

Damage Severity Limit
__

4ti| Primary System Only Functioning Secondary System Only Functioning

Without With Without With
Stuck Rod Stuck Rod Stuck Rod Stuck Rod

45| Normal- Operational (2) Not Applicable Not Applicable Not Applicable Not Applicable

45| Upset: Anticipated Faults Operational Operational Minor Incident (1) Minor Incident (1)
Incident Incident

Emergency: Unlikely Faults Minor Incident Minor Incident Major Incident Major Incident
a
io Faulted: Extremely Unlikely Major Incident Major Incident Not a Design Not a Design

h 45| Faults Bas 3 (3) Basis (3)
na

(1) Failure of the primary system to scram when required for an anticipated fault is defined as an
extremely unlikely event (faulted condition). However, the damage severity limit for the secondary
shutdown system is conservatively specified to assure fuel pin integrity even for the concurrent
anticipated fault and failure of the primary snutdown system.

(2) No action required by Plant Pr.,teuion System during Normal Operation.

(3) Combined probability of two indeoendent failures (extremely unlikely fault and failure of Primary
Control Rod System) is exceedingly low and not appropriate as a design basis. However, as an

3 exception, upon concurrent loss of off-site power a Safe Shutdown Earthquake with a consequence
g step in reactivity insertion (60c) and failure of the Primary Control Rod System, the Secondary
.h. Shutdown System shall be capable of shutting down the reactor without exceeding Major Incident
O limits.
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TABLE 4.2-36

C0tiTROL ROD SYSTEMS CLEARANCE REQUIREMENTS

Components Requirements Basis

Inner Duct Wear Pads 1) No three point contact allowed 1. Drag forces resulting from 3
to Inner Duct (i.e., wear pads to one side point contact are proportional

and duct to opposite side) under to the control assembly stiff-
worst case swelling and creep ness. Consequently, sufficient
condi ti ons . clearance must be provided to

preclude this condition of
(Ref. Figure 4.2-111 configura- potentially high scram retarding
tion E). drag forces at all times in

p component life.
m
O 2) Comt''.ned inner and outer duct 2. Additional drag force due to
O bowing for the PCA shall not duct bow can be tolerated

increase drag forces such that while satisfying scram speed
acceptable scram speed of of response requirements.
response cannot be assured. For Clearances are established
preliminary design considerations, commensurate with acceptable
appropriate clearances shall be scram times. The preliminary
provided to assure that the maxi- 25 lb limit assures that ductfmum drag force from duct bowing bowing is a small contribution
is less than 25 lb . ( 15%) to the total PCRS drag

f
force.

(Ref. Figure 4.2-111 configura-
tions B through D).

Q 3) No forced three point contact shall 3. Minimize sensitivity of SCRS
gg be allowed between the SCA inner performance to bowing effects.

a ST duct and the guide tube.

b
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TABLE 4.2-36 (Continued)

Components Requirements Easis

Inner Duct Wear Pads 4) Limit clearances to restrict power 4. Prevent limit cycling of reactor
to Outer Duct oscillations due to flow induced control system, which has a

control rod radial motion to 1%. " dead-band" of i 1% of full power.
Reactivity oscillations of
significant frequency and greater
than 1% could lead to limit
cycling.

.

y (Ref. Section 4.2.3.4.1.1 for
g flow vibrations tests).
a

B C Absorber Pellets 1) Sufficient clearance shall be pro 1) Minimize uncertanties in clad4to 316 SS Cladding vided to preclude force contact lifetime predictions. Due to
between pellets and cladding. B C/316 SS interaction under4

pressure, clad thickness is

difficult to estimate. Con-
sequently, sufficient clearance
is established to preclude
contact under worst case absorber
swelling. (Maximum diametral
swelling value for the secondary

51 control rod absorber pellets
h is 4.9% 0 328 FPD).
O to
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TABLE 4.2-36 (Continued)

Components Requirement Basis

Absorber Pin Wire 1) Provide sufficient clearance to 1) Limit duct bow and pin stress.
Wrap to Inner Duct limit inner duc; deformation such Significant interaction between

that wear pad to inner and outer duct and pins contributes to
duct clearance requirements are duct bow (therefore increasing
satisfied and to preclude reduction drag forces) establishes high
in clad lifetime. stress points on cladding, and

inhibits free axial expansion
of pins.

7 Absorber Pin to 1) Provide sufficient clearance to 1) Limit pin stress.

$ Spacer Grid allow free axial expansion at
all times.

Driveline to Shroud 1) Provide sufficient clearance to 1) Limit misalignment drag forces.
Tube prevent contact between driveline

and shroud tube under maximum mis-
alignment condition. (Not re-
quired during seismic event).

$E
M
= 0.
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TABLE 4.2-36 (Continued)

Components Requirement Basis

PCRD Piston to 1) Provide sufficient clearance to 1) Assure that dominant absorber
Dashpot Cup ensure that significant decelera- reactivity worth is inserted

tion occurs only in last 9 inches before deceleration and provide
of travel and that impact veloc- acceptable scram arrest impact
ity is no greater than 14 ips. loads on the PCA.

PORCM Leadscrew to 1) Limit clearance such tnat lead- 1) Reliable scram performance.
Guide Bushings screw is aligned for proper

scram release while not impeding
scram by high drag forces.

*
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TABLE 4.2-36A

FRICTIO'i COEFFICIENTS

Material Friction Coefficients Upper ThreeCouple Application Mean Stan ard Deviation Sigma Limit References
d

Inconel 718/ CRD to Dashpot Cut Combined * 0.45 0.2 1.05Inconel 718 or Shroud Tube LMEC 1.53 0.21 2.16 1-8, 1-13
WARD 0.45 0.i5 0.9

Type 316SS/ Duct to Duct 0.7 0.18 1.24 2,12Type 316SS

Haynes 273/ CRD Dashpot Cup 0.64 0.21 1.27 8, 13Inconel 718 to Dashpot Cut Seat

Inconel 718/ CRD Compression 0.85 0. 7.5 1.6 1Type 304SS Sleeve (Only 2 Samples)
a
b Inconel 718/ CA Wear Pads 0.62 2 09 0.89 2, 11
h Type 316SS Outer Duct
y

Inconel 718/ Torque Tube to 0.2 0.16 0.68 13Ni Resist Torque Taker

17-4 Ph/ CRDM Bellows / 0.64 0.16 1.12 13Inconel 718 Leadscrew

Stellite 6B/ Torque Keyway 0.37 0.01 0.4 1, 14Inconel 718 and Torque Taker 3

U

h *It should be noted that only 36 data points were utilized to obtain the distribution with a mean of 1.53 while
440 points are available for the distribution with a mean of 0.45. The combined data is overwhelmed by the,,

(f, ' large amour.t of data at the lower values. The higher values appear in just the LMEC data.
; 15.
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TABLE 4.2-36B

SUMMARY OF FRICTION RESULTS FROM IN-SODIUM TESTING FOR FFTF
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TABLE 4.2-36B (cont.)

SUM H Y nF FDICTIM DESULTS FROM IN-SODIUM TESTIflG FOR FFTF
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TABLE 4.2-36B (cont.)

SU""ARY OF FRICTION RESULTS FROM IN-S0DIUM TESTINr- FOR FFTF
_.-
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TABLE 4.2-36C

TEST DATA FROM SLIDING CONTACT TESTS IN LIQUID S0DIUM

Specific Wear,K

LMEC Sliding Sliding Coefficient Of (cm3/kg-cm x 10ll)
Test Materials Load Velocity Distance Temperature Sliding Friction Individual

No. Q Plate (kg) (cm/sec) (cm x 10-6) (*C) Initial rinal Pin: Average Remarks

Nickel-Base
Alloys

60 Inconel 718 Inconel 718 2.73 3.1 1.92 650 0.29 0.25 9.27 7.95
2.18 3.9 2.39 7.42
1.82 4.7 2.87 7.20

163 Inconel 718 Inconel 718 2.67 3.1 2.01 650 0.26 0.38 7.49 9.13 Hot-trapped sodium
2.14 3.9 2.51 10.8
1.78 4.7 3.01 Buildup

191 Inconel 718 Inconel 718 2.69 9.3 5.99 650 0.26 1.26 6.50 25.8
2.16 11.7 7.48 46.7
1.79 14.1 8.93 24.4

200 Inconel 718 Udimet 718 2.69 5.96 2.00 650 0.34 0.98 26.7 34.2
8 2.16 7.54 2.62 40.5

e" 1.79 9.00 3.14 35.6
-

211 Inconel 718 Inconel 718 3.99 3.1 2.04 650 0.37 0.41 Buildup 4.76
3.19 3.9 2.55 4.76
2.66 4.7 3.06 Euildup

219 Inconel 718 Inconel 718 1.67 9.3 2.32 650 0.25 0.58 14.6 30.4
1.34 11.7 2.89 31.5
1.11 14.1 3.48 45.4

15
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TABLE 4.2-36C (Continued)

TEST D.\TA FROM SLIDING CONTACT TESTS IN LIQUID SODIUM

15I)LMEC Sliding Sliding Coefficient Of ( cm
Test Ma te rials Load velocity Distance Temperature Sliding Friction Individual
No. M Plate M (cm/sec) (cn x 10-6) (*C) Initial Final Pgs, Average Remarks

* Nickel-Base.

N Alloys (ce 't)

w
e 251 Inconel 718 Inconel 718 0.56 9.3 6.45 650 1.17 0.43 4.45 4.45" 0.45 11.7 8.07 Buildup

0.38 14.1 9.68 Buildup

345 Inconel 718 Inconel 718 2.74 9.3 1.99 482 0.33 0.93 22.2 18.7 B.fW flame-spray
2.19 11.7 2.49 19.0 parts: 30455 base
1.82 14.1 2.99 14.8 material with Metco

405 interface.

351 Inconel 718 Inconel 718 2.73 9.3 1.99 650 0.42 0.29 Buildup Buildup BdW flame-spray
2.19 11.7 2.49 Buildup parts
1.82 14.1 2.99 Buildup
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TABLE 4.2-36D

FFTF PROTOTYPE C0dTROL ROD SYSTEMS TESTS

Temp. Feet of Disconnect Stop and
Phase Test Description Range Travel Scrams Operations Start Cycles

I Flow Rates - 0 - 90 GPM 400 to 3,420 Ft. 188 1 4,012
1100 FScram Heights - 9, 18, 27, 35, 36,

Misalignment - fiisaligned

II Flow Rates - 0 - 100 GPM 400 to 2,730 Ft. In7 33 2,034
1100 FScram Heights - 9, 18, 27, 35, 36.,

Misalignment - Aligned

III Flow Rates - 0 - 100 GPM 400 to 14,400 ft. 428 15 13,692
II I

[ Scram Heights - 9, 18, 27, 35, 36"-

Misalignment - Gross Misalignment

*

IV Flow Rates - 0 - 100 400 to 3,085 Ft. 55 1 3,818
1100 FScram Heights - 9, 18, 27, 35, 36',

Misalignment - Aligned with Failed
Bellows

100 GPM is 110% of Nominal Coolant Flow
* Phase IV now in progress. 15
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TABLE 4.2 - 36E

f1 AXIL 1Uf1 EFFECTIVE COEFFICIENT OF
FRICTIOil DATA

FOR DYNAf1IC IfiPACT LOADIf1G*

flaterial Couple Configuration fledium flax

1718/1718 Round Air .37

1718/17/8 Round Water .35

1718/31 DSS Hexagonal Air .63

* Preliminary data. Tests for further data in sodium environment
51 and 1718/304SS (round) are in progress.

3510G|3

Amend. 51

4.2-394 Sept. 1979



TABLE 4.2-37

CONTROL ROD DRIVE SYSTEM MAXIMUM LOADING CONDITIONS

Load (lb)
Condition Primary Secondary Basis

Insertion 1000 (Min.) 1000 (Min.) Primary and secondary system minimum insertion load.

Max. Under Max. Under
Evaluation Evaluation

Withdrawal 1500 (Min.) Under Evaluation Primary and secondary system values dependent on further detailed
design and test measurements.

Max. Under Under Evaluation
Evaluation

c. Minimum Breakaway 16000 Under Evaluation Minimum desigo strength of breakanay joint (CA to CA shaft) to
L Joint Strength provide for drive shaft separation with stuck control rod.
i

d Maximum Breakaway 19000 Under Evaluation Maximum design failure load of breakaway joint to provide for
Joint Strength drive shaft separation with stuck control rod.*

PI Compression 1000 (Max.) None Maximum load to free control rod coupling.

Assembly of Components Variable Variable Torquing preloads required in assembling.

Seismic CEE OBE
Seismic design data bases are discussed in Section 3.7.

SSE SSE

Thermal Under evaluation Under evaluation Thermal stress for steady state and transient loads.

Rod Expulsion 1800 (Max.) 2400 (Min.) Conservative design against red expulsion such that maximum control
assembly pressure drop cannot cause significant control rod
transients with the driveline connected or disconnected.*

Scram Under evaluation Under evaluation Forces from deceleration of translating assembly on scram stop.

Structural Margin Internal reactor Internal reactor vessel Sealing integrity for CRDM housing and nozzle required under SMSDB
51 Revond Design Basis vessel pressure pressure (300 psi). conditions.

(300 psi). Mechanical and hydraulic loads resulting from SMBD3 including@m
.@ @

acceleration vs. time history 1cading are considered in design basis
c+ o.

h
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TABLE 4.2-37A

CONTROL ASSEMBLY - ABSORBER PIN STRUCTURAL CRITERIA

Conditions Criteria

Ste.-dy State P, or P +P +5 S - Proportional elastic limit. These limits apply only after initial assent
m b p p to Full Pcwer. ASME Code Section III Subsection i;B and Code Case 1592

limits apply during Preoperational Handling and Checkout.

Steady State F 1 D F - Damage factor determined similar or equivalent to procedure of Paragraph T-1411 of Ccde Case
D Dand Upset 1592. K' factors do not apply. Factor FD to be based on average stress across a section.

For D refer to Figure T-1420-2 of Code Case 1592.

Steady State. The following limits on the combined primary (local) membrane plus bending plus secondary stress intensity range
Upset, and Emergency shall be satisfied:

L + P /K )/c' and (Qp) max /o' stress intensities shall be restricted to withinc > 1% The combination of (P B t v v
80% of the shakedown boundary bastd on elastic-ptrfectly plastic material behavior with the flowu

stress taken to be o'y. For axisymetric structures away from discontinuities the Bree elastic-
plastic shakedown diagram can be used.

L* B + 0) max
0J5 S f r steady state and upset conditionsc * uu

0.90 S f r emergency con M ons7 u
u

$ t;otes: Sy values may be used when o' (cyclic yield strength) is not availabley

is defined in Code Case 1592Kt
(QR) max is maximum range of secondary stress intensity

Steady State, ;- C P - c P
+ < 0.9 c - themal creep, c plastic strain, T - time' *

Upset, Emergency,
u)r 'u tland one worst

51 case trar.sient
c - unif rm el ngation, c - average strain rate, andT and ej = cu (TF, )event u

TF - triaxiality factor (stress state)
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TABLE 4.2-37B

CONTROL ASSEf1BLY - BALANCE OF ASSEMBLY STRUCTURAL CRITERIA

0'u flaximum Temperature 1 800 F Maximum Temperature > 800 F

Al - ASME Code Section III, Subsection A2 - Rules of Al plus:
NB Rules plus: 1. Code Case 1592.

a 1. The effect of irradiation 2. RDT Standard F9-41.
swelling and creep deformations 3. The effect of loss of carbon, nitrogen
shall be evaluated. etc. to be considered when determining,

u 2. Design stress levels shall be allowables.
based on ASf1E Code Section III, 4. Irradiation swelling and creep defor-
Subsection NB, unless test data mations to be considered in creep,

| in NSf1H indicates use of higher collapse analysis.
allowables. 5. Inelastic strain accumulation must be

a 3. The mean stress correction for computed as a function of temperature,
6 fatigue evaluations is to be stress state, geometry, and time
O based upon the cyclic stress- under consideration. No fluence con-
d strain curve, sideration is required.

4. The fatigue evaluation shall be
based upon test data for
irradiated material or upon the
ASME Code curve for unirradiated
material, modified by the method
of characteristic slopes for
predicting fatigue failures
based on ductility and fracture
data from tests on irradiated
material.

y B1 - Rules of Al plus: B2 - Rules of A2 and Bl.
When the option to invoke justifiable,

p 4 higher irradiated allowables is

gg g g utilized:

FF (ri

[ b
- c
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TABLE 4.2-37B (Continued)

0
'u Maximum Temperature 800 F flaximum Temperature 800 F

B1 - Rules of Al plus: (Cont'd)

1. No primary plus secondary
stress is permitted to
exceed that associated

withstrainof6[tressesshall
/g.,

Primary membrane s2.
not exceed the lesser of 1/3
UTS or 2/3 of the proportional
stress limit.

3. Linearized primary membrane
plus bending stresses shall*

.

'? not exceed the lesser of 1/2
8 UTS or the proportional limit
m stress.

C - Rules of B1 and B2 for their respective temperature plus:
1. Brittle fracture shall be considered as a potential failure

mode.a
'' 2. Where les ductility components are subject to shock loads,

failure due to the superposition of transient stress wavesv
a

51 shall be considered.o

CD

XE Yi
w:38 1

a
g
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TABLE 4.2-38

CONTROL R0D SYSTEMS SERVICE LIFE

Design Total Total Li fetime Connect Full Stroke
. Life Start /Stop Lifetime Travel Disconnects Scrams

Years Cycles Scrams (FT) Cycle (4) Dashpot

Mechanism 30 8 x 10 732(3) 17,000 --- ---
6

Driveline 10 2.7 x 10 (l) 244(1),(3) 5,700(I) 60 244
6

Primary
System Control 1 2.7 x 10 (2) 26(2),(3) 570(2) 6 ---

5

Assembly

Mechanism 30 13,900 700(3),(6) 7,700 360 ---

a

Driveline 5 2,325(5) 130(5),(2) 1,180 60 ---f0)
Secondary

Control 2 930(2) 50(2),(3) 500(2) 12 50
g System

Assembly

1. Based on minimum 10 year life.

2. Based on life of 2 years.

3. Includes 5 isothermal scrams per year.
CD
t,; 4. At refueling temperature.
.:.
J.) 5. Based on minimum 5 year life.
C'
C 6. Based on minimum 5 year life for the mechanism components that perform a scram function

Routine maintenance will extend the total lifetime to 30 years, to match overall
51 mechanism design life.

X *i
Ne

P

O O O



TABLE 4.2-39

NUCLEAR ENVIRONMENT

Fast Neutron Flux *
utron Flux + E < 0.1 MeVElevation

TotalNg/sec.) (n/cm2 sec.) Comments(in) (n/cm /

+200 See Note 1 See Note 2 Top of CRDM

, +100 See Note 1 See Note 2 Stator

+40 See Note 1 See Note 2 Scram Spring / Bellows
; Interface
i

|+0.0* See Note 1 See Note 2 Torque Taker / Bellows

|
Interface

:

5 2
|-74.65 2.5 x 10 6.3 x 10 Point on Driveline at

Bottom of Reflector (Max. )
8 3

-190 5.1 x 10 5.2 x 10 Driveline Dashpot Seat
I (Max.)

9 5-218 2.6 x 10 1.3 x 10 Guide Tube / Upper
Internals Interface (Max. )

12 Il
-150 3.0 x 10 3.8 x 10 Control Rod /Driveline

Coupling (Max.)-

15 15-437.15 4.7 x 10 2.8 x 10 Core Midplane (Max.)

II II-512.15 9.6 x 10 1.2 x 10 Bottom of Control
Assemblies (Max.)'

!

* Top of closure head,

* Fluxes based on equilibrium cycle

Note 1 - Neutron dose levels above the closure head in the vicinity of the
control rod drive mechanisms may range from 100 mr/hr to < 2 mr/hr.
A shield system / seismic support will shield areas above s 100 inches.
The corresponding total neutron flyx range is approximately

4 n/cm2 sec. to 2 x 102 22 x 10 / n/cm /sec.

51 Note 2 - The above total fluxes (Note 1) correspond to a fast neutron flux
2< 2 x 102 n/cm /sec.;

021'1009 Amend. 51

4.2-400



TABLE 4.2-40

GROUPING OF PLANT DUTY CYCLE

EVENTS INTO CRD UMBRELLA TRANSIENTS

*** 30 Year *1. CRD Transient Desgnt.
2. Duty Cycle Events Duty Cycle Events Umbrella Initial Final
3. Description Umbrellaed Transient State State

Frequency Point Point

NORMAL EVENTS:

CRD-lN (N-la) N-la(5) 5 Ambient or Refueling
Dry Heatup and Cooldown Refueling (Dry) or

(Dry) Ambient

CRD-2N (N-2a) N-2a(140) 140 Refueling Hot Stantiby
Startup, Refueling to
Hot Standby

, CRD-3N (N-2b/U-2F) N-2b(720),** 860 Hot Stand- 40 Load
| Startup, Hot Standby N-2a(140) by
' to 40% Load with
excessive step

CRD-4N (N-3a) N-3a(60),U-lla(18), 140 Hot Stand- Refueling
| Shutdown,HotStandby U-llb(18),U-llc (9), byi

to Refueling U-19a(9),U-19b(9),
; U-19c(9),E(7),F(l)
i

|CRD-5N (N-3b) N-3b(210),N-3a(60), 329 40% Load Hot Standby
iShutdown, 40% Load U-15a(50),U-22(9)

to Hot Standby

CRD-6N (N-4a) N-4a(9300),N-5(750) 10,890 40% Load 100% Load
| Loading Following Startup

(840)

|CRD-7N (N-4a) N-4a(9300),N-5(750), 10,421 100% Load 40?: Load
Unloading U-15a(50),U-22(9),

Preceeding Shutdown
(312)

CRD-8N (N-4b) N-4b(46,500) 46,500 100% Load 80I Load or
Load Fluctuations or 100% Load

80% Load

6 6
CRD-9N (N-6) N-6(30 x 10 ) 30x10 100% Load 1007 Load

iS.S. Temperature
51 ! Fluctuations

Amend. 51
4.2-401 Sept. 1979
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TABLE 4.2-40 (Cont'd.)i

i
*** 30 Year *|1. CR0 Transient Desgnt.

|2. Duty Cycle Events Duty Cycle Events Umbrella Initial Final
3. Description Umbrellaed Transient State State

I Frequency Point Point

CRD-10N (N-7) N-7(1010) 10 100% Load 1001 Load10

~ S.S. Flow induced vibrations

' UPSET EVENTS:

CRD-lu (U-lb) U-la(18),U-lb(0), 425 100% Load Hot Standby
| Reactor Trip from U-3b(15),U-4a(6),
i Full Power with Minimum U-4b(15), U-Sa(10),
| Decay Heat U-6(10), U-8(15),
' U-9(15),U-10a(12),

U-10b(6),U-10d(6),
U-11a(18), U-llb(18),

I U-llc (9),U-14(24),
' U-15b(10),U-19a(9),

U-19b(9),U-19c(9),i

U-20b(5), U-21a(15),
U-23(9)

CRD-20 (U-2b) U-2a(10),U-2b(10), 26 100% Load Hot Standby
Uncontrolled Rod U-3a(6)
Withdrawal from
full power

CRD-3U (U-21b) U-7a(5),U-7b(5), 42 40% Load Hot Standby
Inadvertent opening U-13(18),U-20a(5)
of superheater outlet U-21b(9)
safety / power relief
valve

,CRD-4U (U-2d) U-2c(10),U-2d(10) 20 Hot Standby Hot Standby
Uncontrolled Rod

I

| withdrawal fromstartup

CRD-SU (U-2e) U-2e(10) 10 40;', Load 1007 Load
, Plant Loading at
I maximum rod withdrawal
rate

CRD-6U (U-18) U-5b(5),U-12(9), 30 100% Load Hot Standby
Loss of preferred and U-18(16)

51 , alternate preferred power

S;;.lOZ.
Amend. 51
Sept. 1979

4.2-402



TABLE 4.2-40 (Cont'd.)

1. CRD Transient Desgnt. *** 30 Year *
2. Duty Cycle Events Duty Cycle Events Umbrella Initial Final
3. Description Umbrellaed Transient State State

Frequency Point Point

EMERGENCY EVENTS:

CRD-lE (F-4c) E-2, E-3a, E-3b, 7 100% Load Hot Standby
Rupture between E-4a, E-4b, E-4c,
Superheater Outlet E-4d, E-5, E-6, E-8,
and Isolation Valve E-9a, E-9b, E-9c,

E-10, E-ll, E-13a,
i E-13b, E-14

CRD-2E (E-16) E-7, E-15, E-16, 7 100% Load Hot Standby
Three loop natural E-17, E-18
circulation

CRD-3E (E-1) E-1 7 100% Load Hot Standby
Primary Pump
Mechanical failure

I

[FAULTEDEVENTS:
i

! CRD-lF (F-2) F-2 1 100% Load Hot Standby
! PHRS Activation without

SGS cooldown

|

NOTES: * To obtain an event frequency for a period other than 30 years, divide
the 30 year frequency by the number of periods in 30 years and use
the next higher integer frequency if the results are not an integer.

; ** The N-2b frequency of 710 from OPDD-10 does not include startups
; for a faulted event and the nine U-22 events.
.

51 ! "** Duty cycle events are defined in PSAR Appendix B.

Amend. 51

4.2-403
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TABLE 4.2-41

COMPARISON OF PRIMARY AND SECONDARY CONTROL R0D SYSTEMS

Primary Seconda ry

Control Assembly (CA)

Control Rod 37 Pin Bundle 31 Pin Bundle

B C Enrichments 92% 92%
4

Control Rod Guide Geometry Hexagonal Cylindrical

Control Rod Stroke 36.0" to 37.8" 36" Nominal

Control Rod Driveline (CRD)

CA Coupling Rigid Coupling Flexible Collet
Latch

CRDM Connection CRD Leadscrew to SCRD Attached to
CRDM Roller Nuts SCRDM Carriage

with Pneumatic
Activation to
SCRD Latch thru
Slender Rod

CA Disconnect for Refueling Manual Automatic

Control Rod Drive Mechanisms
(CRDM)

Type of Mechanism Collapsible Twin Ball Screw
Rotor-Roller Nut with Translating

Carriage

Overall Mechanism Stroke 37.5 Inches 69 Inches

Cover Gas Seal Bellows Bellows

Scram Function

Scram Release Magnetic, Release Pneumatic, Release
CRDM Roller Nuts SCRD Latch in SCA

Scram Assist Spring in CRDM Hydraulic in SCA

|3(i.141773 Amend. 51
Sept. 1979
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TABLE 4.2-41 (Continued)

Primary Secondary

Scram Function

Scram Speed Dependence Increases with Decreases with
on Flow Rate Decreasing Flow Decreasing Flow

Rate Rate

36 Scram Assist Length 27 Inches Full Stroke

Scram Deceleration Hydraulic Dashpot Hydraulic Spring
in CRD Damper in SCA

Scram Motion Thru Upper Full Stroke 10.25 Inch
Internal s

Operational Functions

Independent Shutdown Capability Yes Yes

Burnup Control Yes No

Power and Reactivity Control Yes No

O

Amend. 51
4.2-405 Sept. 1979
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TABLE 4.2-42

SECONDARY CONTROL ASSEMBLY DIMENSIONS
i

Control Assembly

Outside Distance Across Flats 4.578 inches,

Inside Distance Across Flats 4.335 inches
Overall Length 168.0 inches,

i

Guide Tube

0.D. 4.280 inches
I.D. 4.080 inches

' Clearance Between Guide Tube and Channel 0.0275 inch
Clearance Between Guide Tube and Piston 0.070 inch

. Control Rod

Outside Diameter of Control Rod Duct 3.777 inches
! Inside Diameter of Control Rod Duct 3.697 inches
!

Number of Pins 31
Pin Pitch-to-Diameter Ratio 1.05
Pin 0.D. 0.552 inch

| Pin Clad Thickness 0.029 inch
! Total Pin Length 56.80 inches
| Plenum Length (Upper / Lower) 8.091 inch /

9.750 inch
Insulator Pellet Length (Upper / Lower) 0/0.5 inch
Active Absorber Length 36.0 inches

! Pellet Diameter 0.470 inch
I Pellet Density 92%

B-10 Loading (minimum / nominal) 4.7/5.0 Kg
Wire Wrap Diameter 0.033 inch

| Wire Wrap Pitch 6 inches

51 B-10 Enrichment 92%

351075

^* " *4.2-406 Sept. 1979



TABLE 4.2-42a

PRIMARY CONTROL ASSEMBLY DIMENSIONS

Control Assembly

Outside Distance Across Flats 4.575 inches
Inside Distance Across Flats 4.335 inches
Overall Length 168.0 inches

Inner Duct / Outer Duct Clearances (Diametral)

Upper Wear Pad 0.120 inches
Lower Wear Pad 0.100 inches
Duct to Duct (Across Flats) 0.297 inches

Control Rod

Outside Distance Across Flats Inner Duct 4.038 inches (NOM)
Inside Distance Across Flats of Inner Duct 3.950 inches (NOM)
Inner Duct Wall Thickness 0.044 inches (NOM)
Number of Pins 37

Pin Pitch-To-Diameter Ratio 1.05
Pin 0.D. .602 inch
Pin Clad Thickness .049 inch
Total Pin Length 78.445 inches
Plenum Length (Upper / Lower) 22.700 inches

14.220 inches
Insulator Pellet length 0.700 inch
Active Absorber Length 36.0 inches
Pellet Diameter 0.4500 inch
Pellet Density 92% Theor.
B IO Loading (92% enriched) 5.57 KG (NOM)
Wire Wrap Diameter (Interior / Edge) 0.030/0.015 inch
Wire Wrap Pitch 12.75 inches
Pin Bundle Clerance (Diametral) 0.034 inch

51

Amend. 51
Sept. 1979

4.2 a07
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TABLE 4.2-43

PRIMARY CONTROL R0D SYSTEM LATERAL MISALIGNMENT FORCES

Rod Position
(Inches Drag
Withdrawn) Force (lbf. )

0 Minimum radial clearance (C.R. coupling 291
0.D. to scram arrest flange I.D.)

6 Increased radial clearance (C.R. shaft 232
0.D. to scram arrest flange i.D.)

10 Just prior to dashpot deceleration 125

15 Typical position of Row 7 Corner control 1 31

roa at start of cycle

30 End of cycle control rod position 101

37 Maximum withdrawal 108

*

51 Based on lateral misalignments from Figure 4.2-95.

SG.* ij'jy

Amend. 514.2-400 Sept. 1979



TABLE 4.2-43a

EFFECT OF WORST CASE MISALIGt4 MENT ASSUMPTION

System Misalign- Non-Translating Translating
ment According Assembly Mis- Assembly Misalign- Dashpot Cup (lbf.)
to Fig. 4.2-95a alignment ment Fixed Total Forces

~

CRBRP
Predictions Yes Yes Yes Yes 291

CRBRP

.a PCRS Yes Yes Yes Yes 300

7
$
e

Test Condition Yes Yes Yes No 102

Predictions Yes No No No 7.2
51 i

T h'
We w. a.

Gw T-
a~ c.*,

.~;
~
00

0 0 0



TABLE 4.2-44

PCRS CYCLE DEPENDENT WITHDRAWAL POSITIONS

(IN INCHES)

RGW 4 R0W 7

CYCLE Minimum Expected

BOC & E0C B0C EOC BOC | EOC

1 36 19.9 22.6 24.3 26.6

2 36 15.9 26.1 20.8 30.0

3 36 15.9 24.6 20.8 28.4

4 36 13.4 25.9 18.6 29.7

5 36 14.3 22.3 19.5 26.4

51 6 36 13.6 25.9 18.8 29.7

0310'jQ
Amend. 51
Sept. 1979
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TABLE 4.2 45 DELETED
51

9

3151980

Amend. 51
Sept. 1979
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TABLE 4.2-46

PRELIMINARY PERFORMANCE PARAMETERS FOR PCA ABSORBER PINS'

NOTES: * Not an operating condition-for reference only

PARAMETER Row 4 Row 7 Corner

B-10 Load (BOC Kg) 5.57 5.57

Withdrawn Position
BOC 3 (inches) 36 20.8
E0C 3 (inches) 36 28.4

Total lusorber Power
L il Insertion (KW)* 619* (E0C 4) 628* (BOC 3)
Withdrawn Position (KW) 75 (E0C 4) 375 (BOC 3)

Coolant Flow (THD)
Total Assembly (lb/hr) 47,000 47,000
Pin Bundle (lb/hr) 28,670 28,670

Pellet Burnup
-20Peak Pellet - Captures /ccx10 75 (E0C 4) 115 (E0C 3)

Avg. for Stack-Captures / 13 (E0C 4) 40 (E0C 3)
cc x 10-20

Helium Release Fraction
Avg. for Pellet Stack .15 (E0C 4) .21 (E0C 3)

Pin Pressure and Stress
Pressure (psi) 268 (EOC 4) 1037 (EOC 3)
Hoop Stress (psi) 1257 (EOC 4) 4860 (EOC 3)

Pin Lifetime >275 FPD >275 FPD

51 Based on preliminary analysis of heterogeneous core conditions.

8EiiOd1

Amend. 51
Sept. 1979
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TABLE 4.2-46A

Currently Committed B C Tests Supporting CRBRP Control Assembly Designq

Typical Test Parameters
Fellet Fe l t e t b-lU Laptures

HEDL Test Temp. F Diz - inch per cc. X 10-20 Status and Convents

BICM-2 1800 to 0.300 45 Test assembly completed and shipped to EBR-II
(YYO6) 2200 to start irradiation approximately July 15,

1975 and completed approximately July,1976.

BHTE 2400 to 10.25 and s40 to Approval in principle obtained from RRD.
3600 0.6 60 Detailed test assembly design initiated.

Start of irradiation planned for late CY75
with completion early CY77.

80PT-1 2150 0.63 50 EBR-II irradiation testing initiated May 1975
1850 0.65 50 and completed late CY76. Temperatures subject
1725 0.44 50 to test confirmation..s

L 1350 0.46 50
i
C BICM-1 1150 to 0.36 20 to Completed instrumented test. Preliminary test

(YYO2) 1650 80 results are being utilized in current B C
4correlations.

BV-2 1400 to 0.45 to 20 to Vented pin design. Pin fabrication initiated.
1600 10.7 120 Irradiation planned to start September 1975.

EO Goal burnup to be achieved in October 1978
with selected pins removed at lower burnups,

fr BCM-2B 1100 to 0.362 53 to Re-irradiation of pins from previous BMV-2 a
9 1650 65 and BCM-2 tests initiated in EBR-II in May,

1975. Goal burnup to be achieved 3 ugustA

g 1975.
RB

P
&n 15

Y
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TABLE 4.2-47

CRDM DESIGN LOADING Pi ELIMINARY ANALYSIS SUMMARY

Allowable Calculated
Stress or Stress or

Load * Load

I. Rotor Assembly
Bearings

Radial Bearing 7594 lb. <1000 lb.

Synchronizer Bearing 12476 lb. <2000 lb.

Segment Arm Assembly

Segment Arm Springs 70,000 psi 65,500 psi

Synchronizer Pin 139,200 psi 80,500 psi

Out-Motion Limiter System

Out-Motion Limiter Pawl 107,500 psi 104,400 psi

Out-Motion Limiter
Pivot Pin 107,500 psi 75,300 psi

Out-Motion Limiter
Actuation Pin 63,750 psi 16,100 psi

Out-Motion Limiter
Spring 66,250 psi 63,350 psi

Rotational Stop Analysis

Rotational Stop Latch 68,000 psi 48,300 psi

51
Rotational Stop Sprins, 73,565 psi 70,900 psi

351063

Amend. 51
4.2-414 Sept. 1979



TABLE 4.2-47 (Continued)

Allowable Calculated
Stress or Strecs or

Load" Load

II. Scram Assist System

Scram Assist Spring 72,000 psi 66,600 asi

III Bellows 134,500 psi 79,300 psi

IV Control Rod Driveline

Compression Tube 18,600 psi 18,100 psi

*
Some of the allowable stresses reflect the use of material yi' id
strength as the allowable. Typical applications include areas of high

51 local contact stresses, suce as pivot pins.

Amend. 51

4.2-415 Sept. 1979
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TABLE 4.2-48

COMPARISON ANALYSIS-HEDL EXPERIMENTS
FOR FFTF CONTROL ASSEMBLY

INCEPTION OF FLOATATION CONDITIONS

Flow Rate
(gpm) t.P (psi)

THEORETICAL PREDICTION 145 10.5

HEDL EXPERIMENTAL DA. A 140-143 10.1 - 10.2

ERROR 1.5 - 3.6 2.9 - 3.8s

i

Amend. 51
4.2-416 Sept. 1979
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TABLE 4.2-49

SEC0f4DARY C0flTROL ASSEMBLY OPERATlfiG PARAMETERS

Flow Rates:

Flow Around Latch Seal:

Control Rod Flow 8,600 lbs/Hr.

Bypass Flow Around Rod 8,300 lbs/Hr.

Total Flow Around Latch Seal 16,900 lbs/Hr.

Flow to Low Pressure Plenum 54,600 lbs/Hr.

Total Assembly Flow 71,500 lbs/Hr.

Hydraulic Scram-Assist Force 345 lbs.

Total Heat Generation 67 KW

Peak Linear Power 5.5 KW/Ft.

Average Control Rod Outlet Temperature 865 F

U
Average Assembly Outlet Temperature 890 F

Peak Clad Mid-Wall Temperature
0

flominal 870 F

Hot Spot 960 F

Absorber Pin Lifetime 328 FPD

I

| Average Gas Release Rate In Peak Pin 22%

Absorber Center Line Temperature

tiominal 1780 F

Si | Hot Spot 2125 F

Amend. 51
Sept. 1979

4.2-417
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TABLE 4.2-50

AI FRICTIONAL DATA

Friction Efficients

Temperature
Breakaway Static Dynamic j "F)

Inconel 718/LC-lC* on 316 0.54 0.45 0.53 1000
Inconel 718/Inconel 71 0.41 0.58 0.73 1000
LC-lC/LC-lCon316,NDg 0.61 0.34 0.36 1000
LC-lC/LC-lC on 718, ND 0.73 0.37 0.42 1000

a. LC-lC is CR C with 15i NiCr binder, D-gun coated.32
b. ND - Non-dimensional finish.

Amend. 51
4.2-418 Sept. 1979
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TABLE 4.2-51

SELF-WELDING TEST RESULTS AFTER 3 AND 6 MONTHS
AT 1050 F IN FLOWING SODIUM

Compressive Test
Test Material Contact Load Period Sample Breakaway
No.d Combination lb/in (psi) Munth Geometry Force (lb)

7-54 I-718 on 25,300 6 Curve on 0
I-718 (150,000) Flat

c7-55 I-718 on 14,200 6 Curve on 368
I-718 (16,000) Curve

7-57 Stellite 6 9,600 6 Curve on 368c
on Stellite 6 (12,000) Curve

c7-51 Stellite 156 31,840 3 Flat on 1,720
on Stellite 156 (16,000) Flat

a. As given in WDTRS #1.27 Revision 5, Table 7.

b. Line contact load based on Hertzian stress given in parentheses.
The Hertz contact stresses in the SCRS latch are approximately
70,000 psi.

c. To be evaluated af ter disassembly of the test chamber before a
firm conclusion of self-welding can be made.

Amend. 51

4.2-419 Sept. 1979
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TABLE 4.2 5 2

REFEREtlCES SUPPORTItiG CRBRP FUEL ROD LOADIt4G.

(See Resoonse to Question 241.68)
Exemplary References ,

Loading FFTF EBR-II U.S. LMFBR Foreign [MFBR
Category Design Irradiation Proaram Program

1. Fuel-Cladding Differen- 59 62 64, 65 67, 68

tial Expansion

2. Fission Gas Released 59 61, 63 64, 65 67, 68

from Fuel

3. Differential Thermal 59 --- 64 67, 68

& Irradiation Induced
Expansion

u
4. Support System Inter--

1 action
$

A. Fuel Rod-Spacer 59 63 64 67

B. Bundle-Duct 59 63 64 ---

CQ
Cg 5. Flow Induced Vibration 59 66 67

-_-

...

C 6. Accident Loading

GO
C A. Fission Gas Ejection 60 --- 65 69

B. Fuel Coolant 60 ---
--- 69 32

Interaction

Nu,

e "a.- .

12
3



TABLE 4.2-53
REACTOR INTERNALS MATERIAL, FLUENCE, AND GENERAL DUCTILITY CRITERIA

Irradiation Design Criteria
Temperature
Range (2)

Min. Residual Total FluenceCRBRP Lower Upper Total Limit (3)Structural
Comronent Sub-ComponentII) Bound Bound Elongation EN.0 MeVOMaterial (Fo) (F ) (%) (n/cm2)
Core Former Upper Core Former $5316 700 1000 10 1.6x1022

Core Former Support Ring 55304 700 950 10 9.0x1021

Core Former Support Ring Weldment 55308 700 950 10 3.8x1021

Core Former Lower Core Fonner 55316 700 900 10 1.6x1022

Upper Internals Inst. Pcst. F/A Region INC 718 900 1200 10 3.0x1021

Structure and Core Inst.. F/A Region S5316 900 1200 10 6.0x1021* Core Instru-.

N mentation Core Inst. Weld F/A Region 55308 900 1200 10 1.3-2.9x102I
N
"

Upper Internals Inst Post RC/A Regior. INC 718 750 1100 10 S.0x1021
d"]" Core Inst.. RB/A Region S5316 750 1100 10 1.0x1022,n r

n'en ta tion Core Inst. Weld, RB/A 55308 750 1100 10 3.8x1021
Region

Lower Inlet Mudule Top Plate SS304 700 800 5 1.7x1022

Lower Inlet Moduie Top Plate Receptacle INC 718 700 800 5 1.5x1022

Lower Inlet Module Tcp Plate Weldnent 55308 700 800 10 3.8x1021

Core Support Core Barrel Wall 55304 700 900 10 9.0x1021
Core Support Core Barrel Weldment 55308 700 900 10 3.8x1021

9.0x10]g Core Support Lcwer Support Plate Liner 55304 700 000 10
Core Support Lower Support Plate 55304 700 800 10 9.0x10g

J+
C my

$O ra
Wm
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TABLE 4.2-53 (Continued)

REACTOR INTERNALS MATERIAL, FLUENCE, AND GENERAL DUCTILITY CRITERIA

Irradiation Design Criteria
Temperature
aange (2)

Min. Residual Total Fluence
CRBRP Lower Upper Total Limit (3)

Structural Bound Bound Elongation F20.0gev
Component Sub-Component (l) Material Jor) (or ) (t) (n/cm )

22Fixed Radial Shield Annular Shield Section S5316 700 900 5 2.0x10
22

Upper Retention Pin SS316 700 000 10 1.6x10

Fuel Transfer and FT and SA Tube $5304 700 800 10 9.0x1021

FT and SA Weldment 55308 700 800 10 3.8x1021Storage Asserrbly

21FT and SA Oashpot INC'718 700 800 10 8.0x10

22Horizontal Baffle Baffle Plate 55316 700 1000 10 1.6x10
21Horizontal Baffle Baffle Seals INC 718 700 1000 10 8.0x103

'ro
i By-Pass Flow Module Top Forging SS304 700 800 10 9.0x102I

21Z By-Fass Flow Module Top Forging Locking Collar INC 718 700 800 10 8.0x10
21By-Pass Flow Module Top Forging Weldment $5308 700 800 10 3.8x10

Control Rod Driveline Thermal Shield INC 718 900 1200 10 2.0-6.0x102I

Control Rod Driveline Compression Tube 55304 900 120C 10 4.0x1021

CC
01
4. (1) F/A; Fuel Assembly, RB/A; Radial Blanket Assembly

,C (2) Normal full power condition temperature limits rounded off to nearest 50 degree interval.
(3) Minimum fluence limit for irradiation temperature range.

$$
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. TA B L E .4. 2-56

TENSILE PROPERTIES OF IRRADIATED It:00NEL 718
(Annealed 1750 F/0.5 Hr. - Aged .1325*F/8 Hr. + ll50*F/10 Hr.)

Irra d. Test (fra HEDL-SA 1059)
,

1022 /c,2 Temp. E- Strength - MPa (Vsi) Elongation-% Reduction SiteTemp. Fluence- n
*C Total E>0.1 Me'l *C Sec-I , PEL 0.2% Yiel d Ultimate To tal Unif. cf Area-% Se'wence

391 0.93 0.80 22 3x10-5 791 (114.7) 1153 (167.2) 1300 (183.5) 10.3 6.4 27.9 H0 43:4
232 803 (116.4) 1017 (147.5) 1153 (167.2) 10.5 6.9 32.8 4005
427 818 (118.7) 1005 (14 5. <J ) 1i07 (160.6) 8.4 4.0 26.8 4SC5
427 695 (100.8 942 (136.6) 1121 (162.6) 8.4 5.7 26.8 /324
533 803 (i16.4) 1009 (146.3) 1118 (i62.2) 4 .1 2.1 11.5 4S07
649 0.7 0.7 2.5 --

404 0.55 0.41 22 3x10-5 795 (115.4) 1027 (149.0) 1245 (180.5) 17.2 12.8 35.8 4803
232 859 (124.6) 1021 (148.1) 1255 (182.0) 17.8 14.4 32.8 4C39
427 661 ( 95.9) 897 (130.1) 1107 (160.6) 19.3 14.3 25.8 4510
533 616 ( 89.4) S24 (123.2) 1 071 (155.3) 12.8 11.2 17.1 4011
649 622 ( 90.2) 797 (115.6) 879 (127.5) 6.1 4.7 11.5 4C61

593 0.85 0.71 22 3x10-5 655 ( 95.1) 910 (132.0) 1305 (1P9.3) 24.5 21.3 35.5 4:13
0.85 0.71 232 610 ( 08.5) 814 (118.0) 1160 (IE3.2) 24.4 22.3 30.3 4519
0.93 0.85 232 616 ( 89.4) 863 (125.2) 1203 (175.2) 21.7 18.9 33.3 4322,

0.93 0.85 427 701 (1 01 .6) 854 (123.8) 1136 (161.7) 21.4 17.4 27.9 4 : 51m
1, 0.93 0.S5 533 644 ( 93.4) 814 (113.0) 1035 (157.3) 18.1 17.0 22.1 4352-

tj 0.26 0.71 593 587 ( 85.2) 769 (111.5) 903 (140.4) 9.0 3.1 13.0 4920
0.94 0.81 543 f.73 ( 93.4 ) 832 /120.7) 1039 (150.7) 7.7 7.4 13.1 43:0
0.93 C.86 593 539 ( Su.9) 812 (117.8) 102/ (149.0) 9.4 8.7 9.0 4023
0.86 0.71 649 554 ( 80.3) 733 (107.1) 825 (119.7) 4.4 3.2 7.3 4521

593 . 1.78 1.30 22 3x10-5 623 ( 91.1 ) 91 4 (132.5) 1291 (105.8) 21.2 19.5 29.3 43 3
to 2.44. 1.96 232 718 (100,1) 912 (132.3) 1232 (173.7) 20.3 18.7 25.2 C41
C/; 2.44 1.96 427 746 (163.2) 893 (129.5) 1140 (163.8) 18.1 15.8 22.1 4915
Ja 1.73 1.30 533 E84 ( 99.2) 841 (122.0) 1C30 (156.7) 14.6 13.2 17.1 4E57H 2.44 1.96 593 653 ( 95.5) 877 (127.2) 1029 (149.2) 5.5 5.0 1.5 4E23

*

E t . /S - 1.30 649 656 ( 95.1) 7 91 (174.7) 833 (121.6) 2.5 2.3 0.8 4540J.

64 9 3.13 2.65 22 3x10-5 712 (103.3) 995 (144.4) 1274 (10 ". 8 ) 17.0 12.7 23.7 4 i;
3.13 2.65 232 718 (104.1) 910 '(132.0) 1232 (173.7) ,20.3 13.7 25.2 aE22

gy 3.13 2.65 427 684 ( 99,2) 946 (137.0) 1191 (172.8) ,16.0 14.3 19.5, 4039
%@ 3.26 2.77 533 3.1 3.1 4.1 ---- -- --

* " , 3.13 2.65 649 650 ( 94.3) S56 (125.6) 945 (137.1) 1.7 1.6 3.2 4914.

Gu 3.34 2 A9 649 R47 (122.91 877 (127.2) 877 (127.2) n.3 0.3 2.4 4913
M~ 3.42 2.9S 649 634 ( 99.2) 850 (123.3) 850 (123.3) 0.1 0.1 0.8 4912

t O O



T/.BLE 4.2-56 (CONTINUED)
HIGH STRAIN RATE TENSILE PROPERTIES OF IRRADIATED INCONEL 718

Irrad. Test Parameters
Temp. Fluence- 1022n/cm2 Temp.

, _
Strength - MPa (Ksi) Elcr.ga tion ", Reduction Site

C To tal E>0.1 "eV C c -Sec ) PEL D.2% Yield Ul tima te Total |Jn i f. of Arc:-% Secuence 1

396 0.86 0.71 232 7.4x10-3 803 (116.4) : 014 (147.0)
1170 (169.7)' 5.7 4.4 28.7 4343

7.2 5.9 26.2 HQ 4347
0.86 0.71 427 780 (113.1) 932 (142.5) 1C81 (156.8)
0.86 0.71 649 960 (139.3) 982 (142.4) 1001 (145.2) 3.9 3.2 14.7 4060

395 0.85 0.71 232 1.0 - 1042 (151.2) D135 (lfA.6) 1253 (131.7 ): 9.6 5.7 30.9 / .' 0 5

0.93 0.80 427 925 (134.1) fl051 (157.41 1135 (164 O 5.0 3.6 13.7 49C4

0.85 0.71 649 834 (120.9) 989 (143.4) 1011 (146.7) 4.7 3.8 27.9 4905

593 0.94 0.81 232 7.4x10-3 667 ( 96.7) 845 (122.5) 1164 (168.8' 17.0 15 ~. 6 27.9 4349
0.94 0.81 593 622 ( 90.2) Sol (116.2) 1033 (150.6 13.2 13.2 22.1 40;5

(1 51 .4 /)l0.96 0.83 649 650 ( 9;.3) 323 (119.3) 1C44 10.2 10.2 1S.7 4045

593 0~. 93 0.86 232 1.0 840 (121.9) 950 (137.8) 1228 (178.1); 16.8 14.1 41.3 4394
0.97 0.S4 533 729 (105.7) 827 (120.0) 1074 (155.7'i 16.5 13.3 24.6 4397

. 0.93 0.86 593 791 (114.7) 859 (1 24.6) 1057 (1.53.3 : 18.0 16.2 24.6 4095^

7' O.97 0.84 649 803 (115.4) 8 51 (123.4) 1037 (150.4' 12.6 12.0 13.9 4495

s" 593 1.48 0.99 232 7,4x10-3 757 (109.8) 900 (130.5) 1219 (176.8) 16.7 15.5 35.0 4353
2.44 1.95 593 791 (114.7) 904 (1 31 .1 ) 1107 (160.6) 12.5 10.7 23.8 4355
1.43 0.99 649 672 ( 97.5) 3 01 (116.2) 994 (144.2) 7.7 7.6 11.5 4359

593 1.35 0.83 232 1.0 . 820 (118.9) 897 (130.1) 1185 (171.9. 19.5 16,9 39.0 4032
(!/|6.7 }q1. c P. r) . 0 9 593

-

780 (117.1) 30 -(127.3) 1011 14.2 10.6 32.0 49:1
1.25 0.80 649 603 ( 87.4) 729 (105.7) 939 (143.5) 19.0 19.0 26.8 4503

7. t x,1,q-3'

791 (114.7) } 955 (133.5) 1094 (158.6 6.4 4.8 13.1 4353
925.(134.1) 1087 (157.7) 1289 (181.0), 10.9 9.1 22.8 435464 9 3.34 2.89 232

3.34 2.89 649
'

649 3.34 2.89 232 1.0 989 (143.4) '1103 (160.7) 1274 (134.8;j 12.5 9.4 28.7 4393
3.42 2.93 538 S47 (122.9) 939 (143.4) 1173 (170.1 i 11.1 S.1 27.9 4C0
3.42 2.93 649 855 (124.0).1009 (146.3) 1152 (167.1 )' 8.7 8.0 13.3 4099

i

{
> .

'
'

s.

CD MT (from HEDL-SA 1053)
Y R3
rP
,

-

C N*'J.
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TABLE 4.2-58

NEUTRON FLUENCE LIMITS TO PRODUCE RESIDUAL TOTAL ELONGATIONS

OF 10% AND 5% FOR S5316, SS304 AND INCONEL 718

Material Fluence Limit (E>0.0 Me'.'), n/cm2

Temp- 55316 Baserretal SS304 Basemetal SS304 Weldment Inconel 718
erature Residual Residual Residual Basemetal Residual
(F ) Total Elongation Total Elongation Total Elongation (1) Total Elongation

10% 5% 10% 5% 10~ 10% 5%

700 1.6x1022 2.0x1022 9.0x1021 1.7x1022 3,gx1021 8.0x1021 1.5x1022
800 1.9x1022 2.5x1022 1.1x1022 2.1x10 2 5.4J021 8.0x1021 1.5x10222

900 1.9x1022 2.5x1022 1.1x1022 2.1x1022 4.3x10 8.0x1021 1.5x102221

221000 1.8x1022 2.4x1022 1.2x1022 2.3x10 4.0x1021 8.0x1021 221.5x10
22 22 21 22( 1100 1.0x10 1.4x1022 5.3x1021 1,ox10 3.8x1021 5.0x10 1.0x10
21 21 21 211200 6.0x10 8.0x10 4.0x10 7.6x10 1.3-2.9x1021 21 213.0x10 7.0x10

(I) Applicable to SS316 Weldment.
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TABLE 4.2-59

CRBRP DESIGfi BASIS TRAfiSIEtiTS TO BE EfiVELOPED If4 FUEL

ROD TRANSIEtiT TESTS

Simulated
Event CRBRP
Ca tegory Event Description

Upset U2-b Uncontrolled rod withdrawal from 100Te
power with delayed manual trip. Opera-
tion at 115% power for 5 minutes. This
is most damaging fuel rod upset overpower
transient.

Upset OBE Operating basis earthquake with 30t step
reactivity insertion.

Emergency E-16 Three loop natural circulation. Most
damaging undercooling emergency event.

Faulted $2/Sec. PPS Design Transient
Ramp

Faulted SSE (60t step) Safe Shutdown Earthquake with 604 step
reactivity insertion. Slightly more
severe than $2/sec ramp. (Umbrellas 604
step (non-seismic) which is emergency

51 PPS design event.

Amend. 51
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TABLE 4.2-62

flational Reference Fuel Steady State Program Activities Summary

I. Fission Gas

1. Release to gas plenum during low power (<8 kW/ft) operation.
2. Quantities and location of gas retained in fuel.

3. Release to gas plenum during power cycle.
4. Improved gas release codel s

II. Solid arid Volatile Fission Product Migration

5. Cesium migration in long pins
6. Effect of cesium migration on mechanical strain
7. Confinnation of design fixes
8. Effect of low 0/f1 Fuel (s0/M = 1.95).
9. Tests in FFTF (effect of peaked axial power profile).

III. Fuel Stability and Constituent Migration

10. Evaluation
11. Radial and axial distribution of oxygen.
12. Correlation of fuel fabrication parameters and fuel column length

changes.

13. Effect of 0/f1 on fuel and oxygen migration.
14. The effect of the axial blanket.
15. Tests in FFTF (c ffect of peaked axial profile).

IV. Fuel-Cladding Chemical Interactions

16. Effects on cladding mechanical properties.
17. Correlation of temperature and burnup effects, particularly at

burnups >5 a/o.

13. Determination of effect of 02 potential (0/fi and fission product
spectrum).

19. Effects of getters. 20
^

,.

Amend. 51
4.2-441 Sept. 1979
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TABLE 4.2-62 (CONTINUED)

20. Effects of all P -fissioning in FFTF (EBR-II tests included
enriched uranium .

21. Effect of FFTF axial power profile.

V. Thern-1 Perforrunce

22. Evaluation of existing tests on power-to-nelt and effect of
burnup (up to m 8 a/o).

23. Lower-power (< 8 kW/ft) fuel restructuring and radial relocation
data to high burnup (up to s 8 a/o).

24. Effect of low 0/M (<l .96) .
25. Power-to-cult verification in FFTF.

VI. Steady-State Performance'

26. Determi ne steady-s ta te desi gn marqi n.

27. Provide basis for steady-state lifetime prediction.

28. Provide data to develop breaching criteria:
a. Fission gas pressure

b. Strain data over the irradiation period and at failure

c. Post-test mechanical properties
d. Failure mechanisms.

e. Stress histories
f. Fuel-cladding mechanical interaction.

g. Creep plastic interaction.

h. Effects of swelling gradients.

29. Validate and update design procedures and perfonnance prediction
methods.

3] Validate thermal hydraulic predictions with in-reactor instrumented
tests in FFTF and post-irradiation examination data from EBR-II and
FFT F.

31 . Demonstrate proof-of-performance of FFTF and CRBR fuel in FFTF on
a statistical level .

VII. Bundle-Duct Interactions and Spacer Systems

32. Validate design fix for bundle vibration and wear observed
in EBR-II.

20

Amend. 51
4.2-442 Sept. 1979
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TABLE 4.2-62 (CONTINUED)

33. Validate predicted duct dimensional changes in EBR-Il and FFTF.

34. Improve design criteria for bundle-duct interaction.
35. Evaluate performance of backup spacer systems.

VIII. Cladding Perfonnance Characterization

36. Continue to generate data from irradiated fuel pin sections and
subasserbly ducts to evaluate swelling and creep correlations.

37. Continue to generate mechanical property data from fuel pin
sections to evaluate fuel adjacency effects and lot-to-lot
va ria tions .

38. Assess Na-cladding interaction models against in-reactor data.

IX. Run-Deyond-Cladding Breach

39. Evaluate potential for fuel washout and consequences

40. Determine susceptibility for propagation of a breach to neighboring
20pi ns .

0

Amend. 51
4.2-443 Sept. 1979
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TABLE 4.2-64

DESIGN CONSIDERATIONS FOR WELDING AND SEIZING OF ROTATING OR MOVING PARTS

LOCATION PROBLEM DESIGN COMMENT

Core Support Seizing Stainless base r.etal with No welding expected because operating
Structure In- chrome plate on vertical contact temperature is less than 800 F and
let Module surfaces. component removal speed will be low.
Holes

Inlet Modules Seizing Moaule - CCS: No welding expected because operating
Stainless base metal piston temperature is less than 800 F and
rings, hardface land, 0.010" component removal speed is low.
radial gap (min.)
Module - Core Assy: No welding expected because operating
Stainless base metal with temperature is less than 800 F and
chrome plate on vertical component removal speed is low.
contact surfaces.o.

$ Fuel Transfer Seizing Stainless base metal . No welding expected. Tolerance large
e and Storage enouah to oermit easy removal of CCP.

Assembly

VIS

Jacking Mechanism

A. Screws Seiz ing / High strength carbon steel base No welding or seizing expected
Welding metal with hard surface, chrome because of low temperature operation

plate, and lubrication pro- (150 F) and adeouate design provisions
vided. for movable machine components.

B. Seals Seizing Elastomers: No welding expected because of low
Standard vertical low pressure temperature operation (150 F). AI

tests indicate that movement wearO gland provided (both surfaces).
and seizing negligible.C/I EPR type material with compati-

P' ble lubricant (light film),

Piston Rings: No welding exoected bec3use of low

Malleable iron or Inconel with temperature operation (400 F).P*

In m chrone plate land (both surfaces), Moyem nt seizing not expected from
'$ ' O.010 radial gap. this design concept.

O O O



TABLE 4.2-64_ (Continued)

LOCATION PROBLEM DESIGN COMMENT

IVTM Port Plug

A. Pl ug Seizing / IVTri Port Plug - Plug: Double No welding or seizing expected because
Welding (2) Inconel 0-Rings. Adecuate of adequate clearances. Operating

side clearance (0.030" on radius), temperature of about 400 F.

IVTM Port Plug - UIS: No welding or seizing expected because
Stainless base metal . 3" land , of adeauate clearances.
hardcoat adequate tolerance.

B. Seals Seizing El astomers : No welding expected because of low
Standard vertical low oressure temperature operation (150 F) .
gland provided (both surfaces).
EPR type material with compatible
lubricant (light film).

rF Piston Rinas: No welding expected because of low
Malleable iron with chrome plate. temperature (400 F) and infrequentg
Land, 3" length, 0.010" radial movement of this component.*

94P.

. . .
The subassembly nozzles do not Even if the emergency event ICRDA Shroud

occurs the SA nozzles will con-A. Slip Fit Seizing / contact the UIS unless the emer-
Connec- Welding gency event of loss of hydraulic tact a flat 316 ss plate. The

tion holddown occurs, geometcy will prevent seizing.

B. Shroud / Seizing / All carts in sodium are Inconel Tolerances expected to be adeouate
Drive- Welding 718. Hard surfaces, bearings to prevent seizing and welding.
line and lubricant used in various I

3y Assy. contact surfaces.
4
p UIS Keys Seizing / Stainless base metal with alumi- Tolerances expected to be adequate

H Welding nizing. Chrome plata on shims. to prevent seizing and welding.
w> V'
@M Thermocoupl e Seizing / Stainless base metal. Tests will substantiate adequacy of
fE Installation in Welding present dcsion.

'

Drywell s Sufficient overlap is provided Ad quate tolerances are provided~, . .

ea
3~ Holddown to Seizing / to maintain alignment of the |

Radial Assen - Welding parts. Both surfaces are in- coad ng ga

"9 #" ** I"9" !!blies. conel 718 and the lands are
hardcoated.



TABLE 4.2-64 (Continued)

LOCATION PROBLEM DESIGN COMMENT

Core Restraint Seizing / Discriminator Post: No welding or seizing expected because of
System and Welding Stainless base metal, Piston low temperature (800 F) and removal
Removabl e rings with hardface land, 0.010" speed is low.
Radial Shielding radial gap.
Core Assemblies

Load Pads: No welding or seizina exoected because
Stainless base metal. Chrome of adecuate dimensional allowances.
plate lands. Dimensions
adequate to accommodate long
term movements of assemblies.

a
Gra ppl e Seizin9 Retractable grapple prongs and Grapple operations occur only at refuelingm

g Attachments adequate tolerances. temperature (400 F). 25
%
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TABLE 4.2-65

CRBRP FUEL ASSEMBLY DEVELOPMENT PLANNING

AREA 0F |
TECHNICAL TECHNICAL Ihf 0RMMION REQUIRED

-

UNCERTAINTY AND CATEGORY REQUIRED EXPERIMENT OR ANALYSIS STATUS UTILIZATION OF RESULTS I
i

1. Cladding Cladding Material Properties:
Integrity 1

During Steady A. Irradiation Creep DS NICETggtsP-1throughP-9to Ongoing Perf. Pred. for
State Operatic 9 1.4410' Tech. Release

NICE Tgsts P-1 through P-9 to Ongoing FSAR Submittal
2.4x10'3
NICE T sts P-1 through P-9 to Ongoing Perf. Pred. forB. Irradiation Swelling DS

03 Tech. Release1.4x10 ,

2.4x10gstsP-1throughP-9to
Ongoing FSAR SubmittalNICE T

3

Microstructural Effects and Ongoing FSAR Submittal
Swelling

C. Cumulative Damage DS Asser.blies X-221, X-222, and Ongoing Perf. Pred. for
3

2Characteristics X-261 in EBR-II to 1.1x10 3 Tech. Release.

ro
' D. Yield Stress DS Assemblies X-221, X-222, and Ongoing Perf. Pred. for
$ X-261 in EBR-II to 1.1x1023 Tech. Release

E. Creep-Rupture DS Asserblies X-2?l, X-222, and Ongoing Perf. Pred. for

Characteristics X-261 in EBR-II to 1.1x1023 Tech. Release

Integral Rod Testing in EBR-II DV NUMEC D, E Complete FSAR Submittal
(Run to Cladding Breaca) PNL SA, 58, 10, 11

HEDL P-12A,13,14,14A, 23A,
23B, 23C,
WSA 3, 8
F9C, F9F, Fila

Cladding Wastage DS See Item 4

Fuel Rod Cladding Breach DS Development of FURFAN Ongoing Final Design Review
Criteria and Cladding Steady

51 State Perfonnance Code Comparison of FURFAN with Ongoing Perf. Pred. for
Experiments Tech. Release

$$ 0O-
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TAB'LE 4.2-65 (Continued)
CRBRP FUEL ASSEMBLY DEVELOPMENT PLANNING

AREA 0F
TECHNICAL TECHNICAL INFORMATION REQUIRED

UNCERTAINTY AND CATEGOPY REQUIRED EXPERIMENT OR ANALYSIS STATUS UTILIZATION OF RESULTS

Cladding Transient Behavior See Item 3
Run Beyond Cladding Breach RGN See Item 2
Fuel-Cladding Interactions DS See Item 2
Flow Induced Rod Vibrations DS See Item 7
Irradiation Creep and Swelling DS Analyze Data and Issue Topical Ongoing FSAR Submittal
Cumulative Damage Function and DS Analyze Data Ongoing Perf. Pred. for
Creep-Rupture Evaluations Tech. Release
Evaluation of Integral Rod Tests DV Analyze Data and Issue Topical Ongoing FSAR Submittal
Development of FURFAN Code DS Update Code to Incorporate Most Complete Final Design Review

Recent Data
Ongoing Ferf. Pred. for

Tech. Release

-
Perfonnance of CRBRP Fuel Assembi. DS Cladding Steady State Analysis Complete Final Design Review3

wi th FURFAN
Ongoing Perf. Pred for

a Tech. Release
vo Ongoing FSAR Submittal

2. Fuel Fission Gas Release DS EBR-II Experiments P-12, P-20 Complete Final Design Review
Behavior During F1, P-23, and others with
Steady State and various burnups, powers, and Ongoing FSAR Submittal
Tranc.ient Operation fuel composition

Fuel Swelling DS EBR-II Experiments (See Integral
Rod Tests Under Item 1)

SI fuel Densification DV Topical Report Surrriarizing Previous Complete PSAR Response
Experience
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TABLE 4.2-65 (Continued)

CRBRP FUEL ASSEMBLY DEVELOPMENT PLANNING

AREA 0F
TECHNICAL TECHNICAL INFORMATION REQUIRED

UNCERTAINTY AND CATEGORY REQUIRED EXPERIMENT OR ANALYSIS STATUS UTILIZATION OF RESULTS

Effect of Axial Blanket on
Fuel Performance DS

Fission Product Migration DS EBR-II Experiments (See Integral
Rod Tests Under Item 1)Fuel-Cladding Interactions DS

(Steady State)
Pu-U Segregation at High Burnup DS

Development of LIFE (Steady DS Update Code to Incorporate Ongoing FSAR Submittal

State and Transient Fuel Experimental Data
Performance Code)
Fuel-Sodium Behavior During RGN P-23A, P-23B, P-23C, P-13, P-14 Ongoing FSAR Submittal

RBCB

Fuel-Cladding Behavior and DS See Transient Rod Tests in Item 3 Ongoing Perf. Pred. for Tech.
f.elease

,A Interactions During Transients

7 Verify Fission Gas Release DS Analyze Data and Issue Topical Ongoing Perf. Pred. for
Tech. Release

a Model

O rify Fuel Swelling Model DS Analyze Data and Issue Topical Ongoing FSAR Sabmittal

Assessment of CRBRP RBCB Fuel RGN Analyze Data and Issue Topical Complete Final Design Review

Capabilities
Assessment of CRBRP Fuel Perfonnance DS Fuel Rod Analysis with LIFE Code Ongoing FSAR Submittal
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TABLE 4.2-65 (Continued)

CRBRP FUEL ASSEMBLY DEVELOPMEf1T PLAritlIt1G

AREA 0F
TECHNICAL TECHNICAL INFORMATION REQUIRED

UNCERTAINTY AND CATEGORY REQUIRED EXPERIMENT OR ANALYSIS STATUS UTILIZATION OF RESULTS

3. Cladding Cladding Material Properties
Integrity During at Transient Temperatures and
Transient Operation Strain Rates:

A. Creep Rupture DS RCD Program Task A In Planning
Characteristics

B. Cumulative Damage DS RCD Program Task A In Planning
Characteristics

Transient Rod Tests DV HOP, HUT, and HUC Tests Ongoing FSAR Submittal
in TREAT Reactor including PTO
and FCTT Testing

Transient Perfonnance of Failed RGN HOP, HUT, and HUC Tests of Failed In Planning FSAR Submittal
Rods Rods in TREAT

~

Fuel-Cladding Interactions DS See Transient Rod Tests (Above)
4

Transient Cladding Performance DS Develop Transient version of Ongoing Perf. Prad for-

7 Code FURFAN Tech. Release

$ Comparison of FURFAN with Ongoing FSAR Submittal
In-pile and Out-of-Pile"

Experimen ts

Evaluation of Transient Rod DV Analyze Data and Issue Topical Ongoing FSAR Submittal

Tests

High Temperature CDF and DS Analyze Data and Issue Topical Onacing FSAR Submittal

51 Creep-Rupture Evaluations
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TABLE 4.2-65 (Continued)
CRBRP FUEL ASSEMBLY DEVELOPMENT PLA MING

AREA UF
TECHNICAL TECHNICAL INFOT<MATION REQUIRED

UNCERTAINTY AND CATEGGRY REQUIRED EXPERIMENT OR ANALYSIS STATUS UTILIZATION OF RESULTS

high Strain Rate Creep-Rupture DS Analyze Data and Issue Topical Ongoing FSAR Submittal
Evaluation
Assessment of Transient DS Cladding Analyses with Transient Coraplete Final Design Review
Performance of the CRBRP Version of FURFAN Ongoing FSAR Submittal
Cladding

4. Internal / Fretting Wear DS Wire Wrap-Cladding Wear Test Ccmplete Final Design Review
External Cladding
Degradation Evaluation of EBR-II Experiment Ongoi r.g FSAR Submittal

Results with a Similar Rod
Bundle Porosity

Flow and Vibration Test In Water Ongoing Lor.g Term Test
Evaluation

Sodium Corrosion DS Evaluation of EBR-II Experiments Ongoing FSAR Submittal

.A with Similar Cladding Temperatures

7 Evaluation of Cat-of-Pile Data Ongoing FSAR Submittal
A obtained with CRBRP Lcop and
$ Mass Transfer Characteristics

Fuel-Cladding Chemical Attack DS Evaluation of EBR-II Experiments Ongoing FSAR Submittal
with Similar Pellet Compositions
Burnaps, and Power Histories

| Carbon ar.d Nitrogen Depletion DS Evaluation of EBR-II Experiments Ongoing FSAR Sabmittal
51 witn Similar Cladding Compcsitions,

Power Ratings, and Temperatures
but with a Variety of Lifetimes
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TABLE 4.2-65 (Continued)
CRBRP FUEL ASSEMBLY DEVELOPMENT PLANNING

AREA 0F
TECHNICAL TECHNICAL INFORMATION REQUIRED

UNCERTAINTY AND CATEGORY , REQUIRED EXPERIMENT OR ANALYSIS STATUS UTILIZATION OF RESULTS

Development of a Cladding DS Analyze Data and Issue Topical Ongoing FSAR Submittal
Wastage Model

Development of a Carbon / DS Analyze Data and Issue Topical Ongoing FSAR Submittal
Nitrogen Depletion Mcdel

5. Wire Wrap Wire fiaterial Properties DS Use Cladding Material Properties
Integrity (See Iten 1)

Wire External Degradation DS Use Scdium Corrosion and Fretting
Wear From Cladding (See Item 4)

Wire Wrap ;2rformance Code DS Development of WRAPUP Code Complete Final Design Review
Comparison of WRAPUP Predictions Ongoing FSAR Submittal
with Experimental Data

Performance of CRBRP Fuel DS Wire Wrap Analysis of CRSRP Fuel Complete Final Design Review
f= Assembly Wire Wrap Rods with WRAPUP

7 6. Fuel Assembly Powe r-to-Mel t DV Correlate Code Predictions with Complete Final Design Review
$ Thermal Behavior P-19/P-20 Results
"

Gather Experimental Data for
Other Lifetimes Than BOL

Hot Channel Uncertainty DS Update S+eadj State Hot Channel Input to T&H Cesign
Facto 3 Factors, Particularly Plant

Conditions

DS Develop Methodology for Tran- Ongoing Perf. Pred, for

51 sient Hot Channel Factors Tech. Release
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TABLE 4.2-65 (Continued)
CRBRP FUEL ASSEMBLY DEVELOPMEf4T PLArit11f4G

AREA 0F
TECHNICAL TECHNICAL INFORMATION REQUIRED

UNCERTAINTY AND CATEGORY REQUIRFD EXPERIMENT OR ANALYSIS STATUS UTILIZATION OF RESULTS'

Assembly Temperature Distri- DS Develop Rigorous Steady State Ongoing Input to T&H Design
bution and Transient Subchannel Analysis

Codes (THI-3D COBRA IV) Ongoing Perf. Pred. for
lech. Release

Experimental Characterizatipn of Complete Input to T&H Design
Flow in Wire Wrap Bundles

Large Rod Bundle Heat Transfer Test Ongoing FSAR Submittal

Rod Temperature Profile DS Develop Method of Calculations Ongoing Input to T&H Design
3D Rod Temp. Profile (FATHOM-360
Codes)

Assemblies Orificing DS Develop Criteria & Methodology for Complete Input to T&H Design
Orificing Core Assembliesa
(OCTOPUS Code)*

y

E Materials Properties and DS Characterize Thermal Property Input to T&H Design

g Behavior of Materials
Perform Irradiation Tests Reactor Operation

Analytical Modeling of Fuel Input to T&H Design
Behavior (Fuel Rod PerforTnance
Code Development)

Core Natural Circulation DS Potential EBR-II and FFM Loop
Sl Capability Verification Testing Currently in Planning

Stage
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TABLE 4.2-65 (Continued)

CRBRP FUEL ASSEMBLY DEVELOP!1ENT PLANill!1G

AREA CF
TECHNICAL TECHNICAL INFORMATION REQUIRED

UNCERTAINTY AND CATEGDRY REQUIRED EXPERIP'ENT OR ANALYSIS STATUS UTILIZATION OF RESULTS

I

3-D Duct Temperature Profile DS Develop Analytical Code (TRIT 0N) Ongoing Final Design Review
to Calculate Duct Temps in
CRBR Core Including Interassembly
Heat Transfer

Rod T&H Performance Code DS Continue Development of Analytical Ongoing Input to T&H Design
Code for Fuel Rod T&H Design and
Performance Under Steady State
and Transient Conditians

fuel Asserbly and Rod T&H DS Perfom T&H Design and Perfor- Corplete Final Design Review

Design and Performance rance Evaluation of Fuel
Assemblies

.# 7. Assembly Pressure Drops Through The
N Hydraulic Following Corponents:

$ A. Inlet Mozzle DV F/A Inlet Nozzle Test in Water Complete Final Design ReviewBe5avior1

B. Shield DV F/A Inlet Nozzle Test in Water Complete Final Design Review*

C. Rod Bundle DV F/ A Flow and Vibration Test in Complete Long Ter:n Test
Water Evaluation

D. Outlet Nozzle DV F/A Dutlet Nozzle Test in Water Complete Final Design

Data for Sizing the Orifice DS F/A Inlet Nozzle Test in Water Ongoing Final Design
Verification

Plate Holes
Flow Induced Rod Vibrations DS F/ A Flow and Vibration Test in Complete Long Term Test

Water Eva lua tion

51
Leakage Flow Rates Past the DV F/A Inlet Nozzle lest in Water Complete Final Design Review

Long Term Test
Piston Rings Evaluation
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TABLE 4.2-65 (Continued)

CRBRP FUEL ASSEMBLY DEVELOPMENT PLANNING

AREA 0F
TEt.NNICAL TECHNICAL INFORMATION REQUIRED

UNCERTAINTY AND CATEGDRY . REQUIRED EXPERIMENT OR ANALYSIS STATUS UTILIZATION OF RESULTS,
_

Flow Distribution in Rod Bundle DV Natural Circulation Sodium Heat Transient Analysis

During Transients and Low Flow Transfer Test
Rates COBRA-IV Loss of Flow Event Transient Analysis

Transient Analysis

Absence of Cavitation DV Fuel Assembly Cavitation Tests Ongoing Final Design Veri-
fication

Flow Induced Assembly Vibrations DS F/A Outlet Nozzle Test in Vater Corrplete Final Design Review

Core Exit Instrumentation DS Assembly Outlet Nozzle Instru- Ongoing Perf. Pred. for
Uncertainties mentation Test Tech. Release

Size Orifice Plate Holes DS Analyze Data Ongoing Perf. Pred for
Tech. Release

Component AP Evaluation DV Analyze Data and Issue Topical Ongoing Final Design Review

Evaluation of Flow Induced DS Analyze Data and Issue Topical Complete Long Tem Test
EvaluationA

Rod Vibrations*

8. Rod Bundle Rod Bowing DS Analyses of Rod Bow with Cladding Ongoing Perf. Pred for
Properties at Goal Exposure (See Tech. Release

m Duct Interaction Item 1)

Duct Bowing DS Analyses of Duct Bcwing with Duct Ongoing Perf. Pred. for
Properties at Goal Exposure Tech. Release

(See Item 9)

Duct Dilation due to Irradia- DS Analyses of Duct Dilation Complete Final Design Review

tion Effects
Rod-to-Rod Forces Caused by DS Rod Bundle Compaction Test Complete Final Design Review

Bundle-Duct Differential Analyses of Rod Bundle-Duct Ongoing Perf. Pred. for
Tech. Release

51 Growth Interaction Forces

(O
C/I
4

wp w
G 3 t,.
*C D $y

[43
C. L

e



TABLE 4.2-65 (Continued)

CRBRP FUEL ASSEMBLY DEVELOPMENT PLANNING

ARFA 0F
TECHNICAL TECHNICAL INFORMATION REQUIRED

AND CATEGORY REQUIRED EXPERIMENT OR ANALYSIS STATUS UTILIZATION OF RESULTSUNLERTAINTY i

9. Duct Duct Material Properties:
Integrity Irradiation Creep DS RCD Drogram Task B (See Item 1)

Irradiation Swelling DS RCD Program Tasks B and C
(see Itern 1)

Cumulative Damage DS Assemblies X-195, X-229, X-230, Ongoing Perf. Pred. for
Characteristics X-231, and X-240 in EBR-II Tech. Release

fracture Toughness DS RCD Program Task A Ongoing Perf. Pred. for
Tech. Release

Creep-Rupture DS Assemblies X '.95, X-229, X-230 Ongoing Perf. Pred. for
Characteristics Tech. Release

Load Pad Strength Duct DS Core Assembly Load Pad Strength Complete
Bending Stiffness and Duct Bending Stiffness Test

Evaluation of Duct Material DS Analyze Data and Issue Topical Ongoing Perf. Pred. for
o Properties Tech. Release

7 Steady State Duct Loading DV Core Restraint Analyses National Ongoing Long Tenn Test
A Core Restraint I'rogram Evaluation

Duct Loading During Seismic DV Seismic Core Restraint Analyses
Events i

Ef fect of Irradiation on Duct DS EBR-II Duct Crushing Test Complete Final Design Review
Loading and Property Change

Stress Relaxation in Irra- DS Slit Tube Tests on Irradiated Complete Final Design Review
diated Material Fuel Rods

Task B of RCD Program

10. Load
Following Cladding Ratchetting RGN TBD National Program on Steady In Planning

State Reference fuel Irradiation

DS - Design Support
CV - Design Verification

51 g aca _ co_no.Go Evaluation of pewirements
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33 | PRELIMINARY CLADDING FATIGUE ESTIMATE
Table 4.2-66

Transient ni Hi ni/Ni

Scram and Restart 7 (with FCMI) 5,000 (with FCMI) .0014
13 (w/o FCMI) 200,000 (w/o FCMI) .000065

Trip from Full Power * 14 (with FCMI) 5,000 (with FCMI) .0028

26 (w/o FCMI) 200,000 (w/o FCMI) .00013

6
Reactivi ty Insertion *+ 5 >10 10

-3TOTAL 4.4x10

* Scram and restart included with each transient
+ No transient FCMI included

NOTE: This table based on preliminary first core duty cycle.

ni= number of applied cycles (in that strain range)

33 Ni= allowable number of cycles (in that strain range)

Q51.5..W|
Amend. 51
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TABLE 4.2-67

DESIGN PARAMETERS FOR 61 PIil TESTS

BEGINflING OF TEST
BULK

WIREWRAP WIREWRAP INITIAL DESIGN FLOW BOL COOLANT

DIAMETER PITCH POROSITY VELOSITY POWER TEMP DUCTa
6 SUBASSEMBLY in. in. (mils / ring) (fps) (kw/ft) ( F) MATERIAL

$ PNL-9,10,ll
NUMEC-E,F 0.040 12 6.5 10-24 5-13 940 304 SS AN

P-13 0.042 6 3 15 13-14 984 316 20%CW

P-14 0.042 12 3 15 13-14 984 316 20'4CW

P-14A 0.0427 12 1.5 8 7-8 1010 316 20tCW

$E
9 3e
C, a

'

,n -
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ORIGINALLY FIT FROM DFR DATA
4 -

O
_

G N %

2 - %--

N g( ,5
g o v

100 O .' %$ -
~ %:i 8 - v %a

c - FLUENCE IRRAD TEST % --yy
w 6 - V (E >0.1 MeV) TEMP TEMPL

$ h -

SYMBOL SOUR CE (N/CM ) (OF) (OF)I

22~

O DFR 2.60 x 10 1022 1022
22 1020 (200- $ EBR-U 2. 00 x 10
22 950 1200Q EBR-U 0.21 x 10
22

2 - T EBR-H 0.74 x 10 1050 (200
220 EBR-U 0.90 x 10 1320- 1400

1250

g i i i i i f I il i I f 1 Il I i ! I i 111

10I 2 4 6 8 102 2 4 6 8 103 2 4 6 8 104

TIME TO RUPTURE (hours)

m>

bk
. v:

Gm 4 Figure 4.2-1. Creep-Rupture Data for 20'.; C.W. 316 Stainless Steel Tubes (Hinsial Data)
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1 + exp la (r - ctli
FRACTIONAL VOLUME CHANGE = Ov = (0.01) R [ct + Ln ,)

a 1 + exp (ar) _o 1,

22 n/cm2 (E 10.1 MeV)ct = NEUTRON FLUENCE IN UNITS OF 10

4R(T) = EXP (0.0419 + 1.498 a + 0.122 A2 - 0.332 a3 - 0.441 A)

WHERE a = (T - 500)/100 AND T IS THE TEMPERATURE IN C

a = 2.0

r(NOMINAL) = 7.0

rLOW = 5.0

THIGH = 9.0

UPPER BOUND: 130% OF PREDICTED RtT) VALUE

LOWER BOUND: 70% OF PREDICTED R(T) VALUE

Figure 4.2-3 Design Basis Stress Free Swelling Equation for 20',
CE. Type 316 Stainless Steel

1764-1
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A) RATE EQUATION FORM

- c t/ r tr + c B( ct, T)1) f/5 = e

2) B(ct, T) = F(T) . G(ct) + B o

3) F(T) [ 7.2 x 10-25 exp (-16,000/RT) ]
? 1 + 2 x 1019 exp (-80,000/RT))

4) G( t) = [1 - e- ct/12]c

B) INTEGRATED FORM (CONSTANT STRESS)

-Cl/ T r) + ot5 (ot, T)t5) T/5 = A (1 - e

6) 5 (ct, T) = F(T) G'(ot) + B g

12

7) G'(ct) = (1 e lG(ot)])

WHERE T, ii = EFFECTIVE STRAIN AND STRESS (c IS FRACTIONAL AND o HAS UNITS OF PSI)

f = EFFECTIVE STRAIN RATE (SEC'l)

2 SEC (E > 0.1 MeV)o = NEUTRON FLUX, n/cm

ot = NEUTRON FLUENCE, n/cm2 (E > 0.1 MeV)

B = 3 x 10 30 psi 1 n1 2cmo

12 = 0.9 7 (SEE FIGURE 4.2-3 FOR r VALUES)c

A = 8.4 x 10~9 psi'l and r = 0.043 x 10 n/cm2 (TORSIONAL OR22
tr COMPLEX

A = 2.6 x 10 8 p3j 1 and

r = 0.05 x 10 n/cm2 (UNI AXIAL TENSION)22
tr

! undefined
K ED ENDT =

TUBE)

R = 1.987

CONFIDENCE LIMITS

!20% FOR lil < 1%
i20% x l%i| FOR 1% < l i i <4%
80% FOR lil >4%

Figure 4.2-4 I)esign liasis Strew Enhanced Swelling and Irradiation Creep for 20',
C.W. Ty pe 316 Stainless Steel

Amend. 51
I '#~ Sept. 19794.2-465 g,pga



C) STRESS EFFECT ON SWELLING

=( ah [1 + Po HYDI
AV
v va o

WHERE lh/V = SWELLING RATE
o

(ah/V ), = STRESS-FREE SWELLING RATEg

"HYD = HYDROSTATIC COMPONENT OF STRESS, PSI

P = 2 1 2 x 105 psi 1

Figure 4.2-4 (cont.) Design liasis Stress Enhanced Swelling anti irradiation Creep for
20'i C.W. Ty pe 316 Stainless Steel
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4.3 NUCLEAR DESIGN

4.3.1 Design Bases

The overall nuclear system shall be designed such that safe
operation is achieved through a controlled nuclear reaction. This
controlled reaction will result in the generation of 975 Mil of thermal
power.

The full spectrum of plant conditions that are considered as
design bases for the plant is divided into four categories in accordance
with their anticipated frequency of occurrence (see Section 1.1). These
four categories are:

a. Normal Operation

b. Anticipated Faults

c. Unlikely Faults

d. Extremely Unlikely Faults

The General Safety Design Criteria (GSDC) for CRBRP, as described
in Section 3.1, have been considered in establishing the follcwing design
bases for the nuclear design of the reactor core.

4.3.1.1 Core Design Lifetime and Fuel Burnup

The fuel rods are designed to remain in the core for two
calendar years. The first-core fuel rods achieve a peak pellet burnup
over the first two operating cycles (328 equivalent full power days) of
74,000 megawatt. days per metric ton of heavy metal (mwd /T). Under
equilibrium conditions (550 fpd), the peak pellet burnup increases to
110,000 mwd /T.

4.3.1.2 Reactivity Control

Primary reactivity control shall be achieved through moveable
control absorbers. Their design shall provide the required reactivity
for full power operation, lifetime considerations, shutdown requirements
and associated uncer * inties. Inherent reactivity control shall be
achieved through the negative feedback coefficients of the nuclear system.
Their magnitude shall be confirmed experimentally in appropriate critical
experiments such that controlled operation is assured through all operating

51 conditions and is compatible with safety considerations.
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4.3.1.3 Power Oscillations

The reactor and associated coolant, control and protection systems
shall be designed to assure that power oscillations which may result in
conditions exceeding specified acceptable fuel design limits are not
possible or can be reliably and readily detected and suppressed.

4.3.1.4 Reactivity Coefficients

The reactor and associated coolant systems shall be designed so
that in the normal operating range, including anticipated overpower tran-
sients, the net effect of the prompt inherent nuclear feedback character-
istics mitigate the effects of a rapid increase in reactivity.

4.3.1.5 Fuel Management and Power Distributions

The nuclear system specified a fuel and blanket management
scheme which will maximize the average discharge burnup and minimize the
fuel cycle costs. The arrangement of fuel and blanket assemblies in the
core shall be selected to minimize the power peaking factors. The
resulting radial and axial power distributions shall be compatible with the
maximum allowable linear power rating in the fuel and blanket assemblies.

4.3.1.6 Excess Reactivity

The fissile fuel loading at the beginning of each operating
cycle must provide sufficient excess reactivity for lifetime considerations
and associated uncertainties.

4.3.1.7 Fuel Buildup in Fertile Material

The reactor fuel and blanket assemblies will utilize the uranium-
plutonium cycle to breed fissile fuel.

4.3.1.8 Shim Control

Reactivity shimming in the CRBRP will be accomplished by movement
of the primary control rods.

4.3.1.9 Annual Refueling

An annual shutdown for refueling is planned for all operating
cycles. The fuel management scheme described in Section 4.3.2.1.2 calls
for the replacement of all fuel and inner blanket assemblies as a batch at
two-year intervals. In alternating years, under equilibrium conditions,
six inner blanket assemblies are exchanged for six fresh fuel assemblies.

51 The mid-term refueling is designed to add sufficient excess reactivity to
the system to complete the two-year burnup interval. Radial blanket

Amend. 51
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assemblies in the first and second rows are replaced as a batch at four
and five-year intervals, respectively. The number, location, and type of
core assemblies replaced at the end of each cycle must be compatible with
excess reactivity, power peaking, and assembly lifetime requirements.

4.3.1.10 Reactivity Insertion _ Rates

The maximum controlled reactivity insertion rate due to the with-
drawal of one primary control rod at the design speed of 9 inches / minute
is 4.1 cents /second. This rate of reactivity insertion maintains the peak
clad temperature below the maximum allowable value at overpower conditions.

4.3.2 Description

This section provides the detailed description of the nuclear
characteristics of the CRBRP design using FFTF grade plutonium fuel (low
Pu-240 content: =12%) in all operating cycles. Light water reactor dis-
charge grade plutonium fuel (high Pu-240 content: =19%) may be employed
in the CRBRP in later operating cycles.

4.3.2.1 Ngclear Design Description

The nuclear design is concerned with four major components:
(1) the fuel assembly, (2) the blanket assembly (employed in both inner
and radial blanket locations), (3) the primary control assembly, and (4)
the secondary control assembly. These components are made up of hexagonal
assemblies containing either fuel (mixed plutonium-uranium dioxide), blan-
ket material (depleted uranium dioxide) or control material (enriched
boron carbide). The pertinent characteristics of each of these assemblies
are presented in Table 4.3-1. All dimensions and volume fractions are
based on cold (room temperature) conditions.

4.3.2.1.1 Fuel Enrichments and Loadings

The CRBRP core configuration is shown in Figure 4.3-1. The
156 core fuel assemblies contain a single fuel enrichment zone of mixed
plutonium-uranium dioxide. The isotopic composition of the low-240 feed
plutonium is given in Table 4.3-2. Eighty-two inner blanket assemblies
(76 plus 6 alternate fuel / blanket assemblies) are dispersed heterogeneously
throughout the central regions of the core. The core is surrounded by
132 radial blanket assemblies and 14-inch thick upper and lower axial

blankets. Depleted uranium dioxide (0.2% U-235) is used throughout the
fuel and blankets.

The fuel enrichment requirements in CRBRP are based upon
guaranteeing hot-full power cri ticality at the end of each burnup cycle.
The nominal excess reactivity requirement, which determines the required

51 fuel enrichment, is based on the cold-critical eigenvalue (keff) plus

Amend. 514.3-3 Sept. 1979
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@
the cold-to-hot temperature defect plus the fuel burnup reactivity deficit.
The enrichments are further increased to include criticality calculation
uncertainties, fuel burnup reactivity swing uncertainties, power (temper-
ature) defect uncertainties, fissile loading and core geometry tolerances,
modeling and refueling worth uncertainties. These uncertainties are
statistically combined and added to the nominal excess reactivity require-
ment resulting in a one-sided probability distribution which gives an
approximately 84% confidence that the fuel loadings will supply at least
enough reactivity to meet the stated design fuel burnup (lifetime) require-
ments for that cycle.

Table 4.3-3 suninarizes the excess reactivity requirements at
the beginning of the first cycle. The CRBRP fuel management (Section
4.3.2.1.2) involves a batch refueling of the fuel and inner blankets at
two-year intervals. The mid-term interchange of three fresh fuel assem-
blies (six assemblies under equilibrium conditions) for one-year burned
inner blankets is designed to add sufficient excess reactivity for the
second burnup cycle. The burnup reactivity swing values in the first
and second cycles are 0.59 and 2.24% ok, respectively. The end-of-cycle
one exchange of three fresh fuel assemblies for burned row-6 inner
blankets adds 1.53% Ak. Since these three refueled assemblies do not
supply a reactivity excess equal to or greater than the fuel burnup
reactivity depletion in the second cycle (see Table 4.3-3), additional
excess reactivity must be supplied in the beginning of cycle-one
enrichments in order to maintain the system critical throughout the full
2-year cycle. The uncertainty in the burnup reactivity swing is composed
of uncertainties in lumped fission product worth (:25%) core conversion
ratio uncertainties ( 7.5%), the maximum reactivity defici:. at the end-

239 from theof-life from the 2.3-day delay in the production of bred Pu
decay of Np239, and irradiation-induced fuel swelling. The sum of
the aforementioned parts results in a maximum burnup reactivity swing
uncertaintly of 201 at the end-of-cycle-two. Insofar as this value is
derived as a limit, the effective la burnup reactivity uncertainty is

taken to be 10%.

The cold (room temperature) critical eigenvalue uncertainty is
derived from the analysis of ZPPR-7 critical experiments (Section 4.3.3.9).
Using CRBRP design methods (2D, coarse mesh, XY diffusion theory) and data
(ENDF/B-III cross sections in 9 energy groups) results in a systematic
underprediction of the ZPPR-7 eigenvalue with an average calculation-to-
experiment (C/E) ratio of 0.9900 1.0019(la). The inverse of the average

C/E ratio (1.01) is applied directly as a bias in the calculation of the
CRBRP critical eigenvalue (kerf) and the la variation is included as an
uncertainty in the start-of-cycle excess reactivity requirement. An

51 additional uncertainty of 0.2% Ak is included to account for potential
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systematic uncertainties in the extrapolation of the heterogeneous plate-
geometry ZPPR-7 Keff bias to the nearly homogeneous pin-geometry of the
CRBRP.

CRBRP criticality calculations are performed in hot-full-power
geometry with cross-sections corrected for nominal Doppler reactivity
feedback. The nominal hot-full-power temperature defect of about 1.7%
Ak from Doppler and core expansion effects is therefore imnlicity included
in the criticality calculations. The la uncertaintly in toe Doppler

and expansion feedback reactivity between room temperature and hot-full-
power conditions results in a 0.19% Ak uncertaintly in the hot critical
state of the reactor.

The tolerance on batch fissile content, arising from variations
in plutonium isotopic composition, fuel enrichment, and pellet dimensional
and density tolerances, results in an uncertaintly in the reactor critical
state of 0.15% Ak (la equivalent). The manufacturing tolerance on the
core pellet stack height and the relative position of each fuel rod with
respect to the average core height results in a 0.1% Ak uncertainty in
core reactivity. Additionally, the worst combination of pellet and
steel impurities results in a potential reactivity deficit of less than
0.1% Ak.

The total excess reactivity requirement of 1.76% Ak at the
beginning of cycle one in Table 4.3-3 is obtained from the difference
between the two-cycle burnup reactivity swing and the mid-term refueling
worth, plus the root-mean square sum of the uncertainties. The fuel loading
requirements for the first core in CRBRP are determined by searching the
plutonium enrichment to an eigenvalue (kqff) equal to 1.0 plus
kexcess less that the ZgR criticality bias. The resulting plutonium

which corresponds to a fissile plutonium
enr g g)is 32.8 w/o g[,g(Pu loading of 1498 kg. Due to the characteristics of the batch
core refueling scheme, the equilibrium enrichments of 33 w/o Pu.are only

Pu+U
slightly higher than the first core values because of the longer burnup
interval. The heavy metal mass inventories at the beginning and end of
the first five cycles are summarized in Table 4.3-4.

4.3.2.1.2 Fuel and Blanket Management

Annual refueling is planned for all operating cycles. The first
cycle is based on operation at 975 MWt for one cale1dar year (365 days) at
35% capacity (128' equivalent full power days). The capacity factor is
increased to 55% (200 equivalent full power days) during the second
cycle and further to 75% (275 equivalent full power days) during the third
and subsequent cycles.

The CRBRP fuel management is a batch refueling scheme with a 2-
51 year lifetime for fuel and inner blanket assemblies. Under equilibrium

4.3-5 Amend. 51
Sept. 1979

Oddc3CC



O
conditions, the fresh fuel batch is burned for one cycle (275 fpd), at
which time six inner blanket assemblies are replaced by six fresh fuel
assemblies in order to add sufficient additional excess reactivity for
the next 275 burnup cycle. The six refueled assemblies are of the same
enrichment as the preceeding feed batch. The entire fuel and inner
blanket batch is replaced at the end of the second cycle and the scheme
is repeated in two-year intervals. The radial blanket assemblies reside
in-place (that is, no shuffling or rotation) for four arJ five cycles,
respectively, in the first and second " rows".

Table 4.3-5 summarizes the essential ' features of the CRBRP batch
fuel management scheme throughout the first five cycles of operation. The
initial core load (see Figure 4.3-1) contains 156 fuel assemblies, 82
inner blanket assemblies, and 132 radial blanket assemblies. At the end
of the first cycle (128 fpg), three inner blanket assemblies in alternating
row 6 corner positions (60 removed from the row 4 control channels in
Figure 4.3-1) are replaced with fresh fuel assemblies for the second
burnup cycle (200 fpd). At the end of the second cycle, all the fuel and
inner blanket assemblics are discharged and replaced witn 156 fresh fuel
assemblies and 82 fresh inner blanket assemblies. At the end of the third
burnup cycle (275 fpd), six inner blanket assemblies in row 6 corner are
replaced by six fresh fuel assemblies, and a fourth burnup cycle of 275 fpd
follows. At the end of the fourth cycle, all the fuel and inner blanket
assemblies are again discharged and replaced with a fresh load. The fuel
and inner blanket management scheme for cycles 5-6, 7-8, and subsequent
repeats that for cycles 3-4. The first row of radial blanket assemblies
are discharged and replaced with fresh assemblies at the end of cycle
four and every fourth cycle thereafter. The outer row of radial blanket
assemblies are replaced at the end of cycle five and every fifth cycle

thereafter.

4.3.2.1.3 Delayed fleutron Fraction and tieutron Lifetime

Delayed neutron data are required for the evaluation of the
reactor core transient (Chapter 15) and stability (Section 4.3.2.8)
characteristics. The six delayed-neutron group parameters are calculated
by weighting the isotope-dependent delayed neutron yicids by the relative
fission rates in CRBRP. Table 4.3-6 shows the resulting effective delayed

e ff variesneutron fraction and decay constants by the precursor group. e
less than 1% over the first four cycles.

The prompt neutron lifetime, t* is the mean time from the
birth of a neutron until it is absorbed or leaked out of the system.

62* ranges from 0.34 x 10 to 0.41 x 10-6 seconds for beginning-of-
life and end-of-life conditions, respectively. The increase in E* is due

51 to a softening of the average core spectrum with burnup,
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4.3.2.1.4 Multi-Group Nuclear r,ross Section Data

A complete description of the method used to generate the multi-
group neutron cross sections is given in subsection 4.3.3.2.

4.3.2.1.5 Source Range Flux Moritoring System

The basic function of the source range flux monitor (SRFM) system
is to follow the reactor low power neutron flux and to provide that informa-
tion in a usable form so that a determination of the neutron flux status
of the reactor from shutdown to low power (a few kwts) can be made during
normal plant operation.

The following two operational requirements have been imposed on
the SRFM system to achieve successful operation. First, the instrumentation
must provide continuous flux monitoring during low power and normal shutdown
operation. Second, during any subcritical operations, other than intentional
approach to criticality, it must provide a warning to assure that the reactor
does not approach criticality any closer than the worst single refueling error.

The SRFM instrumentation satisfies the first requirement by
providing a means of following the reactor flux at both low power and shut-
down conditions. This includes the capability for normally measuring
the shutdown neutron flux level at all times while fuel is in the core as
required for operational control and safe reactor operation. The design and
operation of the SRFM will assure that significant changes in the reactor
flux level can be detected. The SRFM will also accurately and reliably follow
the reactor flux from full shutdown to low power operation. The SRFM
provides an output signal that is proportional to the reactor power level
from hot standby conditions (zero neutronic power) up to the top end of
its sensitivity range.

The second requirement specifies that during refueling, the SRFM
must provide a warning to the operator and thereby assure that the reactor
does not approach criticality any closer than that level from which criti-
cality could be attained by a single refueling failure with adequate
margin for the associated uncertainty. An alarm sounds in the control room
if the minimum shutdown reactivity based on this criterion is exceeded.

The source range flux monitoring system consists of three redun-
dant channels that will monitor the flux level of the reactor core from
shutdown power through low power. The measurements will be performed at
the reactor midplane by three redundant BF3 neutron counters located in
graphite blocks and spaced approximately 120 degrees apart in the reactor

51 cavity external to the guard vessel.
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The inherent neutron source in the core, due to spontaneous
fission and (u,n) reactions, is multiplied within the core and is the
source of neutrons at the ex-vessel SRFM locations during shutdown
(source multiplication). The count rate at the SRFM is inversely propor-
tional to the subcritical reactivity and directly related to the inherent
neutron source strength in the fuel. Consideration will be given to the
ef fect of control rod insertion to achieve shutdown and changes in the
spatial source importance during refueling on the proportionality constant
(calibration constant) when required. The derivation of the source multi-
plication equation is given later in this subsection. SRFM calibration
measurements using the CRBR control system will be required for relating
subcriticality and count rate. This calibration is performed with a control
rod of known rnctivity worth. The derivation of the inverse kinetics rod
drop technique, which is used to establish the worth of the control rod,
is also presented later in this subsection.

When fuel assemblies are present in the Fuel Transfer and Storage
Assembly (FTSA), the count rate from the adj. ont detector will not be
used to monitor the shutdown condition of the .cactor. The strong signal
from the stored fuel will override the reutron flu originating in the core.
Under these circumstances, the remainirg two redunu nt detectors will be
employed. The configurations of the SRFM and FTSA ar. aeins % signed to
limit the background count rate f om fuel assemblies in the FTSn co less
than one-tenth (1.101 of the forn round count rate from the core neutrons
at the two remaining SRFM detecto- locations.

Five primary nuclear cha. acteristics of the SRFM design were
investigated to justify its use in the Clinch River Breeder Reactor. These
characteristics are:

a. The expected count rate at the ex-vessel location. This
count rate is a function of the neutron flux spectrum and
instrument sensitivity.

b. The proportional relationship between reactor power and
count rate at the instrument location. A principal
function of the SRFM is the monitoring of reactor power
through neutron flux detection. Non-linearities between
neutron flux at the detector location and reactor power
could be introduced by the presence of fuel assemblies in
the Fuel Transfer and Storage Assembly or control rod move-
ment.

c. The ability to isolate the detectors from neutron flux which
may arise from sources other than the reactor core (i.e. ,
FTSA fuel assemblies). The background count rate from the
FTSA will be limited to one-tenth (1/10) of the foreground

51 count rate at the operational detectors from the core neutrons.
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d. The gamma background at the detector location. The gamma
background will be a primary factor in determining instru-
ment sensitivity at a given location.

e. The ability of the SRFM to accurately determine the
reactivity worth of in-core control rods by means of the
inverse kinetics roc drop technique. The application of
this IKRD technique at the ex-vessel detector locations is
required to properly calibrate the SRFM system for sub-
criticality determination.

Extensive analyses at ARD and both analyses and experiments at
Oak Ridge National Laboratory (Reference 1 and 2) have been performed in
support of the ex-vessel SRFM system. Particular emphasis was placed on
investigating the five nuclear characteristics listed above. The signi-
ficant results of the analyses and experiments performed to date are
sumarized below.

Calculations were performed to assess the magnitude and
spectrum of the neutron flux at the ex-vessel SRFM location during shut-
down conditions. These calculations were performed for beginning-of-life
conditions (all fresh fuel, FFTF-grade plutonium in the core). The
minimum shutdown flux at the SRFM locations (beginning-of-life conditions)
was calculated to be approximately 0.5 ny, which corresponds to about
28 counts per second at each BF3 proportional counter. The magnitude of
this count rate which is smaller than during any subsequent refueling
sequence, assures good counting statistics for monitoring subcriticality
and refueling operat ons. Additional calculations have shown that thei

neutron flux is aimost fully thermalized (185% below 0.1 ev) at the SRFM
location, eight inches behind the front face of the graphite block. This
enhancement of the thermal flux inside the graphite block has been con-
firmed by experiments performed by ORNL at the Tower Shield Facility
near Oak Ridge, Tennessee (Reference 1).

To investigate the effect of core configuration on count rate,
the homogeneous core configuration was modified by employing different
banks of control rods to maintain a fixed reactor power level and Keff.
For these reactor configurations, the flux level at the SRFM varied by
less than 10%. This result shows that the exvessel detectors are not
sensitive to changes in the hemogeneous core configuration during constant
power operation. The detector response is proportional to the power
level of the reactor. Similar calculations will be repeated for theg

present heteroceneous core layout and the results will be reported.

Regarding the possibility of the detector monitoring neutron
flux from sources other thar, the core, analyses have shown that the flux
monitoring requirements for the SRFM can be satisfied with as many as

51 four fuel assemblies in the FTSA. Shielding configurations are equired
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to assure that the count rate due to the inherent and multiplied source
in the fuel in transfer is not more than 10% of the total count rate in
the two operational source range flux detectors outside the guard vessel.
This shielding is in the form of boron carbide shield slabs surrounding
all sides of the graphite block except the front face, thus reducing the
count rate from neutrons which originate in the stored fuel and are scattered
into the graphite block from the reactor cavity walls.

The ganma dose at the SRFM location immediately after shutdown
has been analyzed in detail to assure that the sensitivity of the BF

3neutron counters is not adversely affected. The type of BF neutron
3

detectors to be used in CRBR have a sensitivity of about 55 counts per
second/ thermal equivalent nv for gamma dose rates less than 100 R/hr.
When the gamma dose exceeds 100 R/hr the detector sensitivity falls off
ra pi dly. Calculations have shown that the local gamma dose rate at the
SRFM location is less than 100 R/hr with appropriate shielding in front
of the graphite block and in the other locations as required.

A principal function of the SRFM is to determine the subcritical
reactivity of the CRBRP based on proper calibration of the instrumentation
near critical. The recommended method for calibrating the SRFM detectors
is a two step procedure. First, a known value of negative reactivity

must be established. This is accomplished by using the SRFM count rata
trace that results from scramming one or more control rods to determine
the reactivity worth of the scrammed rods. This is known as the inverse
kinetics rod drop (IKRD) technique. Second, the calibration constant, which
relates the subcritical reactivity to the count rate, must be determined.
This is accomplished by inserting the previously measured reactivity worth
(the same control rods described above) and noting the corresponding count
rate. This same calibration constant is then used to imply subcritical
reactivity when all the control rods are inserted and the reactor is fully
shutdown.

This procedure depends strongly on the accurate determination of
the negative reactivity worth of the scrammed control rods by means of the
IKRD technique. ORNL has performed numerous rod-drop experiments (Reference
2) in the Tower Shield Facility in addition to analytical calculations and
both h' ave supported the conclusion that reactivity interpretations, based
on the change in count rate at the ex-vessel detectors, are consistent with
in-core detectors. The experiments and analyses performed to date have not
included the effect of neutron streaming in the reactor cavity. Future analyses
will investigate these reactor cavity effects and the results will be included
in the FSAR.

The neutron source multiplication technique is employed to
monitor the subcritical reactivity state of the reactor during the loading
to critical and all subsequent fuel reloadings. The relationship between
the steady-state SRFM detector count rate and the subcritical reactivity

51 is derived from the point kinetics equations;
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M

dr t) , p(t)- n(t) + A C (t) + S (I)j4
i=1*

and dC(t) 8
$ 4

dt " T "( } " i i(

where
n(t) total neutron population=

C (t) = delayed neutron precursor density for delayed group i
4

delayed neutron decay constant for delayed group iA =
$

effective delayed neutron fraction for dealyed group i8 =
4

M
S ={ S

i=1

A = neutron generation time
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p(t) reactivity=

S extraneous neutron source=

number of delayed neutron groupsM =

For steady-state conditions,in which the delayed neutron precursors
are in equilibrium

dn(t) = i( }
0 and =0

dt dt

Equations (1) and (2) become
M

bACP{0 0 (3)+ Sn+ =
g$

i=1

and 8
9 AC =0 (4)-n -

$4

Substituting (4) into (3)

O
[=-S

~SA
p (5)=

n

which is the source multiplication equation.

In practice, the detector count rate, CR, rather than the
total neutron population, n, is measured and conversion of the measured
count rate is required. This conversion, for a given neutron generation,
is accomplished by determining the ratio of the detection efficiency, W

Id(r,E) 4(r,E) drdEdetector volume
W

/ core volume
[ I (r,E) c(r,E) drdE (6)

=

J f
E

51
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where

E (r,E) = macroscopic fission cross section
f

E (r.E) macroscopic detection cross sectiond =

This ratio is essentially the number of neutrons counted in the
detector per neutron produced by fission in the reactor. Therefore

W = (CR)A
" ^

or n=
n/v W

where

v = average number of neutrons produced per fission.

Substituting this result into (5) we obtain
WS

P=. v(CR)

Rearranging this into the following form
b (7)CR = - =

3)

relates the subcritical reactivity (in dollars) to the count rate in
the flux detector.

Equation (7) can be rewritten as

kCR =

where Q is the calibration constant and Q = WS/vs. This calibration
constant is determined in the following manner: (1) the first count
rate, CR , is recorded which corresponds to the initial subcritical

1
reactivity state $2 (hot standby) r(2) a control rod is dropped and
the reactivity transient is allowed to decay completely, CR .7

Analysis of the inverse kinetics rod drop (IKRD) algorithm will
provide a reliable estimate of the initial subcritical reactivity
state, $ . This data is substituted into the above equation and
the folldwing relationship results:

51 CRg=
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OThis equation can then be solved for the unknown Q in tenns of the
known quantities CP,1 and $1. This value of Q, calculated at hot standby
conditions, will be different from the value of the calibration
constant at the full shutdown refueling conditions due to the change
in detection efficiency associated with the insertion of all the
control rods. A corrected value of Q, based on calculations and/or
measurements at full shutdown, will be employed during refueling.

The derivation of the three-point IKRD technique is also
based on the point kinetics equations (see Equations (1) and (2)
above). Rewriting these equations in terms of count rate at the
detector rather than neutron population gives:

M

f d [CR )] ,o( )-8 vCR(t) + [ A C (t)+S (8)44i=1

and

dC (t) v8
$ 9 CR(t) - A C (t) (9)"

dt W j$

Ti se two equations can be used to calculate the reactivity
worth of a santeol rod based or, the count rate trace which results from

scramming the rt.i. This procedure is explained below. Assume that
the reactor is it. tially subcritical at po. A control rod is dropped
at time t=0 and stops moving at time t . The subcritical count rate
approaches the final asymptotic value 6 hen time is much greater than t *

sEquations (8) and (9) may be combined and integrated over time greater
than t until the reactivity equals of. The resulting equation has two

3unknowns, Pf and the source term. By integrating over two distinct time
intervals in the range of the rod-drop transient, a system of two
equations in two unknowns is generated. The solutions to these two
equations can be written as

'

" ( A at
i 2 - A att2

6
B at2 - B ati)i 2

and
IB A - BA

i t (%
1i2 2 vg

W)B at ; i57 la 2 - 2 i
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where
M -

|_ '

f E _C 9 (t ) - C$ (to);Ai =
i

i=1
M _

'
-

9 (t ) - C4 (t )CA2 =
2 tu

i=1

Bi CR(t)dt=

J to

2 CR(t)o.B =

d
ti

t -toatt = i

at2 t -ti
=

2

W C (t),
$

C$ (t) = y

to = a time slightly greater than t ; t -t = 0.5 seconds,
s s g

ti = a time greater than t which occurs while the count
rate transient is still decaying; t -t s 25 seconds.

i s

t2 = a time near the end of the transient when the reactor
is approaching its final steady-state condition;
t -t 240 seconds.2 s

Tre initial reactivity state no is calculated by solving Equations (8)
ar.d (9) at steady-state, or

CR(0) II=-po

Substituting Equation (11) into Equation (12) we have

I '
BAi2- BA i l s2 i (13)

P
_-~

B at ) ;CR(0)j;B at2-i 2 i

Equations (10) and (13) are evaluated for the final, and initial sub-
critical reactivity states, respectively. The values for C (t) are
based on a recursive solution of Equation (9); see Reference, 3 yfor., ,

51 details. v a o:W ,
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A study has been performed to assess the uncertainty in control
rod worth as inferred from IKRD experiments due to the statistical uncer-
tainty inherent in the observed count rate of the detector (Reference 4).
The IKRD experiments were performed by ORflL personnel at the Southwest
Experimental Fast 0xide Reactor. Two analytical methods were applied to
the results from these experiments. First, a propagation of error analysis
technique was applied to three-point IKRD subcritical measurements. The
second verification method was an error analysis based on repeated rod-
drops which were simulated from observed count rate vs. time data. In
both cases, the assumption was made that the uncertainty in the reactivity
estimate was due solely to the detection process itself. The reactivity
uncertainties for various experimental rod-drop data sets were computed
by both of these methods and the results were in good agreement. Both
techniques yielded errors of approximately 0.6% in the initial and final
reactivity states when control rods worth 1 to 2 dollars were inserted from
a near critical state.

Additional analyses have been performed to determine the uncertain-
ty in control rod worth as inferred from the IKRD technique which results
from the uncertainty in the kinetics parameters s and y. (Reference 3).
These analyses were based on rod-drop experiments;perfor:hed on the Fast
Flux Test Facility-Engineering Mockup Critical loaded into ZPR-9 at Atil.
For this configuration, the uncertainty in the final reactivity measurement
is 1.8% due to uncertainties in a and 0.6% due to uncertainties in A
Simi krly, the determination of tbe initial reactivity state is uncerka. in
by as much as 3.0% due to uncertainties in s and as much as 2.04 due tojuncertainties in A Addiy together the S$ and A related uncertaintiesandstatisticallybo.mbining the result with the 0.b% detector count rate
uncertainty yields the following: the minimum uncertainty associated with
the determination of the final reactivity state is 2.5%, and the minimum
uncertainty associated with the determination of the initial reactivity state
is 5.1% (minimum = theoretical, no systematic cror included).

The precision of the IKRD technique depends to a large extent on
systematic uncertainties, i.e. , the ability to reproduce the same initial
reactor conditions when a rod-drop experiment is to be repeated. Reference
4 discusses a particular rod-drop experiment that was repeated four tines
in SEFOR under nearly identical reactor conditions. The standard deviation
(one o error) for the control rod worth, which is based on the difference
between of and p is approximately 0.7"'.,

9

During refueling, the SRFM must provide a warning to the operator
and thereby assure that the reactor does not approach criticality any
closer than that level from which criticality could be attained by a
single refueling error with adequate margin for the associated uncertainties.
The uncertainties associated with the subcritical reactivity monitoring
technique fall into three categories: (1) the uncertainty in the calcu-

51 lated reactivity worth of the single worst refueling error, (2) the
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uncertainty in the application of the source multiplication equation tech-
nique and (3) the uncertainty in the count rate history during refueling
from the SRFM detectors.

The highest reactivity worth refueling error is the inadvertent
withdrawal of a control assembly near the end of a refueling sequence.
An estimate of the calculational uncertainty in the refueling error is
approximately 107 based on critical experiment analyses and the loading
tolerence of B-10 in the boron carbide. The reactivity worth of the single
worst refueling error plus the appropriate calculational uncertainty will
be used to establish the count rate alarm set point during each refueling
sequence.

The second uncertainty which must be considered is that associated
with the use of the source multiplication equation to imply the subcritical
reactivity state. This uncertainty is based on the calibration of Equatior,
(7) with a control rod of known reactivity worth. As previously developed,
the uncertainty in the worth of the control rod is in the rarae of 5 to 7%,
based on the inverse kinetics rod drop (IKRD) technique described above.
The uncertainty assigned to this item has been conservatively increased to
10% in order to account for additional uncertainties which might occur in
the actual calibration procedure as performed in CRBRP.

The last category of uncertainties is specifically related to
changes in the core contiguration during refueling operations and how
those changes are reflected in SRFM count rate uncertainty. First, is

the uncertainty in count rate due to spatial flux distribution changes
in the core during refueling. This uncertainty will be established by
calculating the effect of typcial refueling operation on the count rate
at the three ex-vessel SRFM locations. Current estimates of this uncertainty
are approximately 10%. Second, is the uncertainty due to changes in source
strength during refueling. The count rate his tory during refueling is
dependent on the decrease in the inherent neutron source strength which
tends to decrease the count rate. The uncertainty in the change in inherent
source is estimated to be approximately 25%. Third, the uncertainty

associated with the counting rate statistics is assumed to be 57. These
uncertainties will be combined into an overall uncertainty factor applicable
to the SRFM count rate.

Preliminary evaluations indicate tha? sufficient subcriticality
exists to assure that the worst single refueling error will not result in
inadvertent criticality during refueling using the above described sub-
critical reactivity monitoring technique. A complete description of
this subcritical reactivity monitoring technique, including the
treatment of all the appropriate uncertainties, will be included in the

51 FSAR.
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The operating characteristics of typical SRFM flux detectors will
be experimentally determined in ZPPR critical experiments (using an expanded
matrix) which will mock-up the actual CRBRP installation as close as practicable.
Multidimensional transport theory calculations will be employed to account
for the neutron streaming effects in the reactor cavity which cannot be
mocked up in the ZPPR.

4.3.2.2 Fower Distribution

4.3.2.2.1 Calculational Method

Figure 4.3-2 summarizes the CRBRP power distribution calculational
sequence. ENDF/B-III neutron cmss section data are resonance self-shielded,
group collapsed, and gamma-coupled with ENDF/B-IV coefficients in XSRES/lDX
(SPHINX) to result in a 9-neutron /13 gamma energy group, region, composition
and temperature dependent CRBRP master cross section library. This cross-
section library is used in two-dimensional diffusion and burnup calculations
with the 2DB code in a hexagonal-planar and RZ (cylindrical) geometry to
determine the radial and axial power distributions, respectively, throughout
the first 5 years of operatien. The RX calculations, employing an effective
volume cylindrical model, result in axial blanket power contributions,
normalized axial power shapes for the fuel and blankets, and axial leakage
(buckling) factors for application to the hex calculations. The fuel and
inner blanket rod power distributions are determined by two-dimensional
least-squares fitting the 2DB power density by (triangular) mesh interval
for each assembly with the POWPIN code. Due to the importance of the
plutonium buildup distribution, the radial blanket power distributions are
determined from PUMA calculations. The PUMA calculations utilize least-
squares fitted fluxes, cross-sections, and gamma heating (from 2[>B burnup
calculations) to determine the power and burnup characteristics for each
blanket rod. The product of normalized radial and ax:al power factors, the
region power fraction, and the reactor thermal power detemines the fuel
and blanket power distribution throughout the core. Appliation of power
bias factors (methods /modeling correction factors), overpower trip margin,
and power uncertainty factors produces a conservative peak linear power
envelope for the evaluation of limiting fuel and blanket capability.

4.3.2.2.2 Core Layout

Figure 4.3-3 shows the heterogeneous core layout and fuel and
blanket assembly numbering scheme. The initial core includes 156 fuel
assemblies, 82 inner blanket assemblies and 132 radial blanket assemblies.
Nine fully enriched (92% B-10) primary control assemblies are located in
the six row 7 corner (6-R/C, positions 129 and 131 in Figure 4.3-3) and
three row 4 (3-R4, position 130 in Figure 4.3-3) positions. Six fully

g
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enriched secondary control assemblies are located in the six row 7 flat
(6-R7F positions 7 and 35 in Figure 4.3-3) positions. The 6-R7C primary
control rods, operated as a bank, serve to control the reactor through-
out each cycle. The 3-R4 primary and 6-R7F secondary control rods are
normally fully withdrawn for all power operations. The core contains asingle fuel enrichment zone. The fuel and inner blanket power distribu-
tions are reflectively symmetric in 60 degree sectors through the R7C
posi tions. The radial blanket, on the other hand, is periodically symmetric
in 60 degree sectors through the R7F positions. The fuel and blanket
management is discussed in Section 4.3.2.1.2.

4.3.2.2.3 Region Power Fractions

Table 4.3-7 shows the fuel and inner blanket power fractions
over the central 36-inch high region at the beginning and end of the
first six cycles of operation. This power split includes the distribu-
tions of both the isotopic fission rates and gamma heating in the system,
determined with the 9-neutron /13-gamma group coupled cross section set
and 2DB neutron gamma heating calculations. This capabil''y makes
possible an explicit representation of the gamma diffusion from tr.e source
zone in the fuel assemblies into the inner and radial blanket zones.
4.3.2.2.4 Normalized Radial Power Shape

F gures 4.3-4 through 4.3-15 show the normalized radial power
factors,* F for the peak and average-power-rods in each fuel and inner
blanket ass mbly in a 120 degree sector of the core at the beginning and
end of the first 6 cycles of operation. The location of the peak power
rod in each assembly is indicated by a small circle in Figures 4.3-4 through
4.3-15 to highlight the radial / azimuthal power gradients throughout the

The reflective core symmetry through the R7C control rods is evi-core.
dent in the radial power shapes. One can note the changes in the power
gradients throughout life which are caused by the refueling in the R6C
location and by the buildup of plutonium in the inner blankets, as well
as by the effed.s of control rod withdrawal.

The just-critical R7C primary control rod bank withdrawal at
the start and end of each cycle is also shown in Figures 4.3-4 through
4.3-15. The effects of criticality uncertainties, control rod worth
uncertainties and control rod banking tolerances on the power distribution
will be included in the power uncertainty assessment.

* Radial power factor is defined as the power in a particular fuel (inner
blanket) rod divided by the power in the average fuel (inner blanket)

51 rod in the whole core (inner blanket).

4.3-19 Amend. 51
Sept. 1979

bQ%O



4.3.2.2.5 Axial Blanket (Extension) Power

Table 4.3-8 lists the 64/36 inch ** power normalization factors
for the fuel, inner blanket and radial blanket assemblies. These factors,
when multiplied by the 36-inch core region pmer obtained from the power
fractions in Table 4.3-7 and the radial powei factors discussed above,
produce full 64-inch rod or assembly powers including the contributions
from the upper and lower axial blankets (UAB and LAB). Also listed in
Table 4.3-8 are the normalization factors to include only the power con-
tribution from the lower axial blankets for the determination of themal
conditions at the inlet region to the core.

4.3.2.2.6 Radial Blanket Power History

Tables 4.3-9 and 4.3-10 are summaries of the radial blanket total
assembly power and peak rod power histories, respectively, at the beginning
and end of the first 5 cycles of operat'on for the 13 unique assembly
locations identified in Figure 4.3-3. The powers in Tables 4.3-9 and
4.3-10 are total values over the full 64-inch blanket length (that is,
the normalization factors in Table 4.3-8 have already been applied).
The total radial blanket power is listed in the last column in Table
4.3-9. Table 4.3-11 shows the power and burnup history for the average
and peak rod, as weli as the peak kW/ft and peak pellet burnup history,
for the highest power radial blanket assembly (assembly #1 in Figure
4.3-3) for both initial and " equilibrium" operation. The limiting equili-
brium radial blanket reaches a (nominal) peak linear power of 46.6 kW/m
(14.2kW/ft) and a peak (pellet) discharge burnup of 3.63 a/o after 4 full
years of aperation (1100fpd).

4.3.2.2.7 Normalized Axial Power Shape

The axial power factor (nomalized axial power shape), F" de-
fines the local axial puer density distribution relative to the ahe, rage
power density in the same axial channel. Figures 4.3-16 and 4.3-17 show
the normalized axial power distributions in the core fuel assemblies at
the beginning and end of the first and second cycles. The decrease in
axial peak-to-average power with burnup in the core is attributable to
preferential fuel depletion near the flux peak at the core midplane.
The local distortion in the axial power shapes from partial control rod
insertion is clearly evident in Figure 4.3-17. The distributions in
Figure 4.3-17 labeled, " fuel zones with control rod influence" are applied

** Actual hot-full-power core height dimensions are: central core region
.9204 m (36.24 inches), lower axial blanket .3568 m (14.05 inches),

51 upper axial blacrkets .3574 m (14.07 inches).
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to those fuel rods in the fuel assemblies directly adjacent to the R7C
control rod only. The " clean fuel zone" distributions in Figure 4.3-16
apply to the ramaining fuel rods in the core. A comparison of this technique
with an explicit three-dimensional (VENTURE) benchmark calculation demon-
strated agreement within a few percent in the power distribution around
the inserted control rods as Well as throughout the r mainder of the core
as discussed in relation to the modeling uncertainty in Section 4.3.2.2.9.
The detailed three-dimensional power differences are enveloped in the power
uncertainties. The differences in the primary control rod bank insertion
in cycles other than 1 and 2, shown in Figure 4.3-17, re: ult in additional
perturbations to the axial power shapes which are also treated in the nuclear
uncertainty assessment.

Figures 4.3 18 through 4.3-20 show the normalized axial power
distributions in the inner and radial blankets, respectively, at the
beginning and end-of-life. The blanket axial power shapes are nonnalized
to 1.0 over the central 36-inch high region. The increase in the axial
peak-to-average power with burnup in the blankets results from the peak
in the axial distribution of the accumulated plutonium near the core mid-
plane.

Figure 4.3-21 shows typical axial power distributions in the upper
and lowi r axial blankets at the beginning and end-of-life. The steep
axial power gradient is caused by a combination of the axial flux and
neutron spectrum gradients. Plutonium accumulation tends to flatten the
end-of-life axial power gradients since Pu-239 fission is less sensitive
than U-238 fission to the fast-neutron component of the neutron spectrum.

Table 4.3-12 summarizes the axial peak-to-average power ratios
for the fuel, inner, and radial blanke s throughout the first four cycles
of ope ation. The reduction in peak F in the core and the increase in
peak F in the blankets with plutonium burnup/ buildup, respectively, is
eviden in Table 4.3-12.

4.3.2.2.8 Synthesis of Power Distribution Throughout the Core

The synthesis of the three-dimensional power distribution through-
out the fuel and blankets is accomplished by the application of normalized
radial and axis.1 power peaking factors to the average fuel or blanket
power generation as follows:
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O
975,000 * Power Fraction NfN (I)Linear Power (kW/m) = ,

No. of Rods * Length of Rod R Z

Where "9 5,000" is the nominal rc. actor power level in kilowatts,

" Power fraction" is the fuel or inner blanket (36") power
fraction from Table 4.37,

"No. of Rods" is the number of fuel (217) or blanket (61) rods
per assembly times the number of fuel or inner blanket assemblies in

the core (note that the number of fuel and inner blanket assemblies
changes at the start of the even numbered cycles due to the refueling
at the R6C locations),

" Length of Rod" is 0.9204 m over the central 36" region in all
cases,

U"F " is the normalized nuclear radial power peaking factor for
thh fuel or inner blankets from Figures 4.3-4 through 4.3-15, and

"F"[Jures4.3-16through4.3-20." is the normalized nuclear axial power peaking factor from
Fi

The integrated (64") total rod power, on the other hand, is given
by:

Rod Power (kW) =975,000 * Power Fraction * 64/36 Power Factor * F" (2)
No. of Rods R

Where, "64/36 Power Factor" is the ratio, given in Table 4.3-8, of the
in the full-length fuel or blanket rod (that is, including the
power in the upper and lower axial blankets or axial extensions,
t espectively) to the power in the central 36" region (from Table
4.3-7) and the remaining terms are as defined in Equation 1.

4.3.2.2.9 Power Uncertainty Evaluation

The total power or burnup uncertainty is composed of nuclear
design methods uncertainties and/or biases (based on comparisons of
calculations and measurements of isotopic fission and capture rates and
9amma heating in ZPPR-7), CRBRP design uncertainties relating primarily
to absolute power normalization and fissile content variations, and a
g neral class of modeling certainties. In the fuel, the power uncertainty

51
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is broken down into a statistical part which is combined in quadrature
(root-mean-square) with other statistical uncertainties, and a nonstatistical
bias and uncertainty which is applied directly to envelope the upper limits
of the peak power density. Due to the limited scope of the available blanket
data, only a nonstatistical uncertainty is developed. Uncertainties are
provided for the fuel, inner blanket, and radial blanket assemblies. Where
a basis exists for such, a spatial distribution of the uncertainty is

removed . rom, the influence of insertedprovided (e.g., adjacent to, an u

cont-ol rods, and by assembly-row in the radial blanket).

Experiinental verification of the calculational methods and data
used to predict the power distributions in CRBRP 1s provided by the
measurements performed in the ZPPR critical facility. ZPPR is a zero
power critical mockup of the CRBRP consisting of a matrix of rectangular
drawers containing fuel, steel and sodium plates loaded to simulate the
average compositions of the CRBRP core and blanket regions. CRBRP design
methods are verified, and design bias factors and uncertainties are derived,
by direct comparison of calculated and measured ZPPR narameters. These
,Jrameters incluh isotopic fission and capture rate 2nd gamma heating
distributions in support of power distribution predictions. The design
(methods) bias factors and uncertainties are subsequently applied to the
calculation of these parameters in CRBRP predicted with the same calcula-
tional tools and data.

The results presented herein are based primarily on the analysis
of ZPPR-7 (phases A-E) measurements. ZPPR-7 modeled the basic character-
istics of a heterogeneous CRBRP core with annular rings of inner blanket
assemblies. The analysis of the ZPPR-7 experiments is presented in Section
4.3.3.9.

4.3.2.2.9a Core Fuel Assembly Power Uncertainties

Table 4.3-13 lists the statistical and nonstatistical uncertain-
ties applicable to the predictions of both local and rod or assembly-
integrated power density in the core fuel assemblies. The uncertainties
are divided into those applicable to fuel regions directly adjacent to
the partially inserted R7C control rous, and those applicable to all other
core locations (designated " clean" fuel zones). The uncertainties grouped
under the " Fuel Zones Adjacent to Inserted R7C Control Rods" heading are
intended to be applied to all fuel assemblies surrounding the R7C control
rod positions where the local power density is strongly influenced by the
inserted position. Where the power uncertainty is strongly space dependent,
as in the modeling bias in the vicinity of the control rods, it is so
indicated in Table 4.3-13. Uncertainty values are presented for the peak
power density (near the core midplane), the power density at the top of the

51 core (core / upper axial blanket interface), the rod-channel integrated power
and the assembly integrated powe . As a general rule, the uncertainties in
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Table 4.3-13 have been derived to best fit the high-power locations in the
fuel. The uncertainty in the " power density at the top of the core"
(core /UAB interface) in the vacinity of the R7C control rods in an end-of-
cycle value with a substantial portion of the R7C control rods withdrawn.

The peak and integrated power densities in the fuel are well
predicted with the standard 2D-synthesis nuclear design techniques.
However, the " power density at the top of the core" is relatively poorly
predicted due to difficulties in simultaneously modeling the behavior in
in this region while preserving the integral and naak (core midnlane) nowor
in two dimensions. In addition, the accuracy of few group diffusion
theory is poorer in the presence of the steep flux gradient and in the
region of the core /UAB material discontinuity. These factors are reflected
in the larger " power density at top of core" uncertainty.

The statistical uncertainties consist of experimental uncertain-
ties (fission rates and gamma heating) at the 3a level, criticality and
control rod insertion uncertainties, and local fuel fissile content vari-
ations.

Experimental.

The experimental power uncertainty consists primarily of Pu-239
and U-238 fission rate and gamma heating uncertainties. The experimental
(statistical) power uncertainty is derived from the t2% (la ) root-mean-
square deviation between calculated and measured core fission rate (Pu-
239, U-235) distributions in ZPPR-7, covering a variety of reactor critical
configurations. There is an observed radial tilt in the calculation-to-
experiment ratios for Pu-239 fission in Phases A and B of ZPPR-7 which tends
to overestimate (by 3-5%) the Pu-239 fission rate in the area of the fuel
" islands" in rows 7, 8, and 9 and specifically around the R7C control
locations in the beginning-of-life configuration. This overprediction,
coupled with the application of + 30 power uncertainties, would result
in an overly high estimate of the peak power in t|.2se locations. Con-
sequently, the beginning-of-life (BOC1, B003, and BOC5) power in the rows
7, 8, and 9 region of the core is biased downward in Table 4.3-13 (footnote
f) by 1-33 to remove the basic tilted characteristics in the fission rate
(power shape). This radial tilt was not observed in the Phase C, D, or E
ZPPR-7 experiments with plutonium loaded in the inner blankets, so the
aforementioned bias is not applied to the end-of-life power shape.

The analysis of the ZPPR-7 experimental U-238 fission rate
distribution showed substantial fluctuations in the calculation-to-experi-
ment ratios between fuel and innor blanket assemblies, possibly attribut-
able to the infinite medium cross-section preparation scheme, coarse-
mesh effects, transport effects, and the like. Based on these ZPPR-7
results, a one-sided + 20% U-238 fission uncertainty is indicated in the
core fuel assemblies (although U-238 fission only accounts for about
6% of the total power in the fuel so that this uncertainty accounts for

51 approximately 1% on the high side of the total power uncertainty). -
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Analysis of the preliminary ZPPR-7 gamma heating measurements
show a scatter of i 10% in the calculation-to-experiment (C/E) ratios in
the core regions and a consistent 15-20% underprediction in the radial
blanket. There was some evidence in the ZPPR-4 gama heating measurements,
however, that this underprediction behavior at the core / blanket interface
is at least in part an anomaly caused by the comparison of homogeneous
(cell-average) calculated heating rates with point-measured values in re-
gions of substantial gamma fine structure. This uncertainty is therefore
considered an upper bound. Gamma heating accounts for about 101 of the
total fuel assembly power, so the i 10% uncertainty accounts for approx-
imately 11% of the total fuel assembly power uncertainty.

The direct combination of 6" (3a) plutonium fission rate uncer-
tainty (=85% of the total core power), 20: U-238 fission rate uncertainty
(=6% of the total core power), and .10% garrma heating uncertainty (,100 of
the total core power) results in a 7% '(approximately 30) total experimental
power uncertainty in the fuel, in addition to the space-dependent beginning-
of-life bias discussed earlier. This uncertainty applies equally to the local
pellet, rod and fuel assembly power predictions.

Criticality Vacertainty:

The uncertainty in the prediction of the hot critical state of
the reactor results in an uncertainty in the depth of primary control rod
insertion which, in turn, affects the local power distribution (principally
the radial and axial distribution in the immediate vicinity of the inserted
control rods, and to a lesser extent throughout the remainder of the core).
This uncertainty is derived from a bounding value of the criticality uncer-
tainty of 0.5% ak developed from the clean (unrodded) critical configurations
in ZPPR-7. The resulting power uncertainty is derived parametrically by
varying the control rod bank insertion by an amount corresponding to the
0.5% Wk to produce power perturbation maps. The criticality power uncertain-
ty applies approximately equally to the beginning and end-of-cycle power
distributions due to a partial cancellation between the lesser influence
of the nearly-withdrawn primary control rods and the larger magnitude of
the criticality uncertainty which includes burnup reactivity swing un-
certainties near the end-of-cycle. This criticality (rod insertion)
uncertainty results in a If power uncertainty throughout the core with
the exception of those assemblies directly adjacent to the inserted control
rods. The power distribution in the fuel assemblies directly adjacent to
the inserted control rods is strongly influerced by the position (depth
of insertion) of those rods so that the criticality uncertainty in these
assemblies is both larger and space-dependent across the assemblies as
indicated in Table 4.3-13.

Pellet Fissile Content Tolerance:

The fuel pellet fissile content (manufacturing) tolerence
results in a local fission rate uncertainty of r34. Because the pellets
are fabricated in batches, this uncertainty is not reduced for groups of
pellets comprising a single fuel rod or a single fuel assembly. Verya

$ large numbers of fuel assemblies are, however, subject to a smaller 20.51
51 fissile content tolerance. 5 , y ,7 6
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Modeling Uncertainties:

Specific model uncertainties in the CRBRP core power distribution
predictions include parametric uncertainties arising from 3D effects, rod
power interpolation and radial and axial burnup modeling. The aforemen-
tioned modeling uncertainties are derived parametrically, so no specific
a level can be assigned. The values quoted do, however, generally cover
the range of variations noted. flodeling uncertainties are combined with
other nonstatict ical uncertainties directly rather than statistically.

CRBRP power, burnup and reaction rate distributiers are
predicted by a tgo-dimensional (20) synthesis technique whereby " radial"
shape factgrs, F , derived from hexagonal calculations, and axial shapefactors, F , derkved from RZ calculations, are superimposed on average
power condf tions to result in the three-dimensional (3D) power distri-
bution throughout the core and blankets. A benchmark calculation with
consistent 3D and 20-synthesis models has been used to infer the geometric
modeling biases introduced by the 2D-systhesis technique at the beginnina-
o f-l i fe. In general, the agreement between the two models is good (with
the exception of the regions strongly influenced by the partially inserted
R7C control rods as noted in Table 4.3-13) with the peak power density pre-
dicted within the range of 32 and rod or assembly-integrated power predicted
within 1% in the core. The palynomial fit to power-by-rod, performed with
input from 24 mesh-per-assembly 2DB hexagonal calculations, introduces
an additional uncertainty of 12 in the radial power shape within an
assembly. Burnup modeling in the core generally introduces little error
in the power distribution in high-power locations, although some uncertain-
ty is necessarily introduced in the end-of-life axial power shapes due to
smoothing. The axial peak-to-average power has been shown to be nominally
overpredicted by 2% in ZPPR-4 and ZPPR-7. The net peak power density
modeling uncertainty throughout the core (with the exception of assemblies
directly influenced by inserted control rods) is therefore 22: (431 3D
effect plus 1% intra-assembly radial power shape uncertainty less 2%
axial peak-to-power average overprediction). This value increases to
10t on the high-side for the " power density at the top of the core" with

the inclusion of 57 fall-off in the prediction of the axial power shape
indicated in the ZPPR-4 and ZPPR-7 experiments and with some additional
uncertainty in the tail of the axial power shape. The 2X integrated rod

power uncertainty is made up of 17 3D effect plus the !1% radial shape
uncertainty, whereas the 1% total assembly power modeling uncertainty
is entirely 3D effect.

The radial and axial power shapes in the vicinity of inserted
control rods are particularly sensitive to control rod modeling.
Partially inserted control rods in the CRBRP are modeled with an " effective"
amount of control volume fraction which results in the same reactivity
worth inserted in the 2D hexagonal calculations as would result from an

51 explicit 3D representation. This technique results in a good representation
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of the average power in the surrounding fuel assemblies but necessarily
introduces some spatial bias in the radial power shape very close to the
inserted control rods. In addition, the axial power shape is selected to
best represent the assembly-average power so that the shape is somewhat
more perturbed in the region of the fuel pins directly adjacent to the
inserted control rod, and likewise, somewhat less perturbed on the side
of the assembly farthest from the inserted rod. The combination of these
radial and axial shape perturbations, derived primarily from the 3D-2D
synthesis comparison, results in a space-dependent modeling bias, (uncer-
tainty) which varies auoss the assembly as indicated in Table 4.3-13.

(,ontrol Rod Banking:

The maximum control rod out-of-bank tolerance of 21.5 inches
introduces a power asymmetry in the core. The power uncertainty resulting
from the controi insertion asymmetry is estimated from full-core parametric
calculations to be 2% except directly adjacent to the inserted rods where
the uncertainty is increased to t4%.

Reactor Power:

The absolute reactor power normalization uncertainty from the
plant heat balance is 22% and the control dead band is 11 It should
be noted that for the evaluation of limiting linear power (temperature)
at 15% overpower conditions, the 151 overpower margin is intended to
include both the 2% power normalization and 1% control dead band uncertain-
ties.

4.3.2.2.9b Inner Blanket Assembly Power Uncertainties

Table 4.3-14 lists the uncertainties applicable to the predic-
tions of local and rod or assembly-integrated power uncertainties in the
inner blanket assemblies. Blanket uncertainties are divided into beginning
and end-of-life values primarily as a result of the large change in iso-
topic fission rates. Values are presented for the peak power density
uncertainty (near the midplane at the location of the peak linear power),
the power density uncertainty near the top of the 36-inch " core" (the
approximate location of the peak clad temperature), the rod-channel
integrated power uncertainty (for application to the total channel enthalpy
rise and to the total rod burnup), and for the assembly-integrated power
uncertainty (for the mixed mean coolant outlet temperature). The blanket
uncertainties have been derived to best fit the respective high power loca-
tions.

Experimental:

Due to the somawhat limited scope of the measured blanket data
in Phases A-E of ZPPR-7, it is recommended that the experimental fission

51 and capture rate and gamma heating uncertainty component be combined
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directly (rather than in quadrature as with the purely statistical uncertain-
ties) with the other uncertainties in the inner blanket assemblies which
is a conservative approach. The experimental uncertainty component is
defined to be three times the root-mean-square combination of the Pu-239
fission rate, U-238 fission rate, U-238 capture rate and gamma heating
rate deviations weighted by their respective fractions of the total inner
blanket power for any particular location and for any particular time-in-
life.

The beginning-of-life blanket power experimental uncertainty is
dominated by the 107, (13*RMS) uncertainty in U-238 fission rate which
contributes nearly 60% of the tota. Tresh blanket power (compared to less
than 30f of the end-of-life power in the burned blankets). The remaining
uncertaintv at the beginning-of-life results from the 15-20; uncertainty
in the predicted blanket gamma heating which constitutes nearly 40% of the
Mginning-of-life blanket power and about 20:; of the end-of-life blanket
power. Pu-239 fission calculation-to-experiment ratios vary 3! to +5s
(3*RMS) at beginning and end-of-life, respectively, in the inner blankets.
In addition, the U-238 capture rate (Pu-239 production rate) is substan-
tially (9 2 42) overpredicted, necessitating the application of an end-of-
life fission rate bias of less than unity. Pu-239 fission comprises roughly
50f of the end-of-life inner blanket power. The 2f overprediction of axial
peak-to-average power, as well as the 15 underprediction of power density
at the extremities of the (36") " core", are biased out of the inner blanket
experimental uncertainties in Table 4.3-14. Combining ti'e aforementioned
reaction rate and gamma heating uncertainties with their fcactional con-
triuutions to the total blanket power results in the time cependent biases
and uncertainties shown in Table 4.3-14. In particular, the peak power
density uncertainty is 210% at beginning-of-life and -5 tS;' at end-of-life.

Manufacturing Tolerances:

The 211 blanket heavy metal theoretical density tolerance gives
rise to a similar tl7 uncertainty in blanket power generation. The U-235
content tolerance in the depleted uranium blanket feed material results in
a small (11%) uncertainty in the beginning-of-life blanket power and a
negligible uncertainty in the end-of-life power where U-235 fission
contributes only about 2% of the total blanket power.

Modeling Uncertainties:

Blanket modeling uncertainties consist of power-by-rod interpo-
51 lation uncertainties, intra-assei.31y burnup uncertainties, axial power shape
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and buildup uncertainties, and 3D geometric effects. The least-squares
fit to power-by-rod in the inner blankets is performed with input from
24 mesh-per-assembly 2DB calculations. Pin-by-pin burnup does not
substantially increase the peak end-of-life power in the highest power
assemblies. The fitting uncertainty in the inner blankets is +5% at
beginning of life (where the fresh blanket power is sensitive to both
the total flux and neutron spectrum gradients), and ti; of the end-of-
life (where the peak inner blanket power is relatively flat and less fast-
spectrum sensitive). The axial peak-to-average power shape uncertainty,
deduced from RZ burnup calculations, is t17 near the core midplane and
5; at the top of the 36 inch " core" region, primarily due to smoothing

at the end-of-life. Additional three-dimensional effects do not con-
tribute a substantial uncertainty in the inner blankets ( l to 24).

Criticality and Control Rod Banking Uncertainties:

Criticality an d control rod banking unc: etainties primarily
influence the inner ''anket power distributions In addition to the effect
of criticality uncertai:ities on control rod irsertion, and hence, on power
distribution as discrased earlier, the uncert.sinty in fuel enrichment
specification results in a flux level uncertainty which ultimately results
in a t1% plutonium buildup and end-of-life blanket power uncertainty.

Reactor Power:

Reactor Power normalization (t21) uncertainties and control
dead band effects (t12) are applied to the inner and radial blonkets as
discussed earlier.

Non-Pellet Heating:

For purposes of evaluating the upper limits of the peak pellet
power density (or peak linear power), the blanket power data is reduced
by Si and 2.57-3; at beginning and end-of-life, respectively, to account
for the fraction of pcwer which is attributable to gamma b'1 ting in the non-
pellet constituents of the blanket assembly (clad, sodium, and duct).
This reduction is, of course, not used in the determination of total heat
load in the assembly.

4.3.2.2.9c Ra_d gl Blanket Assembly Power Uncertainty

Table 4.3-15 lists the uncertainties applicable to the predic-
tions of local and rod or assembly-integrated power densities in the
radial blanket assemblies.

Experimental:

51 The radial blanket calculation-to-experiment ratios of fission
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and capture rate data in ZPPR-7 (Section 4.3.3.9) exhibit a characteristic
space dependence, falling-off of the order of 107 in the radial direction
from the core-blanket interface out to the blanket-reflector interface.
Due to the limited number of radial blanket measurements and the space
dependent nature of the data, the radial blanket experimental uncer-
tainties are treated non-statistically for each blanket row. The radial
blanket experimental power uncertainty is derived from the limits of the
observed variations in the blanket fission and capture rates and gamma
heating. The observed variation limits in the isotopic blanket fission
and capture rates are doubled to result in approximately 35-equivalent
uncertainties. The total power uncertainty is obtained from the root
mean square sum of the Pu-239 fission rate, U-238 fission rate, U-238
capture rate and gamma heating rate uncertainties weighted by their
respective fractions of the total blanket power at any particular radial
location and for any particular time-in-life.

The beginning-of-life row 1 radial blanket power experimental
uncertainty is again daminated by the + 6 i 8% (s 30) uncertainty in
U-238 fission rate which constitutes approximately 60% of the fresh
blanket power. In the second row, the beginning-of-life U-238 fission
rate uncertainty is + 23 1 20% (30) due to an apparent misprediction of
the blanket spectral gradient. The remaining uncertainty results from
the 120% uncertainty in the blanket gamma heating rate which constitutes
about 40% of the fresh blanket power. The 2% overprediction of axial
peak-to-average power, as well as the m 5% underprediction of the power
density at the extremities of the 36-inch " core", are biased out of the
radial blanket experimental uncertainties. The net resultant beginning-of-
life radial blanket peak power density experimental uncertainties are
therefore + 2 1 9% (row 1) and + 10 1 14% (row 2).

At the end-of-life, the U-238 fission rate (15-25% of the total
radial blanket power) uncertainty increases to + 13 + 12% (row 1) and
+ 33 1 20% (row 2). The U-238 capture rate (Pu-239 production rate) is
again overpredicted (+ 10 + 8% in the first row and + 4 + 8% in the

_

second row). Additionally, the end-of-life Pu-239 fission rate uncer-
tainty is + 4% (row 1) and + 7 + 4% (row 2). The U-238 capture rate
(buildup) and Pu-239 fission rate uncertainties are both applied to the
60-70% of the end-of-life radial blanket power attributable to Pu-239
fission. Combining the Pu-239 fission rate, U-238 capture rate, U-238
fission rate, and gamma heating rate uncertainties with their fractional
contributions to the total radial blanket power, and applying the
aforementioned 2% axial peak to average bias, results in the time and
space dependent experimental biases and uncertainties in Table 4.3-15.
The resulting net end-of-life radial blanket peak power density experi-
mental uncertainty is -4 + 7% in the first row and +5 + 87 in the second

' row.
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Modeling Uncertainties:

Radial blanket modeling uncertainties consist of power and
burnup-by-rod (PUMA) uncertainties, axial power and buildup uncertain-
ties, and 3D geometric effects. The rod-fitted flux, cross-sections
and gamma heating, and the resulting composite power and burnup (buildup)
distribution uncertainties are taken to be 15% at the beginning-of-life
and i 2 to i 3% at the end-of-life based on a comparison of PUMA
calculations with fine-burnup-zone 2DB benchmark calculations. The
axial power shape uncertainty in the radial blankets is i 1% at the
core midplane at the beginning-of-life,12% at the core midplane at
the end-of-life based on a chopped cosine approximation, and i 5% at
top of the 36-inch " core" region due to smoothing of the burnup distri-
bution at end-of-life. The 2D power synthesis is arranged to best
predict the radial blanket power (11%) near the highest power locations
on the sides of the assemblies closest to the core. The net blanket
modeling uncertainty is i 7%.

Miscellaneous:

The manufacturing tolerances (blanket Seavy metal and U-235
content), criticality and control rod banking uncertainties, reactor
power normalization, and non-pellet heating biases are as discussed
in the preceeding sections.

4.3.2.2.10 Peak Linear Power

The peak fuel linear power is detennined from Equation 1,
using radial and axial power peaking factors from Figures 4.3-4 through
4.3-15 and Table 4.3-12. At the beginning-of-cycle one, the peak fuel
linear power in the Row 8 fuel assemblies adjacent to the R7F secondary
control rod channels is 40.6 kW/m (12.4 kW/ft). Application of the
upper limit (30) uncertainty at +10.7% from column 1 of Table 4.3-13,
and 15% overpower conditions results in a maximum power of 51.6 KW/m
(15.7 KW/ft). Figure 4.3-22 summarizes the peak linear power distri-
bution (30 + 15% overpower conditions) throughout the core in the fuel
assemblies at BOCl and in the inner blanket assemblies at E0C4. The
peak linear power in the fuel assemblies surrounding the inserted R7C
primary control rods, after application of 3a uncertainties, space-
dependent modeling biases arising from the control rod influence and 15%
overpower conditions, is only slightly lower than the 51.6 kW/m maximum
around the secondary control rod channels. The highest calculated fuel
linear power of 52.2 kW/m (15.9 kW/ft) occurs in the freshly refueled
R6C assembly (#62 in Figure 4.3-3) at the beginning of the second cycle.

The peak end-of-life inner blanket linear power of 54.1 kW/m
(16.5 kW/ft) occurs in the Row 6 assemblies adjacent to the freshly
inserted fuel assemblies at the end-of-cycle four (550 fpd). Applica-
tion of upper limit end-of-life uncertainties of + 8% from Table 4.3-14

51 and 15% overpower conditions and reducing the peak power density by

4.3-31 Amend. 51
Sept. 1979

cy n vp
u ij' L C.s d



O
2.5% to account for non-pellet heating, results in a maximum inner blanket
linear power of 65.6 kW/m (20.0 kW/ft). Similarly, the peak radial

blanket linear power of 46.7 kW/m (14.2 kW/ft) occurs in blanket
assembly #1 (see Figure 4.3-3) at the end-of-cycle 8. Application of
the end-of-life Row 1 radial blanket peak power uncertainty of + 13%
and 15% overpower conditions and reducing the peak power density by 3%
to account for non-pellet heating, results in a maximum radial blanket
linear power of 59.1 kW/m (18.0 kW/ft).

4.3.2.2.11 Burnup

The fuel burnup is a function of the power history and accu-
mulated full-power-days irradiation, the fuel management, and the
heavy metal loading. The local burnup is obtained from the product
of the accumulated core average burnup and time-averaged radial and
axial power peaking factors as follows:

N fpdPF *F * F * jBURNUP (mwd /kg) = 975 MW $ j $

HM/ ass'y. (kg) i( 2 * No. Ass'ys.$

where the subscript "i" includes the beginning and end of consecutive
cycles,

"HM/ ass'y." is the total kg of heavy metal (uranium plus plutonium),
per assembly (33.2 kg for fuel assemblies over the central 36-inch
high core region and 100.9 kg for blanket assemblies over the full
64-inch height),

"PFj" is the fuel or inner blanket power fraction at the beginning
or end-of-cycle (the power fraction for the 36 inch core height is
given directly in Table 4.3-7 for the fuel, whereas PFj for the
inner blankets is the 36-inch power fraction from Table 4.3-7 times
the 64/36 power normalization factor from Table 4.3-8),

"FN " is the radial rod power factor for the fuel or blankets from
Fihres 4.3-4 through 4.3-15,

"F"h.
(included only in the calculation of peak pellet burnup) is"

th axial peak-to-average power factgr from Table 4.3-12 or from
figures 4.3-16 through 4.3-20 (the F" for the fuel are nonnalized
over the central 36-inch cor height in Table 4.3-12 and Figures
4.3-16 and 4.3-17; whereas F for the inner blankets must be
multiplied by the 64/36 powe factors in Table 4.3-8 and by 1.776,
the ratio of 64/36 inches, to proAce a renormalized peak-to-average
axial power factor with respect to the power in the full 64-inch
blanket rod),

51
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"fpdj" is the full power days per cycle, and

"No. Ass'ys.j" is the number of fuel or inner blanket assemblies
in the core in each cycle.

From equation 3, the core-average and peak (nominal) pellet
discharge burnups in the fuel at the end of the 1-2, 3-4, and 5-6 cycles
are 49.4 and 74.2 (fuel assembly #10), 76.9 and 110.2 (fuel assembly #37),
and 78.2 and 113.8 (fuel assembly #37) mwd /kg, respectively. Similarly,

the peak pellet (nominal) inner blanket discharge burnups at the end of
these same cycles are 13.5 (blanket assembly #67), 23.0 (blanket assembly
#67), and 24.1 (blanket assembly #103) mwd /kg, respectively. Burnup
values in mwd /kg can be converted to atom percent fissioned (a/o) by
multiplying by 0.106 in the fuel or by 0.090 in the inner blankets
at the end-of-life.

Figures 4.3-23 through 4.3-25 show the distribution of peak-
rod and assembly-average burnup* (mwd /kg) at the end of the 1-2, 3-4, and
5-6 cycles, respectively. The locatiori of the peak burnup rod in each
assembly is indicated " the small circles in Figures 4.3-23 through
4.3-25. Radial blanke, ournup was summarized for the peak and average
rod in the highest-power blanket assembly in Table 4.3-11.

In-core instrumentation to determine and monitor the power
density distributions (radial and axial peaking factors) associated with
normal operation is not provided in the CRBRP. Both the radial and axial
power distributions are relatively flat, symetric and predictable duri:19
normal operation in a fast neutron spectrum reactor as indicated in the
preceding paragraphs. Factors which contribut e to the overall power

flattening and symmetry in the CRBRP include: (1) the radial and azimuthal
placement of fuel and inner blanket assemblies, (2) the selection of
operational control rod banks to minimize perturtations in the radiai
power distribution, (3) operation of the control rcis in the banked
mode, and (4) in a fast spectrum, the absorber materials do not cause
severe local flux depressions. Thermocouples located at the outlet
of selected fuel and blanket assemolies are provided to monitor gross
thermal power output and to detect gross asymmetric radial power
distribution.

h4334

* Burnup values in Figures 4.3-23 through 4.3-25 are total (36") rod
values for the fuel and total (64") values for the inner blankets.51
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4.3.2.3 Reactivity Coefficients

Reactivity coefficients couple the response of the neutron
multiplication process in the reactor to several parameters which are
set by conditions external to the core such as plant conditions or
operator adjustments during the steady state and transient modes of
opera tion. The total reactivity feedback effect of these coefficients
between refueling and operating conditions is termed the power defect.
Since the reactivity coefficients change during the life of the core,
a range of coefficients is employed in detailed simulations to deter-
mine the response of the overall plant throughout its life and to
establish the design of the reactor control system and other parameters.
The individual reactivity coefficients are discussed in the following
sections. The analysis of accident conditions (presented in Chapter 15)
uses conservative values of the appropriate reactivity feedback
coefficients. In these calculations conservative assumptions are
also made with regard to the modeling of the reactor conditions.

4.3.2.3.1 Doppler Constants

dThe Doppler constant, T_k
as a function of the fuel temperabur,e.eflects the change in reactivity

r

A rise in fuel temperature
results in an increase in the effective resonance absorption cross
sections. The predominant (strongly negative) reactivity effect is
the Doppler broadening of the U-238 capture resonances, with a smaller
(positive) effect attributable to the Pu-239 fission resonances. The
Doppler effect is the most important negative reactivity feedback
mechanism in the CRBRP. It is a prompt feedback mechanism and its
large magnitude contributes significantly to the safety and stability
of the CRBRP.

Figure 4.3-26 shows a flow chart for the calculation of
Doppler constants in the CRBR. ENDF/B-III cross sections are collapsed
from 30 energy groups to 21 in the local reactor spectrum using the
XSRES and IDX programs. These cross sections are then used in 2DB
to generate flux and adjoint distributions for use in the perturbation
theory program PEP,T-V. The integral reactivities from 2DB calculations
and the integrals and distribution ef Doppler rgactivity from PERT-Vare used to calculate the Doppler constants, T.d , assuming a T-l tempe-
rature dependence. dT

Table 4.3-16 shows the region-average Doppler constants
(-Th) for the fuel, inner blankets, radial blankets, and upper and
lowat axial blankets at the beginning and end of the first four cycles
of operation. Cycles three and four are indicative of equilibrium
conditions. The changes in region Doppler constants with burnup in
Table 4.3-16 generally reflect a combination of 1) flux redistribution

51 toward the center of the core resulting from inner blanket plutonium
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buildup, 2) the mid-term row 6 refueling, and 3) control rod bank with-
drawal effects. Equivalent Doppler constants at the beginning-of-cycle
one and at the end-of-cycle four in a sodium-voided environment are
shown in Table 4.3-17. The effect of the removal of sodium is to harden
the neutron energy spectrum and substantially reduce the magnitude
of the Doppler constants.

Table 4.3-18 presents a typical nodal-average Doppler distri-
bution in the fuel, inner, and radial blankets at the beginning-of-cycle
one. Each region contains a total of seven axial nodes; five equal '.mlume
nodes in the 36-inch high " fuel" region and ont node each in the upper
and lower blankets (extensions). The ror 1 and row 2 radial blanket
Doppler constants have been combined additively into a single region.
This combination results in a slightly conservative (less negative)
feedback reactivity due to temperature differences in the two rows of
radial blankets.

Figures 4.3-27a and b show the distribution of Doppler constant
by assembly in the 36-inch active fuel and inner blankets at the beginning
of cycle one and the end of cycle four, respectively. The values in Figures
4.3-27a and b are condensed from three-dimensional (VENTURE) first-order
perturbation theory calculations which were used to develop nodal feedback
coefficient input to SAS analyses (see Chapter 15).

The temperature dependence of the Doppler constant is discussed
in Reference 5. The Doppler contribution of the
small positive effect, and generally follows a T-gsile material is adependence. However,
the U-238 contribution is strongly negative and overrides the small
positive contribution from the fissile nuclides. Calculations of the
temperature oependence for a syries of U-238 resonances result in a Doppler-

Self-shielding effects will tend totemperature relationship of T .

decrease the absolute value of the temperature exponent, but for a fast

reactor having a fertile / fissile conten} variation.
similar to CRBRP, the overall

Doppler constant has approximately a T

The temperature dependance of the Doppler reactivity constant
for CRBRP has been examined parametrically for a homogeneous core confi-
guration using FX-2. The code system used for generation of cross section
is verified in Reference 6 and applied to the CRBRP model as explained
in Reference 7. FX-2 utilizes a three-term
mula cross section curve fit (in terms of T gpera}ure-depepdence for-, T , and T- ) to four
points generated over the temperature range of interest from a theoretical
basis taking into account core design heterogeneity and self-shielding.
Using FX-2, the Doppler {eactivity effect in changing the core tempera-
ture uniformly from 1000 K to other temperatyres is tabulated in Table
4.3-19. A comparison is then made with g T- extrapoltation of thegreactivity effect between 300 K and 1000 K. This comparison shows that
the more
simpleTjetailedtemperaturedependenceinFX-2agreeswellwiththedependence. The maximum final average temperatures do not

51 exceed 4800 K.
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At higher temperatures than those present in Table 4.3-19,other
uncertainties make the compar ;on less meaningful. In SAS and VENUS
calculations, the variations in Doppler associated with different
postulated scenarios are large compared to the uncertainties associated
with the temperature dependence of the Doppler constant. For example,
in Section 4.4 of Reference 7 a $100/sec ramp rate was input to VENUS
in a fully voided core. This condition corresponded to a Doppler
constant of -0.00297 The resulting core average temperature at3disassembly was 4802 K. A second case assumed some sodium remained
in the core based on a somewhat different scenario. In this case, the

effective Doppler constant was -0.0g379, and the resulting core average
temperature at disassembly was 4533 K. Consequently, large variations
in Doppler have already been considered by considering different
scenarios and the uncertainty in the Doppler temperature dependence
is well within these other variations.

Doppler Uncertainty:

The uncertainty in the CRBRp Doppier Constant has been developed
from the analysis of the SEFOR Core I and II experiments. The Southwest
Experimental Fast 0xide Reactor (SEFOR) was constructed specifically to
determine the LMFBR Core Doppler feedback through a series of power
coefficient (t/MWth) and sub- and super-prompt transient energy coefficient
(t/MWth.sec) measurements. SEFOR Core II had a material composition,
resultant neutron energy spectrum and fuel temperature that was reasonably
characteristic of that in CRBRP. The SEFOR experiments are described in,
for example, Reference 8. The SEFOR Core II Doppler constant derived
from these measurements (T dk/dT = -0.0060) is in good agreement with
the value of -0.0062 calculated by GE in Reference 9. GE estimated the
SEFOR Doppler constant uncertainty as + 9% (lo equivalent) in Reference 9.

,

The principal contributions to this value, other than the direct
measurement uncertainties themselves, are estimated uncertainties in
the fuel temperature-power relationships (fuel to coolant thermal con-
ductance and fuel specific heat) required to extract the Doppler constant,
-T dk/dT, from the measured power and energy coefficients (t/MWth and
t/MWth.sec, respectively). Additional uncertainties in the extrapolation
of the SEFOR power and energy coefficients to LMFBR power reactors are
attributable to effects which are significantly different between the
two reactors (uncertainties in fuel thermal properties, delayed neutron
data, and the like are highly correlated between SEFOR and power
reactors so that these uncertainties largley cancel in the normalization).
The net extrapolated uncertainty in LMFBR power or energy coefficient
was determined to be + 11% (lo) in Reference 9. This extrapolation
accounted for differerices in the SEFOR and LMFBR core composition and
spectrum, fuel thermal property differences, and spatial temperature
and importance weighting uncertainties. The neglect of spatial tempera-

51
ture and importance weighting (that is, the use of region Doppler constants
with average fuel temperatures) tends to (conservatively) underestimate
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the Doppler feeGack in CRBRP. Reducing the Reference 9 uncertainty
for the already conservative neglect of global temperature-importance
weighting results in an extrapolated Doppler uncertainty of less than
i 10% (lo) for CRBRP.

Further confirmation of the accuracy of LMFBR Doppler constant
predictions is provided by the small-sample measurements in zero power
critical mockups. Small, heated-sample Doppler constant measurements
have been performed in the Zero Power Plutonium Reactor (ZPPR) critical
assemblies simulating the CRBRP core configuration. The analysis of the
Doppler constant experiments in ZPPR-2, 3, and 5 are reported in
References 10,11, and 12, respectively. Although these small-sample
measurements do not represent a direct experimental determination of the
total core Doppler constant, the good agreement between calculated and
measured values does provide substantial confidence that the U-238
resonance parameters in the core spectrum are accurately predicted.
From the total of 52 small-sample Doppler measurements throughout the
core under a variety of reactor conditions (flooded, voided, control
rods inserted and withdrawn, etc.), the mean calculation-to-experiment
ratio is 0.98 (slightly conservative underprediction of Doppler) with
an uncertainty of 15.4% (10).

The CRBRP Doppler constant uncertainty, based principally
the aforementioned SEFOR evaluation, and supported by the small-samp;e
measurements in ZPPR, is + 10% (lc). This value is intended for use in
operational and design transient evaluations within the reactor design
duty cycle. The minimum Doppler feedback in anticipated design transients
and the extremely unlikely class of events are based on Doppler constants
with -2o (80% of nominal Doppler) and -30 (70% of nominal Doppler)
uncertainties respectively.

4.3.2.3.2 Sodium Void Worth

The sodium void worth relates the change in neutron multipli-
cation to the presence of voids in the sodium coolant. Small, distribu-
ted voids such as gases entrained in the coolant are adequately treated
by use of the sodium density coefficient (Section 4.3.2.3.3). Large
voids in a region of the reactor or complete voiding is an extremely
unlikely situation. In the following discussion, the reactivity
associated with this latter type of voiding is developed for use in
accident analysis in Chapter 15.

Figure 4.3-28 is a flow chart showing the method for calculating
the sodium voiding reactivity worth. Cross sections are processed both
with sodium and without sodium to properly account for resonance self-

51 shielding and the change in spectrum when souium is removed.
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Table 4.3-20 lists the regionwise sodium void worth at the
beginning and end of the first four cycles. These data were developed
from a 21 group, two-dimensional, RZ geometry core model using first
order perturbation theory and serves primarily to illustrate the
change in void worth distribution with burnup. The total sodium
void worth is the sum of positive (moderation) and negative (leakage)
components where the moderation component generally dominates in
regions of little or no flux gradient (near the center of the core)
and the leakage component dominates near the core periphery. The
total fuel assembly void worth at the beginning of cycle one in
Table 4.3-20 is nearly zero due to a near cancellation between these
two terms. The maximum positive sodium void worth (sum of all
positions which have a net positive worth) is also shown in Table 4.3-20.
The increase in the maximum positive void worth in the fuel from
$1.51 at the beginning of cycle one to $2.31 at the end of cycle four
is attributable to the flux redistribution toward the center of the
core due to plutonium accumulation in the inner blankets and due to
the net fuel depletion.

Figures 4.3-29a and b show the sodium void worth distribution
by assembly in the fuel and inner blankets at the beginning of cycle
one and at the end of cycle four, respectively. The assembly void
worth includes the 36-inch active fueled region plus the smaller
contributions from the upper and lower axial blankets. These data
were developed from explicit three-dimensional (VENTURE) calculations,
again treating the sodium removal as a first-order perturbation.
These spatial void worth distributions were developed as detailed
nodal data (20 axial nodes per assembly in the fuel and inner blankets)
for the third level design margin (SAS) analysis discussed in Chapter 15.

The uncertainty in sodium void worth is developed from the
analysis of large-zone voiding experiments in ZPPR. This evaluation is
discussed in Sections 4.3.3.5, 6, and 8.

4.3.2.3.3 Sodium Density Reactivity Coefficient

The sodium density reactivity coefficient relates a change in
reactivity to changes in sodium density brought about by bulk coolant
temperature changes. The sodium density reactivity feedback is
generally small when compared to the Doppler effect. The sodium density
worth calculations were performed using 21-group, first order pertur-
bation theory in RZ geometry. The change in sodium densitf with
temperature was linearized over the range from 800 to 1000 F so that
t/g sodium density reactivity feedback coud be expressed in wits ofth

F. Table 4.3-21 shows the regionwise sodium density react vity co-
efficient (t/ F of bulk region coolant temperature change) at the

51 beginning and end of the first four cycles. The distribution and
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magnitude of the changes in sodium density reactivity with burnup are
similar to those in the sodium void worth in Table 4.3-20. The
uncertainty in the* sodium density reactivity coefficient is taken to

ibe the same as the sodium void worth uncerta nty.

4.3.2.3.4 Expansion and Bowing Reactivity Coefficients

Physical changes in the overall reactor configuration will
result in corresponding reactivity perturbations. The reactivity co-

efficients discussed in this section are: (1) unifont axial fuel
expansion (fuel surface temperature dependent), (2) uniform radial
core expansion (inlet coolant temperature dependent), and (3) relative
radial motion of fuel assemblies (bowing) resulting from a combination
of temperature gradients and long-term swelling, the latter being
highly dependent on irradiation history.

a. Uniform Axial Expansion Coefficient

The axial expansion coefficient defines the relationship between
reactivity and changes in the length of the active core (fuel
pellet stack height). It should be noted that the axial
expansion is assumed to be dependent on the temperature at the
radial surface (shoulder) of the dished fuel pellets. Implicit
in this definition of the uniform axial expansion coefficient
is the assumption of free movement of the fuel pellets within
the clad tubes. This assumption tends to yield the largest
(magnitude) coefficient insofar as degradation of the fuel pellets
under irradiation will significantly reduce the magnitude of this
coefficient. This effect was noted in tne RAPS 0 DIE reactor
( Re f. 13) .

The reactivity feedback due to core axial expansion or contraction
consists of worth components from fuel and blanket expansion,
stainless steel expansion, and another component for relative core /
control rod motion. The fuel and steel expansion worths are
determined from a perturbation technique whereby the axial
expansion worth is taken to be the difference between the uni-
form material worth over 36-inch active core and the material worth
at the core / axial blanket boundaries. These material worth distributions
are determined from a first-order perturbation theory calculation
in RZ geometry. Table 4.3-22 shows the distribution of the pellet
and steel components of the uniform axial expansion coefficient
(t/ mill of uniform expansion) in the fuel and blankets by radial
" row" throughout the core at the beginning-of-cycle one and at the
end-of-cycle four. Axial expansion of the fuel lowers the core
density and removes reactivity from the system. The higher beginning
of life fuel enrichment, and hence the relatively high fuel worth, results

51 in a larger fuel expansion worth in the fresh core at the beginning-of-cycle
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Oone than in the burned core at the end-of-cycle four. Expansion
of the blankets removes absorber from the core and thereby
slightly increases reactivity, except in the case of the radial
blankets where the predominant effect is to lower the reflective
(scattering) worth of the blanket material. Expansion of either
the fuel or inner blanket steel again removes absorber from the
core and increases reactivity. In addition to the direct core
expansion reactivity, there is an added effect of net movement
of the core with respect to the partly inserted control rods.

The agial expansion coefficients in Table 4.3-22 can be converted
to t/ F using linearized material thermal exgansion coefficients
for fresh fuel pellet materiaf (0.181 mills / F) and for unirradiated
stainless steel (0.425 mills / F). However, these material expansion
coefficients are expected to be a function of accumulated burnup
and fluence. In the case of fuel pellet material, the mechanism
of thermal expansion may vary substantially from the fresh un-
irradiated behavior due to pellet cracking. Consequently, the
fuel expansion reactivity feedback can vary from a minimum of zero
to the value calculated assuming free movement of the fuel column
and thermal expansion driven by the pellet surface temperature.
For this reason, fuel expansion negative reactivity feedback is
generally not included in transient evaluations. At the other
extreme, complete pellet-clad sticking could result in the fuel
column growing axially according to the cladding temperature
change. In this case, due to the higher thermal expansion
coefficient for the steel cladding, the thermal growth of the
fuel column in the startup transition from refueling temperature
conditions to hot full power would increase approximately 20%
(10t additional power defect) compared to the case of free-
moving pellets. However, such global pellet-clad contact is
unlikely to occur throughout the entire startup temperature
transition, especially in fresh fuel where the axial expansion
reactivity coefficients in Table 4.3-22 are highest. Therefore ,
pellet-clad sticking is not considered in the determination of
the cold-to-hot temperature defect.

b. Uniform Radial Expansion Coefficient

The uniform radial expansion coefficient defines the relationship
between reactivity and changes in the effective (equivalent circu-
lar) radius of the core (fuel / radial blanket boundary). The
uniform radial expansion coefficient is dependent upon the change
in dimensions of the lower core support structure which in turn
depends on the inlet coolant temperature. This definition is
convenient from a calculational standpoint since the detailed

51 ' mechanical motion of the fuel and inner blanket assemblies need
not be known (this detailed mechanical motion is subsequently
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included in the bowing reactivity component). During the heat-up
period between refueling and hot-standby temperature, the core
is essentially isothermal and the uniform radial expansion
coefficient is applicable.

Calculations of the uniform radial expansion coefficient for the
CRBRP were performed in hexagonal geometry using the diffusion
theory code 2DB with 9 energy groups. The pitch of all fuel,
inner and radial blankets, primary and secondary control rods
and removable radial shield assemblies is increased uniformly

while at the same time the masses of structural and fuel
materials are held constant. The mass of sodium necessarily
increases in the expanded core. This calculational technique
for the uniform radial expansion coefficient duplicates the
results from three-dimensional calculations except for slight
increases in axial leakage which accompany such expansions.
The resulting values, expressed in tems of cents per mil of
outward radial motion of the core / radial blanket boundary, are
shown in Table 4.3-23 for various times-in-life. The beginning-
of-cycle (hot standby startup conditions) are best characterized
by the configuration with 6 Row 7 corner primary control rods
inserted, whereas the end-of-cycle conditions are most nearly
simulated by the all-control-rods-out configuration. The unifonn
radial expansign coefficients in Table 4.3-23 can be translated
plying by 0.415 mils /ge in coolant inlet temperature by multi-
to units of t/ F chan

F which is derived from the linearized
stainless steel (lower core support plate) thermal expansion
coefficient. At the beginning-of-cycle-one, the reactivity
change from unifgrm core radial expansion between refugling
temperature (400 F) and hot-full-power conditions (730 F inlet
temperature) is -58.St.

c. Fuel Assembly Bowing Reactivity

In addition to structural reactivity changes associated with the
uniform expansion of the fuel and blanket assemblies, additional
reactivity contributions occur as a result of core assembly
bowing during reactor startup and shutdown. Fuel and blanket
assembly bowing is a complex function of both the local tempera-
ture and neutron flux irradiation. The temperature dependence
is a function of the absolute temperature within and the tempera-
ture gradients across the assembly ducts and pins. The irradiation
induced swelling and creep are complex functions of the flux

Si| magnitude and spectram, temperature and assembly residence time.
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Radial bowing reactivity coefficients are calculated for each row
of fuel and blanket assemblies at various axial nodes. First-order
perturbation theory calculations in RZ geometry are used to determine
the material worth gradients for fuel, steel, and coolant throughout
the core. The radial bowing reactivity worth coefficients, expressed
in units of t/ inch of r, ode disolacement, are determined from differences
in fuel, structural and coolant edge worths stimulating row-by-row
radial displacements.

The radial-row model for CRBRP is shown in Figure 4.3-30. Radial
bowing reactivity coefficients were generated for Rows 2 through
12; the central (Row 1) blanket assembly and the six outermost
radial blanket assemblies having a negligible reactivity contribution.
Tables 4.3-24 and 4.3-25 give the radial bowing reactivity coefficients
(t/ inch of inward radial motion) for two core configurations. The
beginning-of-cycle one results (Table 4.3-24) model hot-standby
(initial startup) conditions and are characterized by a clean core
and blankets and six Row 7 corner primary control rods partially
inserted. The end-of-cycle two results (Table 4.3-25) were calcu-
lated with burned fuel assemblies, bred plutonium in the blankets,
and with all 15 control rods fully withdrawn.

The predicted mechanical bowing displacements, discussed in Section
4.2.2.4.1.8.3, are superimposed on the reactivity worth coefficients
in Tables 4.3-24 and 4.3-25 to determine the total reactivity
feedback associated with various bowed configurations experienced
by the core during the approach to power.

d. Uncertainty in Expansion Reactivity Worth Coefficient-

Core expansion reactivity effects are difficult to simulate expe-
rimentally. However, an indirect verification of the core expan-
sion reactivity worth calculational technique, using small-sample
reactivity worth profiles in the homogeneous ZPPR-5 configuration,
is discussed in Reference 14. Worth profiles from an RZ reactivity
worth map, synthesized from small-sample reactivity worth traverses
for major reactor materials in the fuel and blankets, are integra-
ted to represent the reactivity worth changes due to uniform
core axial and radial expansion, and thereby to deduce the
" experimental" expansion coefficients. First-order perturbation
theory calculations of these same expansion coefficients were
compared with the experimental values in order to assess the
calculational uncertainty. The experimental simulation of uniform
expansion using measured small-sample worth distributicas was
validated by using this same aall-sample worth data to predict
the measured axial expansion reactivity worth of a shimmed

51 oscillator fuel drawer in the inner and outer core zones.
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Having accomplished the validation of the method for a measurable
material rearrangement, the small sample traverses were used to
determine an experimentally based (inferred) core expansion
reactivity coefficient. First-order perturbation theory calcu-
lations of the reactor material worth distributions generally
overestimated the magnitude of the worths themselves, consistent
with the historically observed central worth discrepancy, but
accurately predicted the shapes of the reactivity traverses upon
which the expansion worth coefficients are based. The calculations
of the measured expansion worth components resulted in calculation-
to-prediction (C/P) ratios of 1.01 and 1.11 for axial and radial
expansion, respectively. These differences are not ' 71y an
indication of calculational uncertainty, but also i indication
of the degree of accuracy in the measurement and integration
techniques. In the expansion reactivity prediction from the
small-sample traverses, two axial reactivity shapes were combined
with the midplane radial worth measurements to create an RZ
reactivity map from which the expansion coefficients were inferred
by integration of the worth distributions over the fuel and
blankets. The potential for systematic errors introduced by
the approximations inherent in this technique was evaluated.
The stainless steel contribution was found to be very sensitive
to the location of the axial shape measurements and this was a
substantial contributor to the estimated error in the radial
expansion worth. In the case of the axial expansion worth
coefficient, both positive and negative components were over-
estimated resulting in compensating errors so that the calcula-
tion and measurement agreed very well (C/P = 1.01).

Based on the ZPPR-5 measurements and analysis, the uncertainty
in the calculated expansion coefficient was estimated to be 115%
(la) in Reference 14 for a clean, homogenous core configuration.
This uncertainty has been increased to i 20% (la) for application
to CRBRP expansion calculations to account for extrapolation
effects.

4.3.2.3.5 Power and Startup Coefficients and Temperature Defect

a. Power Coefficient

The power coefficient relates the change in reactor power level
to a change in reactivity in the power operating range (40 to
100 precent of full power). The power coefficient consists
mainly of Doppler reactivity feedback. The average power
coefficient incorporates slower acting feedback mechanisms
such as uniform radial expansion (Section 4.3.2.3.4-b) and
coolant density changes (Section 4.3.2.3.3), as well as the
fast-acting fuel and blanket Doppler (Section 4.3.2.3.1) and

51 axial fuel expansion (Section 4.3.2.3.4.a). Between 40 percent
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and 100% of full power, the average power coefficient is -0.18
t/MWt at the beginning-of-cycle one and -0.21 t/MWt at the end-
of-cycle four. The increase in average power coefficient with
fuel burnup is attributable primarily to the increase in Doppler
feedback, particularly in the inner blankets.

The prompt power coefficient only incorporates the fast-acting
feedback components: Doppler and axial fuel expansion. The
Doppler reactivity feedback comes from both the fuel assemblies,
where the fuel pellet temperature responds essentially instan
teaneously to changes in power and from the blanket assemblies
where the feedback response is delayed due to the thermal inertia
in the larger blanket rods. Fuel axial expansion, driven by the
fuel pellet surface temperature, is considered as a fast-acting
feedback response. The prompt power coefficient, averaged over
the range of 40 to 100 percent of full power, is -0.15 t/MWt at
the beginning-of-cycle one (-0.06 //MWt when only fuel Doppler
is considered) and -0.17 t/MWt at the end-of-cycle four (-0.05
t/MWt fuel Doppler only).

The hot-full-power prompt power coefficient provides the stabi-
lizing, inherently negative, feedback mechanism in response to
power level increases in the power operathq range.

b. Startup Coefficient

The startup (shutdown) coefficient relates the change in power
level to a change in reactivity in the startup and shutdown range
from 0 to 40 percent of full reactor power. The startup coefficient
includes the reactivity effect of fuel and blanket assembly bowing
(Section 4.3.2.3.4-c) in addition to feedback from Doppler, uniform
expansion, and coolant density changes as discussed in Item (a).

The startup profile (Appendix B) indicates that most of the core
temperature gradients will be established during the interval
when the reactor power is being incrementally increased from
near zero to 40 percent at a constant coolant flow rate of 40
percent of full flow. Fuel and blanket assembly bowing occurs
in response to the power-to-flow transitions as the core thermal
gradients are established (Section 4.2.2.4.1.8.3). Above 40
percent power, the reactor power level and the coolant flow rate
are increased simultaneously (power-to-flow ratio is maintained
at a value cf 1.0) so that no further assembly bowing occurs.

The reactor power ascent is initiated after the rgactor coolant
temperature las beeg raised isothermally from 400 F (refueling
temperature) to 600 F (hot standby) using 100% primary flow

51 (i.e. using pump work) and minimum or no reactor power. During
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this initial heat-up, Doppler, uniform core expansion and sodium
density changes provide a negative reactivity feedback of about
-904 which is compensated by control rod withdrawal. Beyond hot-
standby conditions, as the reactor power is increased from near

zero to 40 percent (at 40% primary coolant ffow), the reactorg
coofantinlettemperatureincreasesfrom600Fto635Fandthe
265 F core AT is established. Table 4.3-26 summarizes the total
feedback from Doppler, uniform radial and axial expansion, and
sodium density changes between zero power (hot-standby conditions)
and 40 percent power (40 percent flow). The largest negative
feedback contribution in Table 4.3-26 is that from Doppler, ranging
from -70.0/ at the beginning-of-cycle one to -95.56 at the end-of-
cycle four. The uncertainty in Doppler coefficient is i 10% (10).
When the Doppler coefficient uncertainty is combined in quadrature
with the temperature change uncertainties, the total uncertainty
in Doppler feedback in the O to 40 percent power range is 112%
(la). Uniform radial expansion only contributes about -6t (120%g
lo)gbased on the coolant inlet temperature change from 600 F to
635 F. Uniform axial expansion of -17.2/ at the beginning-of-
cycle one and -8.lt at the end-of-cycle four includes both a
negative component from fuel peilet expansion and smaller
positive contributions from blanket and steel expansion. The
uncertainty in axial expansion reactivity is 120% from ZPPR -5
(+23% when combined in quadrature with thermal uncertainties
at the la level). Sodium coolant density changes contribute
-1.46 (130%) at the beginning of cycle one and +4.86 at the
end of cycle four. The total negative feedback (excluding
bowing) over the startup range from 0 to 40 percent power is
therefore -94.86 (-76.04 minimum feedback with 2a uncertainties)
at the beginning of cycle one and -105.3/ (-81.7% mininum) at
the end of cycle four.

The net bowing reactivity feedback is determined by superimposing
the physical motion of the fuel and blanket assemblies (as
described in Section 4.2.2.4.1.8.3) on the differential reacti-
vity worth distributions (Section 4.3.2.3.4.c) throughout the
core. The bowing reactivity response to the establishment of the
core thermal gradients with increasing power-to-flow ratio
(P/F) in the startup power range is characterized by an initial
negative reactivity component as the assemblies bow outward and
contact the TCLP (Top Core Load Pad). Further increases in P/F
cause the fueled portion of the assemblies to be displaced inward
toward the core centerline during which time reactivity is added
to the systs. The inward displacement continues until the
assemblies again contact at the ACLP (Above Core Load Pad) in
the upper axial blanket. From this point on, the assemblies
assume an "S"-shape bowed configuration in which the fueled
region of the core is again displaced radially outward and the

51 reactivity contribution is again negative. When worst case data
.
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uncertainties (maximum positive bowing reactivity coupled with
minimum compensating negative Doppler feedback) are combined
with conservative core compaction assumptions, the overall net
startup reactivity feedback is predicted to be positive over a
limited power range. The significance of this limited positive
startup coefficient to reactor control and transient response is
evaluated in Section 4.3.2.8 (Reactor Stability), 7.7.1.2 (Reactor
Control System), and 15.1.4.5 (Reactor Assembly Bowing Reactivity
Considerations). In the power operating range, from 40-100 percent
of full power, no additional bowing takes place and the reactivity
feedback is dominated by the strongly negative Doppler.

c. Temperature Defect

The net reactivity loss between zero-power, isothermal hot-standby
or refueling temperature conditions and steady-state, hot-full-
power thermal conditions is called the power or temperature defect.
The temperature defect reflects the negative feedback reactivity
contributions from Doppler, uniform radial and axial core expansion,
sodium density changes and net negative bowing. Table 4.3-27
shows the temperature defect components in CRBRP at the beginning
of the first cycle. Table 4.3-28 summarizes the net temperature
defect at the beginning and end of the first four cycles of
operation. The temperature defect, in part, determines the pri-
mary and secondary control rod worth (shutdown) requirements
discussed in Section 4.3.2.4. The uncertainties in the tempera-
ture defect components in Table 4.3-27 reflect the statistical
combination of both reactivity coefficient and temperature

difference uncertainties.

4.3.2.4 Control Requirements

The reactivity control systems in CRBR are designed in
accordance with the General Safety Design Criteria given in Section 3.1
and the appropriate design bases discussed in Section 4.3.1. These
criteria assure that acceptable fuel design limits are not exceeded
as a result of any anticipated operational occurrence or for any
single malfunction of the reactivity control system.

Two independent reactivity control systems are utilized in
the CRBRP. The primary system serves both a safety and an operational
function. This system must have sufficient worth at any time in the
reactor operating cycle, assuming the failure of any single active
component (i.e. a stuck rod), to shutdown the reactor from any planned
operating condition and to maintain subcriticality over the full range
of coolant temperatures expected during shutdown. Allowance must be

51 made for the maximum reactivity fault associated with any anticipated
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occurrence. In addition, the primary control system is designed to meet
the fuel burnup requirements for each cycle as well as to compensate
for criticality and refueling uncertainties. The other reactivity
control system, which is identified as the secondary system, must have
sufficient worth at any time in the reactor cycle, assuming the
failure of any single active componet (i.e. a stuck rod), to shutdown
the reactor from any planned operating condition to the hot shutdown
temperature of the coolant (hot standby conditions). Allowance must
also be made for the maximum reactivity fault associated with any
anticipated occurrence.

The primary and secondary control systems operate independently
such that the capability of either system to fulfill its safety
function is not dependent on the operation (or failure) of the other
system. Design diversity and separation are provided to protect
against conmon mode failures, as discussed in Section 4.2.3.

The aforementioned design criteria are interpreted to define
the reactivity control requirements in terms of the minimum acceptable
control capability under faulted conditions which will assure that the
reactor power level can be brought down to zero at either the hot re-
fueling temperature (in the case of the primary system) or the hot
standby temperature (in the case of the secondary safety system). The
faulted conditions are postulated to be the simultaneous failure of one
system to scram, a stuck rod in the remaining system and a reactivity
insertion resulting from the uncontrolled withdrawal of the highest
worth control rod in the reactor.

The contributions to the control rod worth requirements are
listed in Tables 4.3-29 and 30 for the primary and secondary systems,
respectively, and are discussed in the paragraphs that follow.

a. Power Defect

The power defect (hot-full-power temperature defect) component
of the control requirements compensates for the net positive
reactivity insertion due to Doppler effect, radial and axial core
contraction, bowing, and sodium density changes during reactor
shutdown from hot-full-power to zero power isothermal temperature
conditions as discussed in Section 4.3.2.3.5-c. The primary
control system is designed to take the reactor temperature down
fromhot-full-power (fncluding30 temperature uncertainties and
15% ovegpower) to 375 F (the hot refueling temp :rature, 400 F,
less 25 F uncertainty). The secondary control system is designed
to take the reactor temperature down from hot-full-powgr (including
30 temperature uncertaintigs and 15% gverpower) to 550 F (the hot

51 refueling temperature, 600 F, less 50 F uncertainty). The

blMr9
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largest contribution to the power defect comes from Doppler
feedback. The uncertainties in the hot-to-cold reactivity swing,
at the 20 level, are determined from the root-mean-square combi-
nation of hot-full-power and shutdown temperature uncertainties
with 120% Doppler coefficient,140% for each of the radial
and axial expansion feedbacks, and >i60% for the sodium density
feedback. Also '1cluded is a worst-case uncertainty for assembly
bowing which woulo lead to an additional positive reactivity
component (core compaction) during shutdown.

b. Maximum Reactivity Fault

The maximum reactivity insertion in any anticipated operational
occurrence is postulated to occur upon the withdrawal of the
highest worth inserted control rod from its furthest inserted
to the full out position. Although mechanical and electrical
systems are provided to preclude this event, the resulting
positive reactivity insertion envelopes other postulated
operational faults and is, therefore, imposed on the shutdown
requirements of both the primary and secondary control systems.

The maximum depth of insertion of the row 7 corner primary
control bank is determined by the inserted worth required to
compensate for the planned excess reactivity (excess fuel loading)
for burnup requirements plus a combination of criticality and
feedback uncertainties resulting in the highest anticipated
excess reactivity in the system at any particular time-in-life.
For example, at the beginning of cycle 5 (see Table 4.3-29), the
excess fuel loading of 2.86% ak plus the root-mean-square com-
bination of minimum hot-to-cold feedback (0.29% Ak), maximum
criticality prediction uncertainty (0.43% ak), and maximum
fissile content tolerance (0.28% Ak) results in a maximum
anticipated excess reactivity of 3.45% ok (2.86 + .59). This
excess is compensated by an expected row 7 corner primary control
rod bank insertion of about 16.7 inches (21.9 inches with
minimum worths). The maximum reactivity fault is postulated
to occur upon the withdrawal of one of these row 7 corner control
rods from the furthest bank insertion (plus 1.5 inch out-of-bank
tolerance). It will be shown in Section 4.3.2.6 that the worth
of a single control rod withdrawn from an inserted row 7 corner
bank is substantially larger than the " average" worth of the
rods in the bank. This rod interaction effect for the banked
conditions discussed above at the beginning of cycle 5, increases
the worth of the rod runout approximately 66% over the average
row 7 corner single rod worth in the bank. Consequently, at

51 the beginning of cycle 5, the maximum reactivity fault is taken
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to be 0.98% ak (3.45% Ak maximum excess reactivity divided equally
among 6 row 7 corner inserted rods, increased by the out-of-bank
tolerance, and then multiplied by a 1.66 rod interaction factor).
The maximum reactivity fault values for other times-in-life are
determined in a similar manner.

c. Reactivity Excess

The fuel enrichment requirements in CRBRP are based upon guar ~ teeing
hot-full-power criticality at the end of each burnup cycle. Con-
sequently, at times-in-life other than the end-of-cycle, some
reactivity excess is present in the reactor. The primary control
system (only) is designed to compensate this excess. Fuel burnup
over the cycle is the largest reactivity margin which is included
in the excess. Other reactivity effects, which include power
defect uncertainties, fuel loading and core geometry tolerarices,
refueling worth, and criticality calculation uncertainties, are
combined statistically and added to the nominal, resulting in a
one-sided probability distribution which gives approximately
84% confidence (at the + la level) that the fuel loadings will
supply at least enough reactivity to meet the stated design
fuel burnup lifetime requirements.

The criteria by which the reactivity excess is determined at
any time-in-life is discussed in Section 4.3.2.1.1, " Fuel
Enrichments and Loadings". The primary control rods must have
sufficient worth at any time-in-life to suppress this excess
reactivi ty.

d. Criticality Uncertainty

Control margin is included in the primary system (only) to
compensate for the high-side of the 0.43% Ak (2a) biased cold
criticality prediction uncertainty. This value is derived from
the analysis of ZPPR-7 critical expe.-iments as the RMS sum of
the 2a ZPPR eigenvalue uncertainty and the uncertainty in the
application of this bias to CRBRP.

e. Fissile Tolerance

Control margin is also included in the primary system (only) to
compensate for the high-side of the 0.5% batch fissile content
tolerance in the fuel. The batch fissile content tolerance

51 results in a 1 0.28% Ak excess reactivity uncertainty.

.
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f. Miscellaneous Uncertainties

Fuel pellet stack height and impurities uncertainties were included
in the fuel enrichment (start-of-cycle excess reactivity) require-
ments discussed in Section 4.3.2.1.1 to assure that the fuel
loadings provided sufficient excess reactivity to compensate
for potential reactivity deficits from variations in fuel column
height and axial alignment and from the presence of neutron-
absorbing impurities in the system. However, it is not necessary

to cover the other side of these same uncertainties in the control
requirements. That is, the potential for too much excess
t eactivity from these particular sources is already included in
the nominal calculations which consider the highest core
reactivity state resulting from the most compact core (axially
aligned pellet stacks) and no impurities.

Burnup reactivity swing uncertainties could affect the core
reactivity state at times-in-life other than with a fresh core
loading. The burnup reactivity swing uncertainty is, however,
considered to be one-sided. That is, we do not consider the
potential for the core to be in a higher-than-expected reactivity
state at the end-of-life due to a gross overprediction of the
burnup reactivity deficit.* Therefore, the burnup reactivity
swing uncertainties are not included in the control requirements.

O

* The burnup reactivity swing uncertainty, which is included in the
fuel enrichment (excess reactivity) requirement, accounts for 1)
the expected underprediction of the lumped fission product worth,
2) the expected overprediction of core conversion ratio, 3) the
expected irradiation-induced fuel swelling, and 4) the expected
Np reactivity deficit at the end-of-life. All of these expected239
deviations from the nomial calculated burnup reactivity swing act
more as biases rather than uncertainties, and they tend to make
the nominal calculated burnup reactivity deficit smaller than
expected (hence, the end-of-life reactivity state is already
higher than expected which is conservative from the standpoint
of control rod requirements but must be included in the fuel

51 enrichment requirements).
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From Tables 4.3-29 and 30, the maximum control requirements
for the primary and secondar." control systems are determined from the
direct sum of the hot-to-cold temperature (power) defect, reactivity
fault, and excess fuel loading (primary only) requirements plus the
root-mean-square sum (at tha 2a level) of the hot-to-cold uncertainty,
criticality prediction uncertainty (primary only) and the fissile
content tolerance (primary only). Therefore, the control rod

requirements guarantee that at least enough reactivity worth will be
present in each of the respective control systems at the worst time-
in-life to perform their stated safety functions.

4.3.2.5 Control Rod Patterns

The locations of the primary and secondary control rods are
illustrated in Figure 4.3-1.

The primary control system consists of 9 control rods whose
function, des. ribed in detail in Section 4.3.2.4, is to hold-down the
start-of-cy. excess reactivity (plus uncertainties), to compensate
for fuel bur ~ '2 activity changes, and to provide a shutdown margin
to ref6 ing tcuperature at any time-in-life. The principal components
ana design dimensions of the primary control assemblies are described
in Table 4.3-1. The rods in the primary control system are grouped
into banks according to their designated mode of operation. The 3
primary control rods in row 4 are designated as startup rods which
are parked above the core during power operation. The six row 7
corner primary control rods constitute the burnup operating group
which are partially inserted in the core throughout the cycle as
dictated by excess reactivity requirements. The primary shutdown
margin is provided by the three row 4 startup rods plus the remaining
worth of the partly inserted row 7 corner t,urnup rods.

The secondary control system consists of six control rods
whose designated function is to provide backup shutdown capability.
The principal components and design dimensions of the secondary
control assemblies are described in Table 4.3-1. The secondary control
rods, located in the row 7 flat positions, are fully withdrawn and
parked above the core during all power operations.

Reactivity compensation is accomplished with the primary
and secondary control rods by poisoning the core with neutron absorbing
boron carbide (B C) fully (92%) enriched in the B-10 isotope. Theg
minimum B-10 loadings in the primary and secondary control rods are
5.29 Kg and 4.66 Kg, respectively.

Approach to power from refueling temperature, as described
in the start-up power profile in Ap, endix B, will be accomplished

51 by first withdrawing the six row 7 t 3t secondary rods to their parked~
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positions. This is followed by removing the three row 4 corner primary
rods to their parked positions. The reactor will then be brought to
critical by partially withdrawing the six primary row 7 corner opera-
ting bar.k rods. Subsequent power and burnup transitions are controlled
by movement of this row 7 corner primary rod bank. Control rods
operated in the banked-mode are ganged such that the bank, or group
of rods, serves a single function. The rods in a designated bank
are stepped-out successively in 0.025 inch increments in a staggered
pattern such as to maintain a symmetric power distribution across
the core. All the rods in a control bank are inserted within +1.5~

inches of the nominal average bank height in the core over the full
range of operating powers in order to avoid local power tilting
variations in different sections of the core.

At the beginning of the first cycle, the expected zero power
(refueling temperature) critical row 7 corner control rod bank is
withdrawn 20.0 inches from the bottom of the core (core / lower axial
blanket interfacg). During the isothermal heatup from refueling
temperature (400 F) to hot-standby conditions (600 F), the row 7
corner primary control rod bank is further withdrawn to 21.3 inches.
In the startup power range from zero to 40% power (40% flow), the
row 7 corner primary control rod bank is programmed to be withdrawn
from 2i.3 to 22.7 inches according to power demand and subject
to the characteristics of the inherent reactivity feedbacks (including
bowing) as described in Section 4.3.2.3.5-b. Above 40% power, the
reactor power and primary coolant flow are increased concurrently
so as to maintain a unity power-to-flow ratio. At hot-full-power,

the row 7 corner primary control rod bank is withdrawn to an expected
(nominal) 24.3 inches from the bottom of the core. Reactivity balance is
maintained throughout each operation cycle by incrementally withdrawing
the row 7 corner primary control rod bank whenever the lower limit
on the control dead band (+ 1% power) is reached. Primary control
rod bank withdrawal histories for +he first six cycles of operation
are discussed in Section 4.3.2.6.

In a normal or planned shutdown, the reactor will be brought
down to a low power level by inserting the row 7 corner operating
control rod bank while simultaneously decreasing the coolant pump
speed to 40% of full flow. Below 40% power, the coolant temperature
rise across the reactor decreases until, at essentially zero-power
critical, the control rods are tripped and the reactor is driven

51 subcri tical .
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4.3.2.6 Control Rod Worths

The locations of the primary ;nd secondary control rod banks
are shown in Figure 4.3-1. The principal components and dimensie,e
of the control assemblies are summarized in Table 4.3-1.

The available control worths in the primary and secondary
systems were calculated for a variety of control configurations as a
function of time-in-life. The analytical technique used in these
calculations is summarized in Figure 4.3-31. Microscopic cross
sections for the primary and secondary control rods were generated
from ENDF/8-III data (Ref.15) with the XSRES/IDX code (Appendix A)
in a central control channel surrounded by fuel. The cross sections
were resonance seif-shielded and collapsed to 9 energy groups in the
appropriate spectral zones. Nine-group macroscopic control assembly
cross sections were homogenized over the full hexagonal subassembly.
This was done by volume and transport flux-disadvantage weighting
the microscopic cross sections in the rod bundle, the surrounding
duct and sodium volumes using their respective atom densities. The
resulting microscopic control rod cross sections were used in course-
mesh, two-dimensional (120 degree, hexa,onal) direct eigenvalue
difference calculations (2DB) to determine the reactivity worth of
the inserted control banks. The axial neutron leakage used in these
problems was modeled from a group-independent, zone-dependent buckling

, obtained from an RZ model of the reactor at this particular time-in-life.

The burnua-dependent spatial distributions of fuel and fission
products were modeled explicitly in the control rod worth calculations.
Additionally, the recondary control rod worths were determined for an
initially critical core configuration with the row 7 corner primary
control rod bank partially inserted.

The calculated primary and secondary contrcl rod worths are
shown in Tables 4.3-29 and 30, respectively.

-

The nominal calculated control rod worths may contain
uncertainties attributable to methods and modeling approximations,
cross section uncertainties, the use of few-group, coarse mesh,
two-dimensional diffusion theory, and others. Consequently, the
control rod worth analysis methods and data are biased using calcula-
tions and measurements of control rod worths in the ZPPR-7 and 8critical experiments. ZPPR-7 and 8 are pre-EMC (Engineering Mockup
Critical) mockups of the heterogeneous CRBRP core configuration.
Control rod bank worth (R4, R7C, and R7F) measurements were perfomed
in both beginning-of-life (clean blankets) and end-of-life (plutonium
loaded in the inner blankets) configurations. In addition, extensive
measurements were made of single and asymmetric-bank worths in order
to assess the accuracy of first-in and first-out control rod interaction
factors. The analysis of these experiments using CRBRP design methods

51 and cross-section data is summarized in Section 4.3.3.9.
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For beginning-of-life conditions, the row 4 and 7 flat rod
bank worths are systematically underpredicted by 10%, whereas the
row 7 corner rod bank worth is only slightly underpredicted (1%) using
standard few-group, coarse mesh diffusion theory. This difference
is attributed to the observed tilt from the center of the core out
toward the row 7 corner control channel in the calculation-to-experiment
(C/E) ratios of both fission rates and small-sample reactivity
worths. That is to say, the overall better agreement between calcula-
ted and measured R7C rod bank worths at beginning-of-life is most
likely a result of at least partial cancellation of errors. At the
end-of-life, with plutonium in the inner blankets, the rod bank
worths are all consistently underpredicted by 10-12%. These biases
differ markedly from the near-unity C/E ratios for rod bank worth
predictions in the homogeneous-core (ZPPR-4) experiments. However,

in contrast with the ZPPR-4 measurements where coarse mesh and diffusion-
transport effects approximately canceled, the ZPPR-7 control rod worth
calculations have been shown to be very sensitive to mesh structure.
In fact, adjusting the aforementioned ZPPR-7 control rod worth biases
for the difference between the ZPPR mesh structure (1 mesh per ZPPR-
drawer or 4 meshes per " assembly") and the CRBRP mesh structure
(6 meshes per assembly) lowers the bias factors about 4%, to 0.97 for
the R7C rods at beginning-of-life and 1.05 to 1.06 for the remaining
rod banks at the beginning or end-of-life. The worth-weighted primary
control system (R4 + R7C) bias is, therefore, near unity; and the
secondary control system bias is greater than unity indicating that
the calculated control rod worths are conservatively underpredicted.
The unbiased Root-Mean-Square (RMS) variation in the calculation-to-
egperiment ratios is about +4%. Considering that the systematic
cTfferences in these calculated control rod worths are not yet

completely understood, it has been decided not to bias the calculated
CRBRP control rod worths until final resolution of these values in
the Engineering Mockup Critical (EMC) experiments. Rather, the
minimum worths are determined from the unbiased calculated primary
and secondary control rod worths, less uncertainty (2 x 4%) from above.
It is well to note that the control rod worth biases have no direct
impact on the minimum shutdown worth (which is set equal to the shut-
down requirement). Rather, the control rod worth biases only enter
into the determination of the minimum B10 loading (enrichment) required to
satisfy the safe shutdown requirements. At the present stage of the
CRBRP design, the primary and secondary control rod worths continue to be
specified with fully enriched 92% B10) BqC, and the calculated
worths exceed the shutdown requirements by a substantial (s10%) margin
as indicated in Tables 4.3-29 and 30 (i.e. , the " minimum" B10 loading
is not being specified at this time).

The control rod worths, reported in Tables 4.3-29 and 30,
represent expected configurations with symmetric bank insertion patterns.
Significant rod interaction effects exist between the rods within a
given bank and between banks due to flux redistribuion in the reactor
in response to the insertion of the highly enriched poison. Table
4.3-31 summarizes various control rod interaction effects * for single

* Interaction defined as relative rod worth normalized to the " average"
rod worth in a bank where, for example, the average rod worth in a

ST 6-rod inserted bank is one-sixth of the total inserted bank worth.
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rods inserted in a clean core, asymmetric banks inserted, etc. , deter-
mined from a series of parametric two-dimensional rod worth calculationsgwith a 360 full-core model. Of special significance is the higher
worth of a single row 7 corner rod removed from an inserted bank
(first-out effect) which directly impacts the maximum worth available
in a rod runout event. Figure 4.3-32 shows the variation in first-out
row 7 corner rod interaction factor with depth of bank insertion.
The worth of single rods inserted in a clean (or symmetrically poisoned)
core are significantly lower than the average in the bank (first-in
effect). The minimum worth of 5-out-of-6 secondary control rods is
strongly influenced by whether the stuck secondary control rod is
adjacent to the faulted primary rod which has been withdrawn (in
which case the stuck secondary rod occurs in a local flux peak and
is worth nearly twice as much as the average secondary rod) or
opposite to the faulted primary rod.

Control rod interactions and flux tilting effects were

investigated in ZPPR-7G (Section 4.3.3.9) where it was shown that
control rod interaction factors (ratios of single first-in or first-out
rod worths or asymmetric rod cluster worths to average rod worths
in a symmetric bank) can be calculated with an accuracy somewhat
better than the rod bank worths themselves. For a large number of
measurements in ZPPR-7G, the ratio of calculated to measured rod
interaction factors was 0.99 + .01 which is well within the +4%
control rod worth uncertainty.

The control requirements specify that each of the primary and
secondary control systems must perform their stated safety functions
assuming the failure of a single active component. This is interpreted

to be the failure of the highest worth single control rod in the
system to respond to the trip signal (i.e. , a stuck rod).

In the primary system, the stuck rod is the highest of
either a fully withdrawn row 4 rod or a partly inserted row 7 corner
rod. If a row 4 rod is stuck, then by definition all the row 7

corner (plus the 2 remaining row 4) rods scram, including the rod
which is running out, thereby removing the reactivity fault. If a

row 7 corner rod fails (other than the faulted rod which is running
out), then the rod running out scrams, again removing the reactivity
fault. If, however, the rod running out is also the primary rod which
fails to respond to the scram than one has the largest realizable net
positive reactivity insertion which must be compensated by the negative
reactivity insertion from the remaining primary rods. In no case
can this net reactivity (run-out plus stuck rod) exceed the worth
of one row 7 corner rod with the maximum (full-in to full-out) first-out
rod interaction effect. Therefore, the highest stuck primary rod
worth is determined by:

[ worth of average row 7 corner rod * full first-out rod inter-
action factor] - rod run-out (requirement),

51
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where the worth of the average row 7 corner rod is one-sixth of the
total row 7 corner bank worth and the full first-out rod interaction
factor, from Table 4.3-31, is 2.11 at beginning-of-cycle or 1.66 at
end-o f-cycl e. It should be noted that this is an entirely self-
consistent definition of reactivity fault and the stuck rod worth.
That is, for any smaller reactivity fault within the allowed criti-
cality uncertainty band width, the stuck rod worth would be propor-
tionately larger, thereby maintaining the relationship between the
worth and requirement in Table 4.3-29 such that the capability will
always exist for the primary control system to satisfy the stated
design safety function.

For the secondary control system in Table 4.3-30, the
minimum shutdown capability occurs when the (highest worth) stuck
secondary rod is adjacent to the faulted primary control rod which is
running out at the beginning-of-life (interaction effect from Table
4. 3-31 i s 2. 01 ) . This is the value used at the start of each cycle
in Table 4.3-30. Since the limiting secondary control rod capability
(minimum shutdown margin) occurs at the beginning-of-life, and since
the control rod interaction factor decreases with burnup as the primary
control rod bank is withdrawn, this interaction factor is conservat:yely
applied at all times-in-life in Table 4.3-30.

The minimum primary and secondary control rod worth capability
is determined by reducing the nominal calculated rod worth by the 2a
(8%) uncertainty and subtracting the highest worth stuck rod from each
system as described above. As shown in Tables 4.3-29 and 30, the
minimum control rod worths exceed the maximum requirements at all times
in life, which satisfies the safety design criteria.

It should be noted that these requirements are satisfied
even under the extremely pessimistic, postulated accident assumptions
that: the highest worth burnup and load-follow rod is uncontrollably
withdrawn, one of the two independent, shutdown control systems fails
to operate, and the highest worth control rod in the operating system
remains stuck in the fully withdrawn position.

The integral rod worth characteristic curve, fraction of
worth withdrawn vs. fraction of rod bank distance withdrawn, over the

operating range of fully inserted to fully withdrawn is presented
in Figure 4.3-33. The integral rod worth is well approximated by a
sin 2 function of rod bank height, with a slight downward skew (phase
shif t) resulting from the relatively low worth of the uppermost
regions of the core caused by the parked control rods in the upper
axial blanket.

The primary control rods serve both as a burnup operational
control system and as the primary shutdown system. The fraction of the

51 total primary system reactivity worth which is available for shutdown
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increases over a cycle as the rod banks are withdrawn to compensate
for fuel burnup. Tha lowest available primary shutdown reactivity
worth occurs at the beginning of each burnup cycle when a relatively
large fraction of the primary system control worth is inserted to
suppress the start-of-cycle excess reactivity.

Figures 4.3-34 thrcugh 4.3-39 show the row 7 corner (hot-full-
power) primary control rod bank withdrawal histories for the first
six cycles of operation. Control rod histories are shown for the
following conditions:

a. Expected control worths (nominal calculation) and nominal insertion
requirements at the beginning and end-of-cycle (that is, nominal
excess reactivity, hot-to-cold, burnup reactivity swing, etc. i.
These conditions result in the best estimate of the " expected"
critical rod insertion depths and rod withdrawal histories
throughout each cycle.

b. Minimum primary control rod worths (just equal to the shutdown
requirements) and maximum insertion requirements (nominal excess
reactivity plus the RMS sum of 20 criticality and other uncer-
tainties which results in the highest excess reactivity at any
time in the operating cycle). These hypothetical conditions
would result in the maximum primary control rod bank insertion,
and the minimum shutdown maroin, at any time in life.

c. Minimum primary control rod worths for fully enriched (92 a/o
B-10) control rods and maximum insertion requirements (defined
in b above). These conditions resuit in the maximum primary
control rod bank insertion for fully enriched BqC control rods.
This is shown for beginning-of-cycle 4 when the operating bank
is inserted the maximum for any time-in-life. We have provided
this last piece of data to illustrate the additionai shutdown
margin available with fully enriched rods.

There is an additional +1.5 inch uncertainty on the position
of any single R7C primary control rod with respect to the other rods
in the bank.

Table 4.3-32 lists the minimum shutdown margin (with a stuck
rod), as determined in "b" above, for the primary and secondary control
rod systems at the beginning and end of the first six cycles. Also
shown in Table 4.3-32 are the maximum hot-full-power row 7 corner
primary control rod bank insertion depths at the beginning and end of the
first six cycles. The row 4 and row 7 flat (secondary) control rods
are fully withdrawn during each cycle as discussed in Section 4.3.2.5.

51 Throughout a burnup cycle, the minimum available primary shutdown
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capability increases as the row 7 corner primary control rod bank is
withdrawn from the core to compensate for fuel burnup and fission
product accumulation. The row 4 and row 7 flat (secondary) shutdown
capability also increases somewhat over the course of a burnup cycle<

in response to blanket plutonium buildup and flux redistribution
effects. The smallest shutdown margin in Table 4.3-32 occurs in
response to a combination of the highest excess reactivity requirement
and the lowest control rod worths at the ~beginning of cycle five.
This minimum shutdown margin is conservatively used to evaluate the
capability for the control rod systems to meet limiting scram insertion
requirements (Section 4.2,3) and for the evaluation of limiting thermal
transient conditions (Chapter 15) with minimum control rod negative
reactivity worth insertion. Also shown in Table 4.3-32 are 1) the
minimum shutdown margin at beginning-of-cycle five for zero power,
hot refueling temperature conditions, 2) the minimum hot-full-power
shutdown margin at beginning of cycle five with fully enriched
(92 a/o B-10) primary and secondary control rods, and 3) the expected
(nominal) hot-full-power shutdown margin at beginning of cycle five
to illustrate the substantially higher expected shutdown margin as
compared to the minimum value. The maximum control rod requirements
were determined from the nominal requirement plus 2o uncertainty.
There is, therefore, a 95% probability that the required reactivity
worth is no larger than the specified maximum. Likewise, the minimum
available control rod worths were specified as the nominal less 20
uncertainty so that there is again a 95% probability that the rod worths
will be at least as much as the specified minimum. The combined
probability that the rod worths are equal to or exceed the requirements
(the criterion for success), therefore, exceeds 99%. Consequently,
the minimum shutdown margin is guaranteed at approximately the 30
level.

A minimum subcritical shutdown capability at zero power,
refueling temperature conditions can be defined from the minimum pri-
mary and secondary control rod worths (just equal to the worth
requirements) and from the maximum excess reactivity (conditions similar
to the minimum shutdown margin discussed above except that both the
primary and secondary rod banks are inserted and the stuck rod worth
is included in the shutdown in each case). The resulting minimum
subcritical shutgown, with all 15 control rods inserted at refueling
cycle one and -$13.75 (Keff = 0.953)ff = 0.941) at the beginning of
temperature (400 F), is -$17.40 (ke at the beginning of cycle five
(equilibrium). The expected subtritical shutdown capability and the
shutdown margin at times in life other than beginning of cycle with a
fresh core load are substantially higher than these minimum values.

The highest worth single control rod in any hot critical
state in CRBR is a row 7 corner primary control rod. The control
system operating mode is limited to the removal of only one control

g

Amend. 51
Sept. 1979

4.3-58

[36113

.



.

rod at a time. The nominal design rod withdrawal rate is 9 inches
per minute, although a rod could be driven out of the core at
maximum rate of 73 inches per minute in the event of a controller
failure. Control rod outmotion in the unlatched condition is not
considered credible, as is discussed in Section 4.2.3, and in any
event would be limited by the out-motion pawl. An uncontrolled
withdrawal of the highest worth control rod (the nominal calculated
rod worth with the high side uncertainty, the maximum B-10 content
and the highest rod interaction factor) at ramp runout rates of 9
and 73 inches per minute (" anticipated" and "unlikely" class
accidents, respectively) would result in peak reactivity insertion
rates of 4.1 and 32.9 t/sec, respectively at the highest point on
the differential worth curve near the core midplane. The values
corresponding to minimum shutdown margin conditions are 2.4 and 19.1
t/sec, respectively.

4.3.2.7 Criticality of Fuel Assemblies

Two aspects of the criticality of fuel assemblies are dis-
cussed in this section. First, the uncertainty in the prediction of
the absolute eigenvalue for CRBRP is considered. This result has a
direct impact on the calculation of the feed enrichments and the control
shutdown margins for the first and equilibrium cycles. Second, the
criticality of small bundles of fuel assemblies is discussed in
detail. These results impact the safety related aspects associated
with the determination of the minimum number of fuel assemblies
required for criticality.

4.3.2.7.1 Reactor Eigenvalue Prediction

The uncertainty in the CRBRP eigenvalue prediction is
obtained from analysis of zero power fast critical assemblies
which mock-up the composition and geometry of the CRBRP core. One
major difference between the experimental configuration and the
CRBRP core is the use of fuel plates in a square lattice in place
of the cylindrical fuel pins in a hexagonal array. Another difference
is the extrapolation of the room temperature reactivity, obtained
in the critical assembly, to that expected in the hot-full-power
reactor.

The accuracy of design eigenvalue calculations is evaluated
by a comparison of calculated and measured criticality in ZPPR.
Table 4.3-33 lists selected measured and calculated room temperature
eigenvalues (keff) for several ZPPR experiments modeling both homo-
geneous (ZPPR-4) and heterogeneous (ZPPR-7) core configurations.
Using the CRBRP design method (coarse-mesh, XY diffusion theory

51 in this case) and data (ENDF/B-III cross sections in 9 energy groups)
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O
results in a systematic underprediction of the reactor eigenvalue
with an average C/E ratio of 0.996 + 0.003 in the homogeneous
systems and 0.990 + 0.002 in the hei~erogeneous systems. The inverse

_

of the average C/E ratio is applied as a bias in the calculation
of CRBRP criticality (using the same calculational methods and data
base) and the lo variation is included as an uncertainty in the
start-of-cycle excess reactivity requirement. In order to use such
an eigenvalue bias, one must consider the sensitivity of the eigen-
value to particular ZPPR parameters (plate heterogeneity correction
as discussed in Reference 16, streaming and the like) which are not
present in the power reactor and which may therefore introduce errors
in the extrapolation of the ZPPR-bias to the power reactor. Conse-
quently, an additional uncertainty of 0.2% Ak is included to account
for potential systematic uncertainties in the keff bias arising
from extrapolation of the heterogeneous plate-geometry ZPPR keff bias
to the nearly homogeneous pin-geometry power reactor.

In order to establish the crit':ality' of the hot-full power
CRBRP, a cold-to-hot temperature defect correction is applied to the
cold-critical eigenvalue. The temperature defect accounts for the
net reactivity loss from Dop.cler feedback, radial and axial core
thermal expansion, sodium density changes, etc., in the escalation
to hot-full-power conditions. The calculation of the temperature
defect is discussed in Section 4.3.2.3.5. The uncertainty in the

components of the temperature defect are combined statistically with
the cold criticality uncertainty to establish the overall uncertainty
in the hot-full-power reactor eigenvalue.

4.3.2.7.2 Minimum Critical Configuration

The highest expected fuel enrichment under equilibrium cycle
conditions in CRBRP with low-240 grade plutonium fuel is 33.1 weight
percent. Consideration of worst-case criticality uncertainties,

highest fissile content tolerance, and simultaneous refueling of
the entire core (including fuel, inner, and radial blankets) results
in a 35.0 weight percent fuel enrichment envelope. A cluster of
fresh fuel assemblies with the maximum fuel loading would centain a
minimum number of assemblies required to achieve a critical configu-
ra ti on. Critical eigenvalue calculations were performed for various
numbers of these maximum enrichment fuel assemblies in a regular
hexagonal array spaced with a reactor pitch corresponding to refueling
temperature. The assembly cluster was assumed to be imersed in a
sodium pool with no control or blanket assemblies. One-dimensional
Sq, Po, 21-group fundamental mode eigenvalue calculations were
performed in ANISN to determine keff as a function of the number of
fresh fuel assemblies in concentric annular rings. Axial leakage was
modeled by buckling factors determined from two-dimensional, RZ

51 geometry, diffusion theory calculations.
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Figure 4.3-40 shows the variation in keff with cluster size
(number of assemblies) with and without sodium in the system. The
number of high enrichment fresh CRBRP fuel assemblies required to
achieve criticality, interpolated between the 19 and 37-assembly
calculation , is about 27. Removal of sodium inside and surrounding
the fue", cluster increases the neutron leakage and significantly
reduces the multiplication constant (by about 20% for the 27-assembly
cluster in Figure 4.3-40).

4.3.2.8 Reactor Stability

Linear system techniques are usually used to establish
reactor stability. Stability predictions based on linearity assumptions
are valid for small variations about operating points for a reactor
model which includes non-linear reactivity feedt'ack effects. Stability

of the system for large variations about the operating point may be
inferred if the linear analysis demonstrates that the system is stable
it operating points throughout the operating range.

In a model containing a nonlinear reactivity feedback resulting
from reactor assembly bowing, the assumptions of linearity may not be
valid in predicting stability. In fact, a linear analysis of the

system may predict a divergent condition at some localized operating
points (where the bowing coefficient is positive); however, the system
will actually be stable, since it exhibits self mitigating behavior.

A linear analysis of the reactor is presented in Section
4.3.2.8.1. The reactivity feedback due to reactor assembly bowing
is ignored in this analysis. This is a valid (and conservative)
assumption for small variations about a power to flow ratio (P/F)
equal to one since the bowing feedback coefficient is negative for
P/F > 0.7. Ir the power operating range (40 to 100% power) P/F
is maintained at one by either the automatic control system or the
operator.

In Section 4.3.2.8.2 a more general stability criterion
(bounded input-bounded output) is applied in a reactor stability
analysis which includes the. nonlinear effect of reactor assembly
bowing. In this analysis the bounded input is a step reactivity
perturbation which is applied to the reacter simulation. The reactor
power, maximum fuel, maximum clad and coolant temperatures are the
output variables which are found to be bounded within e ceptable
steady state levels.

Taken together, both the linear and general analyses
51 establish reactor stability over the normal operating range.

/
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4.3.2.8.1 Linear Stability Analysis

The CRBR is neutronically tightly coupled and is amenable
to point-kinetic analysis for stability. The reactor is modeled by
a set of coupled linearized first-order differential equations with
constant coefficients describing the neutronics and temperature
behavior of the system. The equations which describe the neutron
kinetics are:

A C; ajT), 6k II)+ +"* +"-
id e

1=1 j=1

dC j C i = 1, 6 (2)-(7)n* - ij=

dt t

The following notation is used:

Instantaneous neutron density (normalized power)rn

6

S Total delayed neutron fraction, BT" 0
T 1

I"I
1 Prompt neutron lifetime (sec.)

th
Cj Concentration of precursors for the i delayed neutron group

(normalized), i = 1, 6
th

Decay constjnt of precursors for the i delayed neutronA.
I group (sec- ) , i = 1, 6

Steady-state neutron density (normalized power)n

aj Temperature feedback coefficient (tk/ F), j = 1, 63

T* Temperature ( F), j = 1, 63
j

j Number of temperature feedback coefficients used in the
nodal model

6k Externally applied reactivity perturbation
51 e
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The equations describing the temperature dependence in the
reactor are a simplified version of the ones in the computer code
DEMO (Appendix A). All coefficients are assumed constant at nominal
full-power conditions. The average channel in the core is modeled
with seven axial nodes, one each for apper and lower axial blankets
and five evenly spaced nodes in the fuel region. Radially, three
nodes are used; one in the fuel, one in the clad, and one for the
sodium coolant temperature at the node exit. Inner and radial
blankets are modeled with seven evenly spaced axial nodes. Radially,
three nodes are used; one in the fuel, one in the clad and one for
the sodium coolant temperature at the node exit. The equations
described thus treat only internal reactivity feedback mechanisms.
Specifically, the effect of control system response, operator
interventi a and plant system operation resulting in variation in
inlet coolant temperature and flow, are not included.

The above set of linear first-order differential neutronic
and thermal equations is mathematically expressed as:

'

A_ X + b_ Sk (8)X_
=

e

where A is a 70 x 70 matrix. The feedback network of this system is shown
in Figure 4.3-41. The various reactivity coefficients used in the
analysis are discussed in Section 4.3.2.3.

The criterion for absolute stability is based on Liapunov's
"first method" (Ref.17) which reduces the problem of determining
the stability of the system to that of finding the eigenvalues of
the matrix A of equation (8)*. If the real part of all roots is negative,
the system Ts stable. Conversely, if the real part of any root is
positive, the system is unstable. The GASA program (Appendix A) is
used to determine the eigenvalues of matrix A_ of equation (8).

The GASA program is also used to generate transfer functions
for various combinations of reactivity feedback coefficients. The
transfer functions at beginning and end of equilibrium ycle are.

shown in Figures 4.3-42 through 44. Normalization is at 100 Hz to
zero decibels (DB) since at that frequency all feedback have negligible
effect and the -20DB/ decade roll-off due to the finite prompt neutron
lifetime has not become apparent. The stability analysis was performed
for an early version of the CRBRP heterogeneous core configuration
in which the predominant negative Doppler feedback was slightly
smaller than in the current design. The results of the stability

* The eigenvalues of matrix A are identical to the roots of the
-

51 characteristic equation of the system.
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analysis presented here.n are therefore somewhat conservative and the
qualitative characteristics and the inherent reactor stability are
valid. The interpretation of the transfer functions for the various
reactivity feedback coefficient combinations is presented below.

a. Zero Power-Zero Feedback Transfer Function

The transfer function of the system at zero power with ao
feedback is shown in Figure 4.3-42, Curve A. The characteristic
equation has one root equal to zero, which shows up in the
-20DB/ decade slope of the curve at low frequencies; i.e.,
the system acts as a pure integrator at low frequencies.
Therefore, the system is unstable at zero frequency. This is
expected since zero frequency corresponds to a constant reacti-
vity insertion. In a system with no feedback, the power will
increase indefinitely, thus invalidating the zero pcwer transfer
function. The utility of curve A is that it provides a basis
to compare the stabilizing effect of feedback effects. A
transfer function of lower magnitude than that of the zerc
power transfer function be more stable and one of largar
magnitude will be less . table at the particular frequencies
where these differences occur.

b. Sodium Density Feedback

The transfer function of Figure 4.3-42, Curve B, results if
credit is taken for the sodium density feedback only. The
system is stable since all roots of the characteristic equation
have negative real parts. This transfer function, which includes
only the smallest negativa feedback mechanism, already results
in a noticeable improvement in stability as compared to the zero-
power, zero-feedback transfer function.

c. Axial Expansion Feedback

Considering only the negative feedback due to axial expansion of
the fuel (active core region only) results in the transfer function
shown in Figure 4.3-42, Curve C. This feedback effect is notice-
ably stronger than the sodium expansion feedback.

d. Doppler Feedback

Curves D and E (Figure 4.3-42) depict transfer functions obtained
when only the Doppler feedback is considered, with Curve D,
representing the case where creait was taken for only half the
nominal Doppler feedback, and Curve E, the case where the nominal
Doppler feedback was used. It is apparent that the Doppler
constant represents the strongest feedback mechanism, even

51 taken at half its nominal value.
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e. Nominal Doppler, Sadium Density, and Axial Expansim Feedback

The transfer functior, for all the nominal feedback coefficients

is shown on Figure 4.3-42, Curve F, which shows excellent,
stable frequency response c;1aracteristics. This is mainly
due to the strong stabilizing effect of the Doppler constant
as can be seen by comparing Curve F with Curve E. This case
includes all the nominal feedback coefficients (Figure 4.3-41)
and represents a high degree of stability.

f. Nominal Doppler Feedback

Figure 4.3-43 shows several transfer functions previously
discussed along with the transfer function with Doppler feed-
back alone. 1he amplitude scale has been expanded by a factor
of 10 to better show the effects of Doppler only, Cerve A,
compared to the case of Doppler and sodium expansic

-

!back,
Curve B, and the case of all nominal feedbacks, Curve u.
These curves clearly show the dominance of the Doppler effect.

g. Reactor Assembly Bowing Feedback

The reactivity feedback due to reactor assembly bowing is a
function of power to flow ratio (P/F) as discussed in Section
4.2.2.4.1.8.3 and in Sections 4.3.2.3.4 and 5. From Figure
4.2-92B the slope of the reactivity curve, with worst-case
uncertainties, is positive over a limited range, but aaain turns
negative above P/F equal to about 0.7. This implies that the
bowing reactivity feedback coefficient is negative above that
point. The nominal P/F ratio is maintained at a value of 1.0
above 40% power so that no further bowing occurs. Neglecting
the effect of this coefficient is conservative for variations
in power of up to 30% or variations in flow up to 42% about
nominal reactor operating power and flow levels. The stability
predictions for the nominal power operating ranga are not
affected by neglecting bowing feedback.

The results of Figure 4.3-44 are obtained with reactor
neutronic parameters that exist at E0C4. The net feedback from
sodium density in this case is slightly positive. The counteracting
negative feedback components are from the Doppler effect and the
axial expansion.

a. Doppler Feedback

The transfer function for Doppler feedback only is shown in
Figure 4.3-44, Curve A, to provide a comparison with the other
transfer functions. -o.
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b. Sodium Density (Twice Nominal) and Doppler Feedback (Half Nominal)

For the transfer function of Figure 4.3-44, Curve B, credit is
taken for only half of the nominal negative Doppler, whereas
the positive sodium density feedback is taken at double its
nominal value. The system is stable and the transfer function
has acceptable frequency response characteristics. Clearly,

the effects of the Doppler feedback, even taken at a value
well below the smallest value expected, is dominant.

Nominal Doppler, Sodium Density, and Axial Expansion Feedbackc.

The transfer function for all the nominal E0C4 feedback coeffi-
cients is shown in Figure 4.3-44, Curve C, which shows excellent,
stable frequency response characteristics.

Thus, for a wide range of variation of feedback coefficients,
the CRBR is a stable, well-behaved system in the response of the
reactor ;o reactivity perturbations. The main stabilizing feedback
is due to Doppler and even at half-nominal value, a stable system
results in any combination with~ the other feedback coefficients.

4.3.2.8.2 General Stability Analysis (Bounded Inout-Bounded Output)

In the startup range (0+ to 40% power), P/F varies between 0
and 1.0. In this range, the bowing reactivity feedback is nonlinear
varying from positive to negative with increasing power /flo* .atio as
described in Sections 4.2.2.4.1.8.3, 4.3.2.3.4 and 4.3.2.3.s. Its

change with power / flow ratio is sufficiently significant so that its
impact on reactor stability must be established. The stability
criterion which has been applied in this analysis is the following:

The systa.' is stable if the system output is bounded
for a given bounded input, the system is unstable
if the system output is u60unded for a given
bounded input (Ref. 18 ) . The systerr ',s stable in
the practi'al sense if the system output is bounded.

within acceptable parameter levels (Ref.19).

Figure 4.2-928 illustrates bowing reactivity responses which
were predicted using nominal data and with maximum analytical uncertain-
ties applied. The maximum positive bowing reactivity feedback effect
ir obtained when a positive reactivity perturbation is introduced at
an operating point corresponding to the low end of the positive slope
portion of the bowing reactivity-power to flow ratio curve. To this
end, a bowing reactivity function based on the maximum analytical
uncertainties case of Figure 4.2-92B was constructed for use in the

51
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FORE-2M reactor kinetics and feedback model. As a further conservatism
a dynamic bowing reactivity function (Figure 4.3-45) was defined in
order to envelope the dynamic uncertainties associated with thernial
time constant differences between the fuel and blanket assemblies.
The dynamic function applies during that portion of the transient

when the fuel agsembly dud temperatures are changing rapidly (on
the order of 50 F/second). The static function applies during the

portion of the transient when thg fuc. assembly duct temperatures
are changing slowly (less than 5 F/second). The duct temperature
use'i in the model was determined from the assembly coolant temperature
as shown scht natically in Figure 4.3-41.

Additional conservative features which were employed in
the model were:

1. Minimizing the negative Doppler reactivity effect.
2. Evaluatirig the results at the hottest fuel, cladding and coolant

locations in the rea; tor.

3. Neglecting the s2 second delay of the duct temperature relative
to the coolant.

Figures 4.3-46 through 49 illustrate key reactor responses
during an inherent response tr ansient (no controi or PPS action) ini-
tiated at a reactor startup operating point (8% power; 40% flow) at
which the reactivity insertion due to bowing would be maximum. The
transient was initiated by a +2t step reactivity perturbation.

The responses illustrate that all parameters rise initially
due to the dominance of positive bowing reactivity at low power flow
ra ti os - However, when the bowing reactivity coefficient becomes
negative at higher power flow ratios, all parameter responses change
slowly and approach a new stable equilbrium state. The final values
of the parameters are shown in Table 4.3-34 together with acceptability
limi ts .

It is concluded that if the limits for acceptability (Table
4.3-34) are selected so as to remain below reactor parameter severity
levels associated with a major incident ('able 15.1.2-1), and para-
meter responses remain below acceptabilitj limits, the reactor is
stable in the practical sense and inherent reactor protection shall
have been demonstrated.

Additional reactor stability (inherent response) transients
have been evaluated which were initiated at other operating states
(i .e. , reactor flow, reactor power, etc. ). All of these indicate
the response characteristics typically exhibited in Figures 4.3-46
through 4.3-49 and were bounded by the acceptability levels of

51 Table 4.3-34.
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As a result of these studies, it is concluded that the reactor

is stable given the bowing reactivity characteristics exhibited in
Figure 4.3-92a since all transient responses are bounded for a bounded
input perturbation. Furthermore, the reactor is stable in the

practical sense since the maximum values of key reactor variables
are below levels which are considered acceptable for the reactor
when responding to its inherent feedbacks. Therefore, reactor inherent
protection is demonstrated and Criterion 9 is satisfied.

4.3.2.9 Vessel Irradiation

The spatial and energy dependent neutron flux distributions
are utilized in obtaining the irradiated characteristics of the
reactor structural materials and components. One application of this
ilux data is in determining the total and fast fluence received by
both repleaceable and non-rep.aceable reactor components. The
neutron fluence must be limited so that the end-of-life ductility
for structural materials exceeds the specified minimum requirements.

Assembly-by-assembly radial neutron flux distributions
(assembly-average in the central 36-inch active core height) are given
in Figures 4.3-50 and 51 for core conditions reflecting the beginning
of cycle one with the six row 7 corner primary control rods partly
inserted and with fresh fuel and clean blankets, ana for the end of

cycle four conditions with all control rods fully withdrawn and with
plutonium burned out of the fuel and built up in the blankets. Values
are shown in Figures 4.3-50 and 51 for both the total neutron flux

'

and for the fraction of the flux with an energy greater than 0.11
MeV. The latter reflects the relative spectral behavior throughout

the cor3. The shift in the critical flux shape toward the center of
the core with increasing burnup, and the spectral hardening in the
blankets, is evident by comparing the fluxes in Figure 4.3-50 at
the beginning-of-life with the end-of-life flJxes in Figure 4.3-51.
Fig ires 4.3-52 and 53 show typical axial distributions of the total
flux and the fast flux fraction in the core. These axial distribu-
tions are normalized to 1.0 over the central 36-inch active core
i.eight such thac the product of the axial shape factors in Figures
4.3-52 and 53 with the fluxes in Figures 4.3-50 and 51 results in
the three-dimensional flux distribution throughout the central
core and blankets. The total flux in Figure 4.3-52 exhibits the typical
bell-shaped axial distribution. Figure 4.3-53 indicates that the neutron
energy spectrum (as measured by the fraction of the flux with an energy
greater than 0.11 MeV) is relatively flat throughout the central core
and degrades rapidly through the axial blankets. These radial and axial
flux and spectrum distributions were obtained from two-dimensional, 21-
group diffusion calculations in hexagonal-planar and RZ geometry,

_ID respecti vel; .

^* "
4*3-68 Sept. 1979

ObbUQ3



e

The peak total and fast (E > 0.11 MeV) fluxes in CRBRP
(5.5 x 1015 r/cm2 sec and 3.4 x 1015 n/cm2 sec, respectively) occur
in the rows 7 and 8 fuel cluster around the row 7 corner primary
control rods.

The peak total (fast) fluences in the fuel and inner
blanket assemblies have been determined for cycles one and two
(first core) ani for the subsequent equilibrium cycles. The first-core
peak total (fast) fluences for the fuel and inner blanket assemblies are
1.47 x 1023 (9.20 x 1022) neutrons /cm2 and 1.46 x 1023 (8.66 x 1022)

2neutrons /cm , respectively. For the equilibrium core, the peak total

(fast) fluences of the fuel and inner blanket assemblies are 2.38 x 1023
(1.45 x 1023) neutrons /cm2 and 2.29 x 1023 (1.35 x 1023) neutrons /cm ,2

respectively. The most conservative estimate of the neutron flux at the
reactor vessel boundary is obtained at the beginning of equilibrium
cycle. Later in life, the flux has shifted toward the center of the
core and away from the core periphery in response to the inner blanket
plutonium buildup, and therefore, the corresponding vessel fluxes would
be somewhat lower. Table 4.3-35 summarizes the flux and spectrum data
for the core, core and shield boundaries, core barrel, and the
reactor vessel wall at the beginning of equilibrium cycle.

4.3.3 Analytical Methods

Each preceeding section described briefly the neutron data
and computer codes used in the analysis. In most cases, calculational
flow diagrams were presented for the particular analysis. This section
describes the overall analytical techniques used in analysis of CRBRP
and the supporting critical experiments pe, #ormed in the ZPPR assemblies.

4.3.3.1 Analytical Approach

The CRBRP analytical methodology is summarized in Figure
4.3-54. Specific details about the development of particular nuclear
characteristics were discussed in the preceeding subsections. The
core mockup experiments in ZPPR are analyzed with the same CRBRP
design methods and cross-section data as des;ribed in Figure 4.3-55.

The multigroup cross-section libraries for CRBRP (or for
ZPPR) are developed using the Bondarenko formalism (Reference 20).
A generalized cross-section file, consisting of infinitely dilute
fine-group cross sections, inelastic scatter transfer matrices,
and temperature dependent self-shielding factors as a function of
oo (the total cross-section per atom), is obtained from ENDF/B-III
data file by way of the MINX * or ET0X* code. Using atom densities

f
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and cell models from the reactor or critical assembly, resonance self-
shielding factors are calculated in the SPHINX * (XSRES) resonance
module for each isotope as a function of i.emperature and non-resonant
total cross-section (oo) using an ite ative scheme whereby the self-
shielding factors are used to calculate ao for the mixture and
oo and temperature are then used to interpolate new self-shielding
factors. A Dancoff correction is applied to the cross-sections
using Sauer's approximation for cylindrical fuel pin in a hexagonal
lattice (reactor design calculacions) or Bell's approximation for
plate lattices (critical assembly calculations). The resulting
cross-sections are corrected for elastic removal ar.d collapsed
(condensed) to the desired few-group structure (9 or 21) neutron
energy groups are generally used in CRBRP nuclear design calcula-
tions) in the SPHINX * (lDX) diffusion module. Both the elastic
removal correction and group condensation are performed over the
local reactor spectrum obtained from a one-dimensional (cylindrical
or slab) diffusion calculation. Due to the size of the fuel plates
in the ZPPR criticals, these cross-sections are further corrected

for the in-cell fine structure in the flux by applying spatial
flux-weighted cell homogenization factors obtained from one dimen-
sional SPHINX * (ANISN) transport calculations with Po scattering
and S g quadrature.i

The resulting 9 and 21-group master cross-section libraries
are employed in the W-2DB* code in both hexagonal-planar and cylindri-
cal (RZ) geometry to determine critical reactor eigenvalue (keff),
radial and axial power and flux distributions, and control rod worth
parameters and to perform burnup (depletion) calculations. Reactor
depletion and power distribution calculations are performed in two-
dimensional hexagonal geometry with each of the fuel, inner and
radial blanket a"emblies modeled as a separate burnup zone in o. jer
to accurately model the spatial dependence of the fuel depletion,
and blanket plutonium accumulation. Axial leakage in the hexagonal
calculations is modeled as a DB2-type absorption cross section with
a region-deoendent, croup-independent buckling determined from an
equivalent RZ geometry calculation at the beginning and end of each
cycle. Using these depletion models, control rod worth parameters
are determined using 2DB eigenvaiue difference calculations for a
variety of reactor configurations as a function of time in life.
Reactivity feedback coefficients, such as Doppler constants and
sodium void worth, are calculated using first-order perturbation
theory (PERT-V)* and forward and adjoint flux distributions from RZ
2DB calculations.

* Appendix A contains computer code abstracts.g
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There are particular areas in the nuclear design process
where the two-dimensional synthesis methods are known to be lacking
due to spatial inseparability. One of these is the prediction of the
local power distribution in the vicinity of partly inserted control
rods as described in Section 4.3.2.2. Another area is the determina-
tion of the sodium void worth distribution throughout the core for
input to design-limiting (margin) safety analyses (Section 4.3.2.3.2).
In these particular areas, three-dimensional methods with the VENTURE *
code (Reference 21) have been employed for the analysis of benchmark
design problems.

4.3.3.2 Neutron Cross Section Data

The cross section data used in the CRBRP nuclear desi ..
calculations is obtained from the ENDF/B-III data file. A desc ip; ion
of the Evaluated Nuclear Data File /B Version III is given in Ref. It,
The ENDF/B-III pointwise data and resonance parameters were processeo
by the ET0X code (Appendix A) at HEDL and supplied as punched-card
output in the Bondarenko format for final processing as described in
the preceeding section. The 30 neutron energy group structure
consists of basically 0.5 lethargy width groups with some subdivisions
to handle the principal resonance structure of the diluents Na, Fe
and O. Details of this g.oup structure and that of the condensed
9- and 21-group sets are shown in Table 4.3-36.

The inclusion of axial and radial blankets is a primary
design feature of LMFBR's. Therefore, the prediction of in-core gamma
heating has become an important post-FFTF LMFBR design problem.
LMFBR gamma heating is calculated for CRBRP by the neutron-gamma
coupled diffusion method in which the coupling between neutron and gamma
groups, which occurs due to gamma production by way of neutron inter-
actions, is mathematically represented in the cross sections in the
scattering matrix. The scattering matrix contains gamma energy yield
data from fission, capture and inelastic scattering sources. The
gamma ene iy yield cross-section matrix is developed and coupled with
a neutron .;ross-section data set, producing an N plus G group master
cross section library in a module of SPHINX *. The SPHINX neutron-
gamma coupling libraries currently contain data from three basic sources:
(1) Westinghouse local coupling library designed for use in the APPROPOS*
code, (2) ENDF/B-IV coupling data processed through AMPX by ORNL, and
(3) particle energy release data (MeV/ fission) from M. F. James (Reference
22).

51 * Appendix A contains computer code abstracts.
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4.3.3.3 Critical Experiments in Support of CRBRP

The LMFBR design methods and cross section data are verified
by direct comparison of calculated parameters with integral measurements
in cr'' 'l mockup experiments. In the following sections, we will
discuss uie historical application or these integral experiments as
benchmarks against which the accuracy of the design methods and data
are evaluated and design bias factors and uncertainties are developed
for application M the CRERP (Reference 23).

*

4.3.3.4 ZPPR Assembly 2 and ZPR-6 Assembly 7

ZPPR Assembly 2 was the first demonstration plant benchmark
critical assembly. It was designed i, accordance with the general
LMFBR design features envisioned by the major LMFBR contractors,
including Atomics International, General Electric and Westiiighouse
Electric corporation. The experimental program was developed by the
Argonne National Laboratory for pin versus plate measurements in order
to assess the influence of the critical assembly plate environment,
which generates local heterogeneities that are significantly different
thar those found in the nearly homogeneous pin environment in power
reactors. Special emphasis was placed on reactivity, reaction rate
ratios, Doppler effects and sodium voiding. The ZPPR-2 program on pin
versus plate experiments and analyses was essential to the verification
of the general applicability of the plate critical experiments to
the design analyses of pin geometry power reactors. Prior to the
ZPPR-2 pin measurements, the only experimental data for testing
heterogeneity estimates invclved plate bunching experiments wherein
reactivity effects of varying plate drawer arrangements were made.
The pin replacement experiments provided a more direct test of hetero-
geneity effects even though the experimental pin cells are somewhat
more heteroganeous than an LMFBR fuel assembly. Similar measurements
were performed in ZPR-6-7 which is a large single-zone assembly with
a cell structure and composition nearly identical to the inner core
zone in ZPPR-2.

The pin versus place measurements in ZPPR-2 and ZPR-6-7
were performed by replacing small regions of the normal plate core
with pin calanuria containing 16 fuel rods (0.410 and 0.348 inch cladding
and mixed oxide fuel pellet diameters, respectively) within each
approximately 2x2 inch drawer. Figure 4.3-56 shows a cross section
view of tne ZPPR-2 assembly which outlines the central pin region
(69 matrix drawers) and the radial pin sector. Initial pin versus
plate measurements were performed in the central 69 drawers and the
pin calandria were then rearranged into the radial pin sector for
later measurements. Figure 4.3-56 also shows cross sections of the

51 ZPPR-2 inner core zone plate arrangement and of the pin calandria.
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In ZPR-6-7, the pin sector was cor.. prised of 25 drawers. Axially, the
ZPPR-2 pin region included the full 36 inch core height and extended
6-inches into the axial blankets, while the ZPR-6-7 pin region included
only the central 24 inches of the 60 inch core height.

The evaluation and analysis of the pin versus plate ZPPR-2
measurements have been reported elsewhere (Ref. 16, 24, & 25). This
data is summarized in Table 4.3-37. With the exception of the pin
versus plate interchange reactivity effects, calculations at both
ANL and ARD accurately reproduced the measured values for pin / plate
ratiosincluding9 sodium void, Doppler effect, reaction rate ratiosand 'entral Pu2 worth measurements (Ref.16). These results gave
considerable confidence that biases and uncertainties derived for
these quantities from the plate-critical integral experiments could
be applieJ to the power reactor. However, there wx a substantial
discrepancy in the capability to cale.ulate the pin .arsus plate
interchange reactivity effect in ZPF.s-2 compared to ZPPR-6-7 (C/E
ratio of 1.64 in ZPPR-2 compared to 1.07 in ZPPR-6-7). The axially
longer region of pin versus plate replacement in ZPPR-2 (48 inches)
compared with ZPR-6-7 (i4 inches) was pointed out (Ref. 24) as a possible
cause for the significant effects in ZPPR-2 due to rod / plate streaming
differences. A difference of about 5-6% in diffusion coefficients
between pin and plate environments was shown to be sufficient to
explain the inconsistency betwcen ZPPR-2 and ZPR-6-7 pin versus
plate reactivity effects (Ref.16 & 24). The direction-dependent
streaming in the conventional cin versus plate reactivity analys's
in ZPPR-2 has been confirmed by Zoltar, etc. (Ref. 26). Application
of Benoist's streaming corrections (Ref. 27) to tne analyses of
ZPPR-2 and ZPR-6-7 put the two comparisons in rt.asonable consistency.
The ratio of calculation to experiment for the pin versus plate fuel
replacement reactivity is about 1.2 for ZFPR-2 and 1.07 for ZPR-6-7.

4.3.3.5 ZPPR Assembly 3

ZPPR-3 was a two enrichment zone assembly with each zona
containing approximately 50% of the core volume. Axial and radial
blankets surround the core. The drawer fuel loading pattern remained
the same as ZPPR-2. The major difference between ZPPR-2 and ZPPR-3
was the simulation of a control system in ZPPR-3.

A serics of critical experiments were performed in ZPPR
Assembly 3 to investigate the effects of the control system on core
nuclear characteristics as a part of the Demonstration Plant Benchmark
Critical Program. The experimental configuration of ZPPR-3 (shown
in Figure 4.3-57 was separated into 3 phases corresponding to the
end-of-cycle (Phase 1B), middle-of-cycle (Phase 2), and beginning

51
of-cycle (Phase 3) reactor control conditions. The principal
reactor parameters experimentally studied in ZPPR-3 were power distri-
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bution, control worth and sodium void reactivity effects. ZPPR-3
was used primarily to provide a preliminary estim ',e of the Demonstra-

tion Plant power and control rod worth uncertainties.

4.3.3.6 L M-3 Modified Phase 3 Sodium Veid Benchmark

The Modified r iase 3 configurat on vf ZPPR-3 was designed
to more closely mockup .he homogeneous core design of the CRBRP with
seven inserted contr. .ods. An extensive series of sodium void
measurements were performed in ZPPR-3. The primary purpose of these
experiments was to measure the reactivity effect of large sodium void
zones with a number of control rods inserted. One of the measurement
configurations, the 632 drawer reference void in the Modified Phase 3
configuration as shown ir. Figure 4.3-58, has been chosen to be the
basis for the sodium void benchmark.

This series of experiments provided considerable insight ir."
the ability of the design methodology and cross section data to predict
the maximum positive sodium void reactivity worth in a CRBRP-size LMFBR.
Sodium voiding was accomplished in ZPPR-3 by replacing a number of
steel-clad sodium plates with empty steel cans such that only a change
in sodium content occurred. The axial height of the voided zone was
i 12 inches about the core midplane which is approximately the void
height which is predicted to result in the maximum positive reactivity
effect. The sodium void reactivity worth was determined for void
zones extending from the core centerline out to a total of 632 matrix
drawers (approximately 80% of the core cross sectional area).

Figure 4.3-59 shows the two-dimensional RZ calculational
model which was used for the analysis of the ZPPR-3 Modified sodium
void worth experiments. First-order perturbation calculations were
performed using 21-group ENDF/B-III cross section data. The results
of this analysis are shown in Figure 4.3-60 for 228, 466, 510, and
632-drawer voided zones. Experimentally, the maximum positive void
worth occurs at approximately 510 drawers voided where the ratio of
the calculated void reactivity worth to the measured value is about
1.33. All of the calculated void worths lie within i 50 percent of
the measured values up to and including the point of maximum positive
void worth, and in fact, the RZ calculation conservatively overpredicts
the positive void reactivity worth. The experimental voiding patterns
did not lend themselves particularly well to the cylirdrical modeling
in two dimensional RZ geometry. This was particularly evident in Figure
4.3-60 where the calculation-to-experiment ratios were somewhat divergent
in the vicinity of the smeared row seven control ring. Consequently, a
series of three-dimensional (VENTURE) perturbation calculations were per-
formed for the sodium voiding experiments in both ZPPR-3 Phase 3 and Phase

51 3 Modified configurations. The results of these calculations are shown
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in Figures 4.3-61 and 62, respectively. The three-dimensional calcula-
tions produced void reactivity worth ruults which were within +10
percent of the measured values for the Phase 3 experiments and T4 per-

-

cent of the measured values for the Phase 3 Modified experiment .
This overall good agreement suggests that the design method and data
can indeea accurately predict the worth of large-scale sodium voiding
so long as the void zone is confined to the strongly moderation-driven
positive void worth regions of the core.

4.3.3.7 ZPPR-4 (Pre-Engineering Mockuo Critical for Homogeneous
CRBR[_)_

The primary objectives of the ZPPR-4 program were to verify
the homogeneous CRBRP core nuclear characteristics including power mar-
gins for the first and equilibrium cycles, control rod worth characteris-
tics and the effect of control insertion patters on the core power
distributit and radial and axial blanket effects. The reference
ZPPR-4 configuration is shown in Figure 4.3-63. The drawer fuel
loadings and core layout of ZPPR-4 closely simulated the CRBRP first-
core configuration.

The detailed results of the analysis of the ZPPR-4 experiments
are presented in References 28 and 29. Table 4.3-38 summarizes the
treasured and calculated eigenvalues for the four phases of ZPPR-4.
The calculations systematically underpredict the critical eigenvalue
resulting in a keff bias of 1.0036 and an uncertainty of +0.0031
(10).

_

Foil activation measurements of Pu239 (n,f). U235 (n,f),U238
(n,f), and U238 (n,y) (for the prediction of blanket plutonium buildup
and core conversion ratio) reaction rates and TLD measurements of
gamma heating rate support the determination of the power distribution
uncertainty throughout the core and blankets. Foil and thermolumi-
nescent dosimeter (TLD) irradiations ace performed at a large number
of locations throughout a syrmetric core sector at both the core mid-
plane and for axial distributions in selected fuel and blanket drawers.
Special emphasis is placed on enrichment-zone, olanket and reflector
interfaces, as well as regions surrounding inserted control rods.
The pointwise foil data are corrected for cell fine-structure through
a combination of cell calculations and drawer-averaging measurements,
making the measured reaction rate data compatible with homogenized-
drawer calculations. In order to avoid a first-order uncertainty
in the normalization to ZPPR power level, the calculated reaction
rates are normalized such that the total calculated Pu239 fission
rate in the fuel is equal to the total measured value. This is nearly

51 239 fission accountsequivalent to a power level normalization since Pu
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for 80-90% of the total reactor power. The remaining reaction rates
are then compared based on this same power /" lux level) normalization.
Complete details of the analysis of the ZPPR-4 reactlan rate measure-
ments are given in References 28 and 29. Table 4.3-39 summarizes
this analysis in terms of a mean or average calculation-to-experiment
(C/E) ratio and a la variation about this mean, with each calculated

239distribution being power (flux) normalized to the measured Pu
fission rate as described above. The normalization factors indicate

239that U235 fission is overpredicted by about 2% relative to Pu
fission, and U238 fission is unpredicted by nearly 7%, suggesting an
underprediction of the high-energy fluxes in the few-oroup diffusion
calculation. U23e capture is overpredicted by nearly 6% relative
to Pu239 fission indicating an overprediction of the end-of-life
blanket plutonium content. Several general trends are noted in
the data. Most importantly, it appears that the standard power
reactor design ca'.culational method does a good job of predicting the
power distributions throughout a great majority of the core. The
RMS variation in the C/E ratio for the important Pu239 fission rate
is less than +2%. There does tend to be some degree of misprediction
of the C/E ratios across the inner core / outer core boundary and the
core / blanket interface. The largest differences show uo in the radial
blanket where the C/E ratios consistently fall off approximately 10
to 15% in the vicinity of the blanket / reflector interface which is
generally a low power region. The normalized axial reaction rate
distributions indicate a 2-3% overprediction of the midplane values
with respect to the core-average, resulting in an overprediction of
the axial peak-to-average ratio. Corresponding by, these same C/E
ratios are low by about 5% in the vicinity of the core / axial blanket
interface.

The ability to accurately and reliably predict the minimum
available control rod worth in a variety of reactor configurations is
clearly important in the design of reactors. ConseqJently, a substantial
amount of .:ffort has been expended in the recent ZPPR program, commencing
with ZPPR-3 and 4, toward confirmation of control rod worth calculational
methods and the establishment of ca',culational bias factors and uncer-
tainties. The analysis of the ZPPR-4 control rod worth measurements
is contained in References 28 and 29. Table 4.3-40 sumarizes the
results of ZPPR-4 control rod bank worth calculations using the
standard power reactor coarse mesh, two-dimensional diffusion theory
methods with 9-group ENDF/B-III data. Overall, the control rod bank

worths were well predicted, confirming the adequacy of the design
calculational method, witn calculation-to-experiment ratios ranging
from 0.95 to 1.04. There is a very slight tendency to underpredict
the worth of the central and inner ring (row 4) rods. The average control
rod worth bias (inverse of the calculation-to-experiment ratio),

51 based on 27 control rod worth measurements in all four phases of ZPPR-4
1.01 + 0.02 (10). In addition to the determination of the control
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rod worth bias and uncertainty, a number of special experiments were
performed to investigate particular design problems. Among these
special experiments were the determinaHon of the worth as a function
of B-10 enrichment (BqC loading), the measurement of several data
points on the integrel worth curve for partly inserted rod tunks
(ZPPR-6), and the confirmation of the worth reduction associated with
a tightly clustered control absorber bundle (ZPPR-4).

4.3.3.8 ZPPR-5 (HCDA Engineering Mockup Critical for Homogeneous
CRBR)

Upon completion of the ZPPR-4 program, an Engineering Mockup
Critical program for CRBRP was initiated. The program was to consist
of measurements and analysis of two distinct configurations. The
first, ZPPR-% was designed to provide HCDA related measurements,
and the sec...d, ZPPR-6, was to provide reasurements of basic design
related parameters such as power distributions and control r- d
wo;;.hs. Due to the implementation of the ZPDR-7 program for the
heterogeneous core (Section 4.3.3.9), only the ZPPR-5 results are
considered herein.

ZPPR-5 investigated such HCDA rela ..d parameters as sodium
voiding, steel slumping, fuel slumping and Doppler feedback. The
sodium voiding experiments encompassed portions of the core and the
upper axial blanket in a sequence representative of a hypothetical
power reactor voiding pattern. Two-dimensional RZ analysis indicated
a non-st3tistical uncertainty of +20% in regions of large positive

_

voiding worths (central core regions). The error is much larger in
the axial blankets due to the inability of the method to accurately
predict neutron streaming in the plates. Three-dimensional (XYZ)
perturbation theory analysis has been performed in the voiding
sequence in ZPPR-5 but has indicated no significant improvement in
the uncertainty. It should be noted that the voiding was not confined
axially '.o f_12 inches as was the case in the ZPPR-3 experiments
but extendea into the axial blankets in order to model a representative
sodium voiding sequence. Voiding was performed in the axial blankets
prior to the fuel height region. Consequently, the uncertainty in
these predictions are larger than ZPPR-3 due to the enhanced neutron
streaming. The neutron streaming effect due to plate heterogeneity
in the criticals will not be so predominant in power reactors because
of their more homogeneous distribution.

4.3.3.9 ZPPR-7 (Pre-Engineering Mockup Critical for CRBRP Hetero-
geneous Core)

The purnose of the ZPPR-7 program was to provide pre-EMC
design support for the heterogeneous CRBRP core arrangement. Infor-

51 mation obtained from this program was used to validate and provide
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preliminary casign bias factors a d uncertainties for the CRBRP hetero-
geneous ; ore physics characterist s, and to affect the selection of

the CRBRP core layout and fuel management scheme. The experimental
program was divided into a number of phases, highlighted by a clean
benchmark configuration with annular blanket rings and no control rod
or control channel heterogeneities; simulations of both a clean,
beginning-of-life, core with fresh blankets and a burned, end-of-life,
core with depleted fuel and plutonium buildup in the internal blankets;
and various simulations of control pattern effects on core characteris-
tics. The initial ZPPR-7 configuration modeled an early version of
the CRBRP heterogeneous core layout. These measurements were followed
by a brief series of experiments which validated the earlier results
in a mockup of the final CRBRP heterogeneous core configuration in
Figure 4.3-1. The analysis and description of the ZPPR-7 measurements
is contained in References 30 and 31. Figure 4.3-64 shows the core
layouts for the principal ZPPR-7 configurations.

ZPPR-7A was a benchmark configuration with clean (no plutonium)
annular blanket rings inside a single enrichment core with no control
rods or control rod channels which was intended to isolate the charac-
teristics of the heterogeneous core geometry. The principal experi-
ments investigated criticality, key isotopic neutron reaction rate
distributions and sodium void worth.

The Phase B core was rearranged to provide a better simulation
of a CRBRP fresh core with 12 control rod channels (6 in row 4 and 6 in
row 7 corner) and inner blanket islands in the outer fuel zones. The
objectives of this configuration included an examination of criticality,
control rod bank worths and fuel / blanket interchange worths, and isoto-
pic fission and capture rate distributions in the fuel and blankets.

Many of the Phase B measurements were repeated in the Phase C
configaration which simulated end-of-life core conditions with depleted
fuel and plutonium loaded in the inner blankets. This series of
experiments provided information on the flux and power shift associated
with blanket plutonium buildup and its effect on criticality, reaction
rate distributions, and control rod worth.

The Phase D configuration more closely simulated the CRBRP
control pattern with a total of 15 control rods (6 row seven corner
rods, 6 row seven flat rods, and 3 row 4 rods) in the end-of-life
mockup. The Phase E configuration examined the effects of the inserted
row seven corner control rod bank on the core power distribution.

After the completion of the ZPPR matrix expansions to 14
feet by 14 feet to accommodate larger core configurations, the ZPPR-7B
configuration was reassembled as a normalization to the earlier

51 measurements (designated Phase F).
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Extensive control rod worth measurements were performed in
Phase G. The Phase G core configuration was the same as that of Phase D
with '5 control rods except that no plutonium was loaded in the blankets
in order to simulate beginning-of-life clean core conditions. Control
rod #nteractions and flux tilting effects were investigated through
a sr. ries of symmetric and asymmetric rod-cluster and individual rod
insertion measurements.

In Phase H, the row seven corner rod bank was half inserted
anj extensive foil irradiations were performed in order to simulate
the three-dimensional power perturbations encountered in a clean,
beginning-of-life core with partial control rod insertion.

Following a series of non-CRBRP thorium-zone measurements in
ZPPR-8, the Phase 8F configuration was assembled to simulate the final
CRBRP hetercgeneous core configuration at the beginning-of-life with
fuel islands surrounding both the row seven corner and the row seven
flat control rod banks (Figure 4.3-1). The experimental progre.n was
structured to verify the power shape and control rod worth biases and
uncertainties which were determined in the earlier ZPPR-7 experiments.
In addition, the power tilt associated with an out-of-bank control

rod was measured as was the control rod / fuel assembly interchange
worth in the shutdown configuration.

The ZPPR-7 Critical exo9rimento provide a valuable integral
data base against which the accuracy of the CRBRP design methods and
cross section data can be evaluated for application to the hetero-
geneous core configuration. Because of differences in geometry,
composition, size, and temperature between the zer s power critical
experiments anj the CRBRP, the measured integral parameters obtained
from the critical are not applied directly to the reactor design.
Rather, the accuracy of the design calculational methods and cross
section data are evaluated by comparing calculated and mea' . red
critical parameters. The resulting biases and/or uncertainties fr]m
this comparison are then applied to the calculation of these same
parameters in the reactor design using the same calculational methods
and data. In the paragraphs that follow, the development of the
preliminary design bias factors and uncertainties from the ZPPR-7 and
8 data base will be summarized for application to the heterogeneous
core configuration in the principal design areas of reactor eigen-
value prediction, power distribution accuracy, control rod worth
uncertainty and sodium void worth. Complete details of the ZPPR-7

51 and 8 analysis are included in References 30 and 31.
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ZPPR-7 and 8 Eigenvalue Prediction:

Table 4.3-41 summarizes the measur ed and calculated critical
eigenvalues (keff) for ZPPR-7 and 8. In order to avoid mixing the
con rol rod worth biases in with the development of the reactor eigen-
value bias, only the clean (unrodded) phases of ZPPR-7 and 8 are
included in Table 4.3-41. The calculations systematically under
predict the critical eigenvalue, resulting in a keff bias of 1.0101
and an uncertainty of + 0.19% ak (10). Within the stated standard

_

deviation in the calculation-to-experiment ratios in Table 4.3-41,
there is no statistical differe :e between the eigenvalue bias in
the beginning-of-life and end-of-life phases of ZPPR-7 and 8. The
ZPPR-7 and 8 eigenvalue bias is included directiv :n the determination
of the CRBRP critical loading and the 10 variation is included as an
uncertainty in the excess reactivity requirements for both the cri-
tical fuel loadhig and control rod worth requirements determinations.

Power Distribution:

The integral dai.a from the ZPPR experiments supporting the
power distribution analysis consists of foil activation measurements of
Pu239 (n,f), U2 s(n,f), U2 38(n,f), and U 38(n,y)(for the prediction of2

blanket plutonium buildup and core conversion ratio), and TLD measure-
ments of gamma heating r;te. Foil and TLD irradiations are performed
simultaneously in a large number of locations throughout a symmetric
core sector at the core midplane and axial distributions in selected
fuel and blanket drawers. Special emphasis is placed on blanket and
reflector interfaces as well as regions surrounding inserted control
rods. The pointwise foil data are corrected for cell fine structure
through a combination of cell calculations and drawer-averaging
measurements, making the measured reaction rate data compatible with
homogenized-drawer calculations. In order to avoid a first-order un-
certainty in the normalization to ZPPR power level, the calculated
reaction rates are normalized such that the average calculated
Pu239 fission rate in the fuel is set equal to the average measured
value. This is nearly equivalent to a power normalization since
Pu239 fission accounts for between 80 and 90% of the total reactor
power generation. The remaining reaction rates are then compared
based on this same power (flux level) normalization.

Table 4.3-42 summarizes the analysis of the ZPPR-7 reaction
rates in terms of an average calculation-to-experiment (C/E) ratio
and a la variation, with each calculated distribution being power
(flux level) normalized to the measured Pu239 fission rate in the fuel
as described above. The normalization factors indicate that U235
fission is overpredicted by about 4% relative to Pu239 fission in
the heterogeneous critical assemblies. U238 fission is underpredicted

51 by nearly 20% in the fuel and about 6% in the inner blankets, indica-
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O ting both a general underprediction of the high energy fluxes and sub-
stantial errors in predicting the spectral gradients between the fuel
and blanket assemblies with the coarse-mesh, few-group diffusion
calculations. U238 capture is overpredicted by nearly 10% relative
to Pu239 fission, indicating a general overprediction of the end-of-life
blanket plutonium buildup, and hence, the end-of-life blanket power

239generation. The important Pu fission rate is, however, well predicted
with the standard reactor design methods, with an RMS deviation of
less than + 2% in the C/E ratios throughout the core and blankets.

Figures 4.3-65 and 66 show the normalized distributions of
the midplane Pu239 fission rate calculation-to-experiment ratios repre-
senting the general radial distribution trends at the beginning-(Phase
B) and end-of-life (Phase C). In the beginning-of-life core (Phase B
in Figure 4.3-65) with no plutonium in the blankets, the C/E ratios
tend to be low in the central core regions and tilted toward 3-5%
higher values around the outer ring fuel clusters especially around
the row-seven corner control channels. The impact of refinements
in the power distribution calculation methods, and the sensitivity
of this tilted characteristic to cross section data variations is
discussed in Reference 32. The CRBRP power predictions in comparable
regions are biased downward 1-3% as described in Section 4.3.2.2.9
to compensate for this inherent overi .ediction. This tilt is not
observed in the end-of-life (Phase C in Figure 4.3-66) simulation
with a more homogeneous distribution of plutonium throughout the
core.* The largest differences in both phases occur in the radial
blanket where the C/E ratios consistently fall off 10-15% or more
in the vicinity of the blanket / reflector interface (which is generally
a low power region). This fall-off, which is similar to that observed
in the hom.geneous ZPPR-4 experiments, is included in the blanket
uncertainty assessment in Section 4.3.2.2.9. The normalized axial
reaction rate distributions indicate a 2% overprediction of the
midplane reaction rates with respect to the channel-average and a
corresponding 55 underprediction of the reaction rates at the core
extremities in the vicinity of the core / axial blanket interface.

The power-normalized reaction rate biases and uncertainties
(at the 3a level) are applied in the reactor design, with appropriate
weighting for the time and space dependent fraction of power attribu-
table to each reaction type, in order to determine the limits of the
power distribution in Section 4.3.2.2.10 for design margin and cafatv
analyses.

* The Phase C configuration has plutonium loaded in the inner blankets
and removed from selected fuel locations to simulate an end-of-life

51 burned core.
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Control Rod Worth:

A substantial amount of effort was exoended in +5e ZPPR-7 and
8 program toward confirmation of the control rodwortP, calculational
methods and the development of calculation bias factors and uncertainties
supporting the minimum shutdown margin. Table 4.3-43 lists the results
of control rod worth calculations in the heterogeneous ZPPR-7 mockup
for both the beginning-of-life with a clean core and blankets and for
an end-of-life simulation with plutonium leaded in the inner blankets.
In contrast to the generally well predicted ZPPR-4 results in Section
4.3.3.7, the heterogeneous ZPPR-7 control rod worth calculation-to-experi-
ment ratios exhibit a strong spatial bias in the beginning-of-life
core (Phase B), varying between 0.91 in the inner ring (row 4) rod
worths and 0.99 in the outer ring (row 7 corner) rod worths. The
end-of-life worths (Phase C) are consistently underpredicted by
nearly 10%. It would seem that the close prediction of the beginning-
of-life row 7 corner rod worths is an anomaly associated with the
calculated reaction rate tilt (overprediction) in this same region.
Transport and mesh effects no longer compensate in the highly-loaded
ZPPR-7 control rods as noted by the much closer overall agreement
obtained with a finer mesh diffusion calculation in Table 4.3-43.
The coarse-mesh (1 mesh per ZPPR drawer corresponding to 4 meshes
per control assembly) control rod bias is therefore not directly
applicable to the power reactor control red worths, calculated with
6 triangular meshes per control assembly, without adjustment for mesh
sensi ti /i ty. Although the consistent underprediction of control rod
worths in ZPPR-7 may not be fully understood at this time, the
experiments do seem to indicate that the unbia:ed power reactor
calculated rod worths are probably conservatively low (that is,
final resolution of a set of heterogeneous ZPPR-7 control rod worth
biases will tend to raise the calculated power reactor rod worths).

Due to the importance of the control rod withdrawal event
(reactivity fault) in the design of the heterogeneous CRBRP where flux
shifting and control rod interactions have been found to be substantial .
a series of experiments (ZPPR-7G) were perfomed in which a large number
of asymmetric control rod insertion patterns were studied. These
patterns included single and small clusters of rods inserted asymmetri-
cally in the core, five-out-of-six rods inserted in a bank (simulating
the stuck rod condition), and five-out-of-six secondary control rods
inserted in a core containing five-out-of-six inserted primary rods
(simulating the limiting condition where the stuck secondary control
rod is adjacent to a faulted-withdrawn-primary control rod). The
patterns produced suostantial flux shifts in the reactor, resulting
in control rod interaction factors * exceeding a factor of two. Pre-

* Control rod interaction factor is defined as the ratio of tha rod worth
5) in a particular asymmetric pattern to the average worth in a symmetric

bank.
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liminary analysis of these experiments in Reference 30 indicates that
the grossly asymmetric patterns (or control rod interactions) are
predicted with approximately the same accuracy as the symmetric bank
worths in Table 4.3-43 using the standard power reactor design methed
and a full-core two-dimensional calculation model, thereby confirming
the adequacy of the maximum reactivity fault values used in the
development of the heterogeneous power reactor control requirements.

Sodium Void Worth:

A series of sodium void worth measurements were performed in
the clean benchmark ZPPR-7A configuration. Tu voiding was more
confined to the central core regions ; San the HCDA simulation in
ZPPR-5 (Section 4.3.3.8). The voided region extended stepwise from
the central blanket out through the second fuel ring (see Figure
4.3-64) at a radius of about 50 cm, and the axial void included
parts of the axial blanket (t 60 cm from the core midplane) in the
central blanket and fir st fuel ring, and only the central core regions
(130.5 cm) in the first blanket ring and the second fuel ring in
Figure 4.3-64. Two-dimansional (RZ) first order perturbation theory
calculations indicated nat the positive (moderation) component of
the void worth is reduced compared to the homogeneous ZPPR, core values,
confirming the lower positive sodium void worth characteristic of the
heterogenous core, and the calculation-to-experiment ratios for the
positive void worth regions were somewhat lower than the comparable
ZPPR-3 and 5 values.

4.3.3.10 Computer Code Abstracts

Nine computer codes were used to cupport the nuclear analysis
described in the previous sections. They are: ANISN-W, W-2DB, PERT-V,
ET0X and XSRES-WIDX, PUMA, SPHINX, VENTURE, and POWPIN. A brief
abstra,:t of each of these codes is found in Appendix A.

4.3.4 Changes

The desi'n features of the Clinch River Breeder Reactor can
be compared with at least four different sodium cooled, fast reactors
built or currently under construction in the United States. These
include: (1) the Experimental Breeder Reactor (EBR)-II, (2) the
Enrico Fermi Atomic Power Plant, (3) the Southwest Experimental
Fast 0xide Reactor (SEFOR), and (4) the Fast Flux Test Facility
(FFTF). These four reactors were all designed to test and verify

51 specific features and components of fast breeder reactors.,
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The EBR-II was originally designed as a demonstration of the
feasibility of operating an LMFBR power plant with integral closed fuel
cycle provided by an on-site fuel reprocessing and refabrication plant.
Although not specifically designd for the purpose, it was designated
as the nation's principal fast flux irradiation facility. Samples
are irradiated in high temperature sodium and high fast neutron
flux environment. The reactor core employs metallic uranii a fuel
surrounded by radial and axial blankets and produces 62.5 MWt and
20 MWe.

The Femi reactor was designeu and built to serve as the
first full-scale mockup of a large, sodium cooled, fast breeder reactor.
More specifically, its objectives included the testing of such compo-
nents as the steam generator, sodium pump and fucl handling equipnent
and to demonstrate the economic feasibility of the LMFBR to produce
power on an electric utility grid. The Fermi reactor also employed
metallic uranium fuel, radial and axial blanket assemblies. The rated
power of the first core loading was 200 MWt.

SEFOR was a ceramic fueled, sodium cooled fast flux reactor

intended to provide data in support of a test program to demonstrate
that fast power reactor could be designed with desirable operating
und safety characteristics. In particular, it was designed for the
systematic determination of the Doppler coefficient of reactivity
at temperatures up to the vicinity of fuel melting. SEFOR employed
a mixed uranium-plutonium oxide fueled core with a nickel reflector
and was rated at 20 MWt.

The FFTF, currently under construction, was designed to
provide a fast neutron, sodium cooled environment typical of a large
LMFBR. This reactor will act as a full size test bed for both
current and advanced fast reactor fuel, absorber and structural
materials. These samples will be irradiated in both open and closed
test loop locations within the reactor core. The FFTF employs (U-Pu)
02 fuel in two enrichment zones surrounded by a nickel reflector and
has a nominal power rating of 400 MWt.

The CRBRP has particular design objectives which set it apart
from previous fast reactors built in the United States. Principal among
these is the requirement that CRBRP must breed fissile plutonium with a
breeding ratio in excess of 1.2 to demc . strate the potential for large
scale commercial LMFBR operation. A second distinctive feature is
the nominal power capability of 975 MWt which is more than twice as
large as any of the fcur reactors described above. In addition, CRBRP
is the first sodium-cooled LMFBR in the United States to incorporate

51 the heterogeneous core configuration.
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These requirements imply that the fuel and blanket regions of
the CRBR must be designed to maximize both the breeding of fissile material
and the thermal power output. B Jt at the same time the reactor must
be maintained and operated in a safe and reliable manner throughout
its thirty year design life. In the following discussion a detailed
comparison will be made between the CRBRP and the FFTF designs with
particular emphasis on safety related features and components.

Pertinent nuclear design features of the two rentors are
compared in Table 4.3-44. It should be noted that the di v ,sions included
in Table 4.3-44 are based on cold (room temperature) conditions.

For the initial core loading, the CRBRP fuel pin and fuel
assembly designs take the maximum advantage of the FFTF fuel experience.
Essentially, the same design has been employed with a slightly larger
assembly pitch. Because of the increased power capability, the CRBRP
fuel volume was increased by approximately 2.3 times compared to FFTF.
Since the demonstration of breeding was not an FFTF design objective,
axial and radial blankets were not employed.

The fuel enrichments, compositions and loadings are also comparei
in Table 4.3-44. In the early operating cycles the CRBRP fuel assemblies
employ the same type of low-240 plutonium fuel as the FFTF. In later
cycles the CRBRP may employ light water reactor discharge grade plutonium
which has a fractionally lower relative amount of Pu-239 and larger
concentrations of the higher plutonium isotopes. More than twice
as much fissile plutonium is employed in the first core loading of
the CRBRP as in FFTF.

The designs of the control rod systems for these two reactors
are summarized in Table 4.3-44. Both the primary and secondary control
systems in CRBRP and FFTF employ boron carbide as the neutron absorber.
All CRBRP control assemblies are fully enriched in B-10 to meet the
control requirements (see subsection 4.3.2.6 for details).

The operating conditions, including burnup limits, refueling,
power distributions and peak flux for these two reactors are also
listed in Table 4.3-44. The overall radial power peaking factors
for the CRBPP are sma'ler than those quoted for FFTF. This is due to
the larger core radius, different control rod patterns and the
heterogeneous fuel and blanket arrangement.

The reactivity coefficients for the CRBRP are discussed in
detail in subsection 4.3.2.3. Table 4.3-45 compares the different

51 reactivity coefficients of CRBRP and FFTF.
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The Doppler effect in fast reactors with a large U-238 content
provides a reliable, prompt negative reactivity feedback to mitigate
the effects of reactivity transients which can lead to rapid power
increases. Consequently, the magnitude of the Doppler coefficient
has special significance in the safety analysis of fast reactors. The
Doppler coefficients in Table 4.3-45 are listed by reactor zone for
four different times in the life of the plant.

In all four cases the CRBRP Doppler coefficient summed over all
core zones is at least 60% larger (more negative) than the FFTF value.
The fuel and inner blanket Doppler constant is nearly 40% larger than
the FFTF value. The fast-acting fuel Doppler contribution alone is
about half the comparable FFTF value.

The remaining reactivity coefficients compared for these two
reactors are all associated with mechanical motion due to temperature
changes in te fuel, coolant and structure. The average sodium density
coefficients for the CRBRP and FFTF during the first cycle are given
in Table 4.3-45. These results are based on changing the density of
the coolant in all fueled zones, including the inner and radial
blankets in the CRBR. The sodium density coefficient is significantly
smaller (less negative) in the CRBRP because of the positive contribu-
tion from the core zone.

The uniform radial expansion coefficients for the two reactors
during the first cycle are also shown in Table 4.3-45. These values
are based on the expansion of the lower core support structure, which
changes the average assembly pitch with changes in the coolant inlet
temperature. The uniform radial expansion coefficient for CRBRP is
smaller than the FFTF value because of the heterogeneous fuel and
blanket arrangement in the CRBRP core. Radial bowing effects, including
those impcsed by the core restraint mechanism, are discussed in Section
4.3.2.3.4.

Finally, the uniform axial expansion coefficients for the
two reactors at beginning-of-life are listed in Table 4.3-45. These
results are based on the expansion of the fuel pellet stack with
changes in the average surface temperature of the dished fuel pellets.
It is assumed that the pellets move freely within the cladding tubes
and that the axial motion is governed solely by the linear expansion
coefficient of the mixed uranium-plutonium oxide. This ac .amption
tends to yield the largest (magnitude) coefficients; G l ellet
sticking to the clad or degradation of the fuei pellets un er irra-
diation will significantly reduce the magnitude of this coefficient.

Additional safety related features and components of the
51 CRBRP are compared with selected foreign built LMFBRs in Section 1.3.
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TABLE 4.3-1

REACTOR DESCRIPTION

FUEL ASSEMBLIES UNITS DESCRIPTION

Fuel Height M 0.9144

Geometry Hexagonal

Number in Core (BOCl) 156

Rod Array Triangular

Rods per Assembly 217

Rod Pitch (Fully Ccmpacted) MM 7.264

Overall Assembly Dimensions:,a
Y Flat to Flat Distance Outside Edges of
8 Hexagonal Duct (away from load pads) M 0.1162

Flat to Flat Distance Inside Edges M 0.1101
Hexagonal Duct

Pitch M 0.1209

Volume Fractions in Fuel Assembly (Drawing
; Dimensions)

| Fuel 0.325

Sodium 0.419

m> Gap 0.022
- ma
['s y{ Structure 0.234'

r, .

?.; Gm Total Heavy Metal (Plutonium and Uranium) Kg 5189.
C.: M" Weight in Fuel (B0Cl)
Q 51



TABLE 4.3-1 (Continued)

FUEL RODS UNITS DESCRIPTION

Number in Plant (BOCl) 33852
Clad Outside Diameter MM 5.842
Diametral Gap MM 0.165
Clad Material 20 Percent CW-Type 316 SS
Clad Thickness MM 0.381
Pitch / Diameter Ratio 1.24
Smear Density % theoretical 85.5

FUEL PELLETS
a
*

y Material Plutonium 0xide and
e Uranium 0xide

Density (Percent of Tin.. 11) % 91.3

Plutonium Weight Fraction (First Core) 0.328

Plutoniuin Weight Fraction (Typical Equilibrium
Core) 0.330

Pellet Diameter MM 4.915

Pellet Length MM 6.096

1sotopic Composition of Feed Plutonium
[[ ' Low - 240 Grade)
I 5. Pu-238 % by weight 0.06cp

7, @g Pu-239 % by weight 86.04

h *
Sj Pu-240 % by weight 11.70

h

9 O O



TABLE 4.3-1 (Continued)

FUEL PELLETS (Cont) UNITS DESCRIPTION

Pu-241 % by weight 2.00

Pu-242 % by weight 0.20

Isotopic Composition of Depleted Uranium

U-235 % by weight 0.2

U-238 % by weight 99.8

BLANKET THICKNESS AND COMPOSITION

Top Axial (Fuel Assemblies) M Sodium, Stainless Steel
* Plus Depleted Uranium.

{ 0xide (0.356)
"

Bottom Axial (Fuel Assemblies) M Sodium, Stainless Steel
Plus Depleted Uranium
0xide (0.356)

Radial M Sodium, Stainless Steel
Plus Depleted Uranium
0xide (% .28)

TOP AND BOTTOM AXIAL BLANKETS

Geometry Same as Fuel

Blanket Pellets
"$"

g~ .@ m Material Depleted Uranium 0xide
ra

{ Density (Percent of Theoretical) % 96.0* "
.

C k$ Diameter MM 4.826v

f . tO

y Length MM 10.016

Total Heavy Metal (Uranium) Weight in Blanket Kg 4225

51 (Upper and Lower)



TABLE 4.3-1 (Continued)

INNER / RADIAL BLANKET ASSEMBLIES UNITS DESCRIPTION

Geometry Hexagonal

Number in Plant, Inner / Radial (80Cl) 82/132

Rods Per Assembly 61

Rod Pitch H. 13.778

Assembly Drawing Dimensions

Flat to Flat Distance Outside Edges
of Hexagonal Duct M 0.1162

Flat to Flat Distance Inside Edges of M 0.1101

p Hexagonal Duct

Volume Fractions in Blanket (Drawing Dimensions)

Fuel 0.539

Gap 0.014

Sodium 0.278

Structure 0.169

Total Heavy Metal (Uranium) Kg 8270/13312
Weight in E'lanket, Inner / Radial (80Cl)

,

INNER / RADIAL BLANKET RODS

to wg
t.. jg Number in Plant, Ir.ner/ Radial (B0Cl) 5032/8052

C c-

J Clad Outside Diameter MM 12.852
.

8$'

r Diametral Gap MM 0.152) *

51
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TABLE 4.3-1 (Continued)

INNER / RADIAL BLANKET RODS (Cont) UrlITS DESCRIPTION

Clad Material 20 Percent CW-Type 316 SS

Clad Thickness MM 0.381

Pitch / Diameter Ratio 1.072

INNER / RADIAL BLA:lKET PELLETS

Material Depleted Uranium 0xide

Pellet Density (Percent of Theoretical) % 95.6
.

Pellet Diameter MM 11.958
*
.

Y Pellet Stack Height M 1.626

CONTROL R0D ASSEMBLIES

Geometry hexagonal

Number in Plant 15

Primary Rods (Startup, Burnup and Load Follow) 9

Secondary Rods (Safety) 6

Neutron Absorber Enriched Boron Carbide

h pp Fraction of Theoretical Density 92.0

?[ B-10 Enrichment in Boron Carbide:

g 1) Primary Rods (all cycles) atom percent 92.0

E~ 2) Secondary Rods atom percent 92.0

51



TABLE 4.3-1 (Continued)

C0f4 TROL R0D ASSEMBLIES (Cont) UNITS DESCRIPTI0ft

Rods Per Assembly

Primary System 37

Secondary System 31

Clad Material 20 Percent CW-Type 316 SS

Clad Outside Diameter
Primary System MM 15.291

Secondary System MM 14.036

Clad Thickness

Primary System KM 1.270,

'y Secondary System MM 0.699
e
* Pellet Diameter

Primary System KM 11.659
Secondary System KM 11.951

Pellet Stack Height M 0.9144
51

$5um
cc ra
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TABLE 4.3-2

FUEL ISOTOPIC COMPOSITION

Isotope Weight Fraction

Pu238 .0006

Pu239 .8604

Pu240 .1170

Pu241 .0200

Pu242 .0020

Depleted Uranium

U235 .002

~

51

Amend. 51
*

4.3-96
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TABLE 4.3-3

START-0F-CYCLE EXCESS REACTIVITY REQUIREMENT

FIRST-CORE FUEL

% Ak la

AkBurnup, Cycle 1 (128 fpd) 0.594 I .059

Ne6 Refueling Interchange Worth -1.526 I .061

AkBurnup, Cycle 2 (200 fpd) 2.240 I .224

Room Temperature Criticality Uncertainty .19

Uncertainty in ZPPR Bias I .2

Room Temperature to Hot-Full-Power .19
Uncertainty

Fissile Loading Tolerance I .14

Pellet Stack Heiglit Uncertainty I .1

Impurities I .1

1.304 I .457

Total Requirement 1.761 % Ak

51

Amend. 51
Sept.1979
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TABLE 4.3-4

HEAVY METAL * MASS (KG) INVENTORY IN THE CRBRP

Inner Lower Axial Upoer Axial
Fuel Blanke{a) Radial (8)Blanket Blanket Blanket'

Beginnin9-of-First-Cycle

Pu-239 1468, --- --- --- ---

Pu-240 199.7 --- --- --- ---

Pu-241 34.0 --- --- --- ---

Pu-242 3.4 --- --- --- ---

U-235 7.6 16.7 26.9 4.3 43

,a U-238 3476. 8253. 13285. 2108. 2108.

$ Fission Products --- --- --- --- ---

co

Total Heavy Metal 5188.7 8269.7 13311.9 2112.3 2112.'

End-of-First-Cycle

Pu-239 1384. 60.5 48.5 8.6 5.0gg
V Pu-240 217.7 0.6 0.3 0.1 ---

C*
C .' Pu-241 32.9 --- --- --- ---

C, '
g.j Pu-242 3.9 --- --- --- ---

U-235 6.9 15.6 26.0 4.1 4.2m>
a> a
R@ U-238 3432. 8184 13234. 2099. 2102.

Fission Products 108.5 9.1 4.4 0.6 0.4*

*E
Total Heavy Metal 5185.9 8269.8 13313.2 2112.4 2111.6*

* Heavy metal excludes oxygen.

(a) Including axial extensions.
51



TABLE 4.3-4 (Cont)

HEAVY METAL * MASS (KG) If4VEllTORY If4 THE CRBRP

Inner
Fuel Blanket (a)

Radial (,) Lower Axial Upper Axial
Blanket Blanket Blanket

Beginning-of-Second-Cycle

Pu-239 1412. 58.2 48.5 8.6 5.0
Pu-240 221.5 0.5 0.3 0.1 ---

Pu-241 33.6 --- --- --- ---

Pu-242 3.9 --- --- --- ---

U-235 7.0 15.0 26.0 4.2 4.3
U-238 3498. 7885. 13234. 2139. 2143.,

'y Fission Products 108.5 8.8 4.4 0.6 0.4
8

Total Heavy Metal 5284.5 7967.5 13313.2 2152.5 2152.7

End-of-Second-Cycle

Pu-239 1291. 141.4 116.7 21.7 12.9

Pu-240 246.7 3.5 1.8 0.4 0.1

Pu-241 32.5 --- --- --- ---

Pu-242 4.5 --- --- --- ---

T {" U-235 6.1 13.5 P4.6 3.9 4.1

Ak U-238 3432. 7779. 13156. 2124. 2134.

[Q' gh Fission Products 266.2 29.7 13.8 2.2 1.2
M"c

pj Total Heavy Metal 5279.0 7967.1 13312.9 2152.2 2152.3

Ev( * Heavy metal excludes oxygen.

51 (a) Including axial extensions.
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TABLE 4.3-4 (Cont)

HEAVY METAL * MASS (KG) IriVEf4 TORY If1 THE CRBRP

Fuel Blanket (a) Radial (a) Lower Axial Upper AxialInner
Blanket Planket Blanket

Beginning-of-Thi rd-Cycle

Pu-239 1477. --- 116.7 --- ---

Pu-240 200.9 --- 1.8 --- ---

Pu-241 34.2 --- --- --- ---

Pu-242 3.5 --- --- --- ---

U-235 7.5 16.7 24.6 4.3 4.3
* U-238 3465. 8253. 13156. 2108. 2108.
.

$ Fission Products --- --- 13.8 --- ---

Total Heavy Metal 5188.1 8269.7 13312.9 2112.3 2112.3

End-of-Third-Cycle

Pu-239 1308. 118.1 208.5 17.6 10.6

Pu-240 236.1 2.2 5.9 0.2 0.1
CO
tj Pu-241 32.2 --- --- --- ---

b Pu-242 4.3 --- --- --- ---

U-235 6.2 14.5 22.8 3.9 4.1t gg
[[ U-238 3377. 8113. 13041, 2088. 2096.

Fission Products 218.2 22.2 33.0 1.6 1.0

* Total Heavy Metal 5182. 8270.0 13311.2 2111.3 2111.8

* Heavy metal excludes oxygen.

53 (a) Including axial extensions.



TABLE 4.3-4 (Cont)

HEAVY METAL * MASS (KG) INVENTORY IN THE CRBRP

Fuel Blanket (a) Radial (a)
Lower Axial Upper AxialInner

Blanket Blanket Blanket

Beginning-of-Fourth-Cycle

Pu-239 1365. 109.4 208.5 17.6 10.6

Pu-240 243.9 2.1 5.9 0.2 0.1

Pu-241 33.5 --- --- --- ---

Pu-242 4.4 --- --- --- ---

f* U-235 6.5 13.4 22.8 4.1 4.2

5 U-238 3509. 7519. 13041. 2169. 2177.

Fission Products 218.2 20.6 33.0 1.6 1.0

Total Heavy Metal 5380.5 7664.5 13311.2 2192.5 2192.9

End-of-Fourth-Cycle

Pu-239 1216. 206.8 285.6 34.9 21.2

Pu-240 273.5 8.0 11.3 0.9 0.3

Pu-241 32.7 --- --- --- ---

Pu-242 5.2 --- --- --- ---

TF U-235 5.4 11.6 21.3 3.8 4.0
u ro

I' R U-238 52 1 . 7381. 12936, 2149, 2165.

CO Gm Fission Products 414.2 55.2 55.7 4.4 2.4
Cu 3"
O' Total Heavy tietal 5368.0 7662.6 13309.9 2193.0 2192
c;s,

g ', * Heavy metal excludes oxygen.

51 .(a) Including axial extensions.
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TABLE 4.3-4 (Cont)

HEAJY METAL * MASS (KG) INVENTORY IN THE CRBRP

Inner Radial Lower Asial Upper Axial
Fuel Blanket (a) Blanket (a) Blanket Blanket

Beginning-of-Fi f th-Cycle

Pu-239 1471. --- 130.1 --- ---

Pu-240 200.0 --- 4.9 --- ---

Pu-241 34.1 --- --- --- ---

Pu-242 3.5 --- --- --- ---

U-235 7.6 16.7 24.2 4.3 4.3

U-238 3474. 8253. 13133. 2108. 2108.
,
*

Fission Producte --- --- 18.1w --- ---

O Total Heavy Metal 5190.2 8269.7 13310.3 2112.3 2112.3

End-of-Fi f th-Cycle

Pu-239 1301. 119.7 224.7 17.6 10.6

Pu-240 235.8 2.3 8.7 0.2 0.1

Pu-241 32.1 --- --- --- ---

Pu-242 4.3 --- --- --- ---

U-235 6.2 14.5 22.4 3.9 4.1m,

$$ U-238 3382. 8111. 13018. 2088. 2096.

CD EF Fission Products 219. 22.6 36.1 1.6 1.0
C7 em

( U" Total Heavy Metal 5180.4 8270.1 13309.9 2111.3 2111.8
y..

] * Heavy metal excludes oxygen.

51 (a) Including axial extensions.



TABLE 4.3-4 (Cont)

HEAVY METAL * MASS (KG) INVENTORY IN THE CRBRP

Inner g) Radial (a) Lower Axial Upper Axial
Fuel Blanket Blanket Blanket Blanket

Beginning-of-Sixth-Cycle

Pu-239 1358. 110.7 56.8 17.6 10.6

Pu-240 243.5 2.1 0.7 0.2 0.1

Pu-241 33.4 --- --- --- ---

Pu-242 4.4 --- --- --- --

U-235 6.5 13.4 25.8 4.1 4.2

p U-238 3518. 7518. 13221. 2169. 2177.

Fission Products 219.0 20.9 8.1 1.6 1.0
" Total Heavy Metal 5382.8 7665.1 13312.4 2192.5 2192.9

End-of-Si xth-Cycle

Pu-239 1205. 211.5 145.4 34.9 21.2

Pu-240 274.4 8.5 3.0 0.9 0.3
Pu-241 32.7 --- --- --- ---

Pu-242 5.2 --- --- --- ---

U-235 5.4 11.6 24.1 3.8 4.0m,

$$ U-238 3424. 7374. 13118. 2149. 2165.
'P Fission Products 421.1 57.6 21.5 4.4 2.4

fa G ui

f U Total Heavy Metal 5367.8 8773.2 13312.0 2193.0 2192.9
'

* Heavy metal excludes oxygen.
,

51 (a) Including axial extensions.
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TABLE 4.3-5

CRBRP FUEL MANAGE'1ENT SCHEME

SOCl: Charge 156 fresh fuel assemblies, 82 fresh

inner blanket assemblies and 132 fresh
radial blanket assemblies.

E0C1 (128 fpd) Discharge 3-Row Six Corner (3-R6C) inner

blankets.
Charge 3 fresh fuel assemblies in R6C.

E0C2 (200 fpd) Discharge entire core (159 fuel assemblies)

and inner blanket (79 blanket assemblies).
Charge 156 fresh fuel assemblies and 82

fresh inna, blanket assemblies.

E0C3 (275 fpd) Discharge 6-R6C inner blankets.
Charge 6 fresh fuel assemblies in R6C.

EOC4 (275 fpd) Discharge entire core (162 fuel assemblies),

inner blanket (76 blanket assemblies)
and first row radial blanket (60 blanket
assemblies).

Charge 156 fresh fuel assemblies, 82 fresh

inner blanket assemblies and 60 fresh row
1 radial blanket assemblies.

E0C5 (275 fpd) Discharge 6-R6C inner blankets and outer

row radial blanket (72 radial blanket
assemblies).

Charge 6 fresh fuel assemblies in R6C and
51 72 fresh row 2 radial blanket assemblies.

Amend. 51
4.3-104 Sept. 1979
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TABLE 4.3-6

DELAYED NEUTR0ft CONSTANTS FOR CRBRP

Delayed Neutron Effective Delayed Decay Constant
Precursor Group (i) Neutron Fraction (8j) (Aj) sec.

1 0.836 x 10-4 0.0130

-3
2 0.718 x 10 0.0314

~3
3 0.632 x 10 0.1350

4 0.123 x 10-2 0.3450

5 0.556 x 10~3 1.3700

6 0.183 x 10-3 3.7650

s ff 0.340 x 10-2Total e

51

4.3-105 Amend. 51
Sept. 1979
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TABLE 4.3-7

FUEL AND INNER BLANKET POWER FRACTION SUMMARY *

INNER Blanket
Ti me-In-Li fe Fuel (36")

B0Cl .8603 .0720

EOCl .8174 .0989

BOC2 .8208 .0967

E0C2 .7618 .1330

BOC3 .8308 .068s

E0C3 .7526 .1190

BOC4 .7623 .1129

E0C4 .6973 .1536

BOC5 .8351 .0690

E0C5 .7541 .1214

B0C6 .7895 .1195

E0C6 .7172 .1639

51 * fraction of full operating power in central 36 inch high regior..

Amend. 51
Sept.1979

4.3-106
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TABLE 4.3-8

AXtAL BLANKET, AXIAL EXTENSION POWER NORMALIZATION FACTORS

TIME
IN POWER IN CORE + LAB + UAB POWER IN CORE + LAB

LIFE POWER IN CORE POWER IN CORE

Fuel Assemblies Inner Blankets Radial Blankets
Rows 2,4 Rows 6,8 RBl RB2

BOCl 1.0137:1.0079 1.13:1.07 1.11:1.07 1.11:1.06 1.17:1.09

E0Cl 1.0176:1.0102 1.12:1.07 1.11:1.07 1.11:1.06 1.15:1.08

B0C2 1.0177:1.0105 1.12:1.07 1.11:1.07 1.11:1.06 1.15:1.08

E0C2 1.0247:1.0140 1.12:1.07 1.11:1.07 1.11:1.06 1.14:1.07

B0C3 1.0140:1.0081 1.13:1.07 1.11:1.07 1.11:1.06 1.13:1.07

EOC3 1.0224:1.0132 1.12:1.07 1.11:1.07 1.11:1.06 1.13:1.07

BOC4 1.0229:1.0143 1.12:1.07 1.11:1.07 1.11:1.06 1.13:1.07

E0C4 1.0329:1.0192 1.12:1.07 1.11:1.07 1.11:1.06 1.13:1.07

(a) (b) (c) (d)

(a) Cycles 5-6 and subsequent repeat cycles 3-4 for the fuel.

(b) Cycles 5-6 and subsequent repeat cycles 3-4 for the inner blankets.

(c) Cycles 5-8 and subsequent repeat cycles 1-4.

(d) Assume cycle 5 = 1.12 :1.07. Cycles 6-10 and subsequent repeat
cycles 1-5.

51

Amend. 51
4.3-107 Sept. 1979
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TABLE 4.3-9

RADIAL BLAtlKET ASSEMBLY POWER * SUMMARY

(MW)

Assembly Position 8 an t

Cycle 1 2 3 4 5 6 7 8 9 10 11 12 13 Power

BOCl .658 .339 .502 .492 466 .347 .222 .142 .089 .206 .197 .171 .132 41.4

EOCl .605 .498 .626 .612 .574 438 .293 .192 .117 .284 .268 .230 .178 52.8

B0C2 .815 .505 .614 .609 .577 .443 .302 .194 .118 .279 .267 .2 31 .180 53.0

EOC2 1.017 .657 765 .760 .718 .568 .410 .267 .160 .378 .361 .312 .246 68.3

~

co LOC 3 1.096 .706 .878 .859 .800 .623 .429 .284 .171 .426 .400 .341 .266 75.2o

EOC3 1.303 .C80 1.064 1.041 .966 .772 .573 .379 .228 .560 .524 .446 .353 93.8

LOC 4 1.222 .821 1.021 .995 .916 .726 .537 .354 .213 .535 .493 .422 .332 88.7

E004 1.383 .956 1.143 1.118 1.035 .838 .641 430 .260 .629 .583 .502 .401 102.4

50C5 .664 .411 .521 .511 . f.84 .370 .668 .445 .269 .663 .619 .524 .416 68.9

EOC5 .955 .630 .770 .753 .702 .556 .764 .516 .315 .752 .704 .600 480 88.6

f0
cy
C' gg

* Total 64-inch blanket power per assembly (assembly positions from Figure 4.3-3).
h.i 3k ST

J3 -

-
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TABLE 4.3-10

RADIAL BLANKET PEAK R0D POWER * SUMMARY

(kw)

Assembly Position

Cycle 1 2 3 4 5 6 7 8 9 10- 11 12 13

BOCl 16.6 11.1 15.0 14.6 14.3 10.2 5.3 3.2 2.0 5.0 4.8 4.2 3.0,

E0Cl 19.6 13.4 17.5 17.1 16.5 12.1 7.1 4.3 2.6 6.7 6.4 5.6 4.0

00C2 19.8 13.6 17.1 17.0 16.6 12.3 7.2 4.4 2.6 6.6 6.4 5.6 4.0

EOC2 24.0 16.8 19.9 19.9 19.4 15.0 9.7 6.0 3.6 8.8 8.5 7.5 5.4.

BOC3 25.7 18.1 23.1 22.6 21.8 16.5 10.3 6.3 3.8 9.9 9.5 8.2 5.9

E003 29.7 21.4 26.3 25.9 24.7 19.4 13.3 8.3 5.0 12.8 12.1 10.5 7.7

BOC4 27.6 19.9 25.3 24.7 23.4 18.2 12.4 7.8 4.7 12.2 11.6 9.9 7.2

EOC4 30.6 22.6 27.2 26.7 25.5 20.4 14.7 9.3 5.7 14.2 13.4 11.6 8.6

BOCS 15.4 9.6 5.9 14.9 14.1 12.1 8.9

E005 17.4 11.0 6.9 16.7 15.8 13.7 10.3

$ $'
A. @a.
m' 51 * Total 64-inch peak blanket rod power (assembly positions fror,. Tigure 4.3-3).

(4 $5
Cn
t'
t.:
y.*
O
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TABLE 4.3-11

RADIAL BLANKET POWER Af4D BURfiUP HISTORY
HIGHEST POWER ASSEMBLY (#1)

Average Rod Peak Rod Peak Power Peak Burnup

Power (kw)* Burnup(a/o)+
Pcwer(kw)* Burnup(a/o)* (kw/ft) (e/o)

Inittel:

SOC 1 10.78 0.0 16.55 0.0 6.37 0.0
EOCl (128 fpd) 13.19 0.075 19.59 0.114 7.83 0.241

SOC 2 13.37 0.075 19.06 0.114 7.94 0.241

ECC2 (200 fpJ) 16.6/ 0.235 24.00 0.317 9.92 0.749

50C3 17.96 0.235 23.68 0.347 10.58 0.749

EOC3 (275 fpd) 21.46 0.536 29.68 0.770 12.53 1.695

SOC 4 20.03 0.536 27.62 0.770 11.66 1.695a
*

Y EOC4 (275 fpd) 22.67 0.871 30.65 1.227 13.11 2.737

d
o

" Equilibrium"*

SOCS 10.89 0.0 16.44 0.0 6.33 0.0

EOC5 (275 fpd) 15.65 0.187 22.27 0.272 9.13 0.580

50C6 14.45 0.187 20.89 0.272 8.57 0.580

EOC6 (275 fpd) 17.84 0.430 25.10 0.618 10.56 1.352

50C7 20.97 0.430 29.00 0.618 12.43 1.352

E0C7 (275 fpd) 23.91 0.783 32.80 1.103 13.99 2.465

50C8 22.31 0.783 30.50 1.1C3 13.01 2.465

ECC8 (275 fpd) 24.59 1.159 33.03 1.616 14.23 3.634

LC ??
V M
V =

_O.

>- G u,

b 5 " 51 total power, and burnup in full 64" blanket rod.+
1



TABLE 4.3-12

AXIAL PEAK-TO-AVERAGE POWER FACTORS, F

(Normalized to 1.0 Over 36-inch Active Core Height)

Tine-in-Life Peak

Fuel
Clean With CR Row 2, 4 Row 6, 8 Radial Blanket Radial Blanket

Fuel (s) Influence (U) Inner Blanket Inner Blar.ket Row 1 Row 2
__

BOC1 1.282 1.381 1.230 1.325 1.290 1.273

E0C1 1.255 1.309 1.340 1.377 1.331 1.331
3

h BOCZ 1.262 1.347 1.342 1.395 1.334 1.332

h ECC2 1.210 1.210 1.371 1.370 1.344 1.353

E003 1.271 1.381 1.276 1.306 1.373 1.373

t0C3 1.230 1.269 1.355 1.377 1.376 1.337

BOC4 1.242 1.356 1.369 1.48 1.383 1.391

E0C4 1.185 1.193 1.375 1.350 1.359 1.378
(c) (c) (c) (c)

~

(a) applicable to all core fuel assemblies excluding those directly adjacent to
R7C control rods.

WL' (b) applicable to thos el assemblies directly adjacent to R7C control rods.

R@ Note, first year of life (i.e. cycles 1, 3,.. .) values should be applied to
*" freshly refueled R6C fuel assemblies..

S (c) cycles 5-6, and subsequent, assumed to repeat cycles 3-4 for the fuel and
*g 51 inner blankets.

C,
g,
C
(: '
r
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TABLE 4.3-13

CRBRP POWER DISTRIBUTION UtiCERTAINTY (%)
FUEL ASSEMBLIES

CLEAN FUEL ZONES FUEL ZONES ADJACENT TO If4SERIED R7C CR

Power
Power Peak Censity

Peak Density Power at Top Rod

Power At Top Rod Ass err.bly Density of Core Power Assectly
Density Of Core Power Power (near/far)a (near/ Tar)a (near/far)a Power

D
STATISTICAL

Experinental (3a) +7 +7 +7 +7 +7 +7 +7 +7

Criticality T1 +1 +1 +1 T4/+1 70/+3 T4/+1 72
Fissile Content (tolerance) I' il 13 13 13 ~ [3 ~ 13 ~ 13

'

? SU3 TOTAL (R!iS) +7.7 17.7 +7.7 +7.7 +8.6/+7.7 +7.6/18.2 18.6/+7.7 17.9
w
.L NON-STATISTICAL (DIRECT)C

Ndeling +2 +10 +2 +1 +3/-59 +15' +4/+19 +29
T9Control Rod Banking +2 +2 +2 +2 +4/+29 T1 +4/+29 3

d
Power Level /Ocad Band +3 +3 +3 +3 +3 +3 +3 +3

ZPPR-7 Tilt (D?L) T T T T T T T T

anear refers to side of F/A directly adjacent to inserted R7C CR; far refers to far side of F/A adjacent to R7C CR.
bstatistical uncertainties cc:rbine by quadrature.

h Cnon-statistical uncertainties combine directly .<

; dr.ot applied simultar.cously with 15% overpos.cr.

'. ' ? * EEL value with substantial portion of R7C control rods withdrawn. B' L apply +25+5 ca far side of F/A adjacent to R7C CR.4
e.. g

39, 47, ES, EU,101,nd 104 (LCCl, EPC3, BDCS.... power down 1% in F/A818,11,19,
i- 9, 10, 13-17 23 25 37 33 41-45, 51 and 53 biasdirect bias power down 3% in F/A is
N o(n > 3ti, a . only); bias puuer down5

3@ 1% in F/A f 62 at E0C2 and F/A l's C2 and 98 at E0C4, E0C6 .....
ct

9 for E0C. use corresponding clean fuel zone uncertainty.-

$ - 51 4
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TABLE 4.3-14

CRBRP RADIAL BLAT 4KET POWER DISTPIBUTI0ti UTILtRTAltiTY (%)

Beginning-Of-Life End-Of-Life
-

Power Power
Peak- Den 21ty Peck- Density
Power At Top Of Rod Assy. Powt* At Top Of Rod Assy.

Der.stty Corc (35") Power Power Densit/ Core (33") Power Power

|1 STATISTICAL (Dire:t)I"I

Experimental -10 +7 +10 +2+10 +2 +10 -5 +5 +2 + 5 -2 +5 -2 +5

Heavy Metal Content +1 +1 +1 +1 +1 +1 +1 +1

4

!!-235 Content +1 il +1 il
* - - - -

w
8

toeling +7 +11 +6 +1 +4 +12 42 +1"

w
Criticality 12 12 12 12 il 11 +1 +1

Control Rod Banking +2 +2 +2 +2 +2 +2 +2 +2

Reactor Poi:ar(b) +3 +3 +3 +3 +3 +3 +3 +3

ICI -5 -5 -5 -2.5 -2.5 -2.5f(on-Pellet Heating

TOTAL -5126 +2130 -3125 +2 +20 -7.5+16 -0.~5+24 -4.5+14 -2 +13

$Nom (a) tionstatistical uncertainties combine directly,
c+ s

" (b) Not applied simultaneous with 15% overpower.-

so m
h-,; y- (c) Gama heating in clad, Na and duct. Apply caly to calculation of pallet (stack) power density.
L 51
W.
v
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TABLE 4.3-15

CRBRP RADIAL BLANKET POWER DISTRIBUTION UNCERTAINTY ($)

Beginning-Of-Life End-of-Li fe

Pwer Pwer
Peak- Density Peak- Density
Power At Top Of Rod Assy. Power At Tcp Of Rod Assy.

Density Core (36*) Pcwer Power Density Core (36*) Power Power

t[tIATISTICAL(Direct)I*I

R$d_I_:
Experi. rental +2+9 +9*9 +4+9 +4+9 -4+7 +3+7 -2+7 -2+7
Heavy :1etal Cc'. tent B il TI T) Tl il a 71
U-235 Content h +1 71 h ! ! ! !
rodeling +7 -3*5 -2+5 +2 +7. -3*8 -2+3 +2

+2 +2 +2 +2 i'2 +2 72 72C;ntrol Red E;ging
* IC . I3 T3 T3 ~T3 T3 T3 T3 -+3Reactor Fastrl

Non-Pellet nestin9 -5 -5 -5 - 3'~ -3~ -3-.

w
.L 10TAL M 9 M M D -3 21 71T6 W1
-
# R:n 2:

E+reriment al +10114 +18114 +13114 +13+14 +5 +8 +13*8 +7 +8 ,7 +a

He.vy Metal Centent il +1 +1 Tl il 4 i) T)
u-235 Conter.t +1 Il il Il ! 7 - .'

pudeling 17 -6[5 -2[5 [2 17 -618 -2+3 +2I

Control Rod B ing +2 +2 +2 +2 +2 +2 I2 T2
Reactor Power +3 +3 +3 +3 +3 +3 {3 73

' .'.,f
Non-Pellet Heating (g)

.
-5 -5 -5 -3 -3 -3

-

C
+5 28 77il6 76[f6 +13+23 +2 +2) +4 +22 +2117 +7+161C' TOTAL

C
C- w>
. .) $@ a) Nonstattstical uncertainties combine directly.

P 5. b) Not applied simultaneous with 15% overpower.

ga c) Carn heating in clad, Na and duct. Apply only to calculation of pellet (stack) power density.

U~
51
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TABLE 4.3-16

CRBRP D0PPLER C0t1STAtlTS

(-T dk/dT * 104)

IInner") Radial (a) Lower Axial Upper Axial
Fuel Blankets Blankets Blanket Blanket

BOCl 25.8 44.0 11.8 1.90 0.68

EOCI 25.8 47.6 12.4 2.10 0.74

BOC2 25.3 45.9 11.7 2.26 0.69

EOC2 25.8 49.3 12.0 2.38 0.88

BOC3 24.3 40,6 15.3 1.99 0.68

EOC3 24.6 47.7 14.9 2.32 0.83

B004 23.6 44.6 13.1 2.68 1.00

EOC4 24.2 45.9 12.8 2.56 1.16

(a) Includes axial extensions

Amend. 51
4.3-115 Sept.1979
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TABLE 4.3-17

CRBRP VOIDED DOPPLER CONSTANTS

4(-T dk/dT * 10 )

Inner (a) Radi,(a) Lnwer Axial Upper Axial
Fuel Blankets Blankets Blanket Blanket

80C1 16.6 35.4 9.9 1.6 0.6

E0C4 15.8 35.1 10.8 2.1 0.9

51 (a) Includes axial extensions

Amend. 51
Sept. 1979

4.3-116
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TABLE 4.3-18

N0DAL D0PPLER CONSTANTS

B0C3

(T DK/DT)

_-___ _________________. _____ .___. ________________ ______________________

UPPER UPPER AXIAL UPPER
EXTENSION BLANKET EXTENSION

.5110E-04 .6780E-04 .2359E-04
________________________ __________________________________________________

INNER Fuel RADIAL
BLANKET BLANKET

.4284E-03 .2471E-03 .1373E-03

.7519E-03 .4391E-03 .2168E-03

.1272F-02 .7865E-03 .3340E-03

.1139E-02 .7098E-03 .2899E-03

.6084E-03 .3942E-03 .1471E-03
_______________________. ____________________________ _____________________

LOWER LOWER LOWER
EXTENSION AXIAL BLANKET EXTENSION

.1459E-03 .1904E-03 .3213E-04

51 ______________--- __ _______--___________________________________________

Amend. 51

4.3-117
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TABLE 4.3-19

TLMPERATURE DEPENDENCE OF DOPPLER CONSTANT

Uniform temperatgre
of fueled core, K 300 2000 3000 4000 5000

Reactivitf change, Ak
from 1000 K core, as
computed by FX-2 three-
term temperature
dependence formula +.004727 .002744 .004331 .005443 .005296

,,
*

w
L
g' Reactivity change, Ak*

using T-l extrapolation
ofdatagetween300K
and 1000 K +.004727 .002721 .004313 .005443 .006319

* Note that Ak is the integrated inverse temperature-dependent doppler reactivity coefficient
51 such that Ak = .0.003926 in (TFinal/TInitial)

WF
!?2
* Q.

* (a_.

kSh" C'
o q

7,
C'
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TABLE 4.3-20

CRBRP REGIONWISE S0DIUM VOID REACTIVITY

($)(#

Haximum
Positive Void Worth

L wer. Upper
fb} Radial (b) Axial Axial InnerInner

Fuel ' Blankets Blankets Blanket Blanket Fuel Blankets Total

BOC1 +0.02 +1.38 -0.79 -0.27 -0.15 1.51 1.40 2.91

EOCl +0.28 +1.43 -0.72 -0.25 -D.16 1.60 1.4% 3.06

BOC2 +0.51 +1.45 -0.67 -0.27 -0.15 1.76 1.48 3.24

EOC2 +0.82 +1.51 -0.58 -0.23 -0.17 1.39 1.55 3.44

BOC3 +0.28 +1.36 -0.81 -0.28 -0.15 1.60 1.36 2.96

EOC3 +0.79 +1.47 -0.63 -0.25 -0.16 1.77 1.49 3.26

BOC4 +1.20 +1.48 -0.56 -0.27 -0.15 2.10 1.50 3.60

E0C4 +1.56 +1.61 -0.46 -0.22 -0.20 2.31 1.64 3.95

(s)a = 0.0034gf

(b) Includes axial extensions

Amend. 51
Sept. 1979
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TABLE 4.3-21

CRBRP SODIUM DENSITY REACTIVITY COEFFICIENT

(t/ F * 10 ) (a)3

Innerb) Radial (b) Lower Axial Upper AxialI
Fuel Blankets Blankets Blanket Blanket

BOCl -4.3 +18.2 -13.1 -4.3 -2.4

EOCl -0.3 +18.7 -12.1 -4.1 -2.6

BOC2 +3.4 +18.6 -11.3 -4.3 -2.4

EOC2 +8.0 +19.3 -9.9 -3.8 -2.7

BOC3 -0.1 +17.6 -13.7 -4.5 -2.4

E0C3 +7.5 +19.1 -11.0 -4.0 -2.5

BOC4 +13.7 +19.3 -9.7 -4.5 -2.4

EOC4 +19.1 +21.2 -8.2 -3.6 -3.2

(a) Cents per degree Fahrenheit of bulk region sodiep temperature, 8 =

0.0034. Correlation of 0.157 x 10-3 a density /a F used.

51 (b) Includes axial extensions

360060

Amend. 51
Sept.1979
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TABLE 4.3-22

CRBRP AXIAL EXPANSION COEFFICIENT BY ASSEMBLY R0W

(t/ mil)

PELLET STEEL

BOC1 EOC4 80C1 EOC4

Central Blanket +.00390 +.00266 +.00060 +.00106

Row 3 fuel .01496 .01644 +.00221 +.00320

Row 4 Blanket +.01144 +.00676 +.00189 +.00273

Row 5 Fuel .02508 .02566 +.00373 +.00504

Row 5 Blanket +.02657 +.01316 +.00427 +.00584

Refueling Positions +.00530 .01029 +.00088 +.00181

Row 7 Fuel .04110 .02923 +.00552 +.00609

Row 8 Blanket +.02486 +.00896 +.00450 +.00387

Rows 9,10,11 Fuel .17626 .10136 +.01336 +.01214

Radial Blanket 1 .00208 .00532 .00285 .00093

Radial Blanket 2 +.00015 .00095 .00062 .00037

Total Fuel .25740 .18298 + 02482 +.02828
Total Inner Blanket +.072207 +.03154 + 01214 +.01350Total Radial Blanket .00193 .00627 .00347 .00130Control Rod .049* .035 * * *

* movement of the core (pellets and steel) with respect to inserted
control rods.

Amend. 51
Sept. 1979

.
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TABLE 4.3-23

CRBRP UNIFORM RADIAL EXPANSION COEFFICIENTS

Cents per Hil of Outward Radial Motion

B0C-1 E0C-2 B0C-3 EOC-4

I1) II)-0.459 -0.448All Control Rods Out -0.461 -0.441

6 Row 7 Corner Rods In -0.427(2) -0.426(2)-------- ,,,,,,,,

O I3)I8} -0.390All 15 Control Rods In -0.422 -------- --------

(1) Recommended values for end-of-cycle conditions.

(2) Recomended values for beginning-of-cycle conditions.

51 (3) Refueling conditions.

Amend. 51
Sept. 1979

4.3-122
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TABLE 4.3-24

RADIAL MOTION REACTIVITY C0EFFICIENTS
(BEGINNING OF CYCLE ONE -- HOT STANDBY)

AXIAL LOCATION CENTS PER INCH Of INWARD RA01AL MOTION
)

(Inches above Row 2 Row 3 Row 4 Row 5 tow 6A low 6B Row 7 Row 8A Row 8B low 8C Rcw 9 Row 10 Row 11 Row II

bottom of fuel Radial Redia 3assembly)
B1kt. Fuel Blkt. fuel B1kt. Refuel * Fuel fuel fuel likt. fuel fuel B1kt. Blkt.

107.0 0.0 0.0 0.0 0.0 0.0 0.0. 0.0 0.0 0.0 0.0 0.0 0.0 +0.01 0.0

103.C 0.0 0.0 0.0 0.0 0.0 0.0 -0.01 0.0 +0.01 0.0 +0.01 +0.1 +0.11 0.0

Blai'ket
97.0 +0.01 -0.01 0.0 -0.01 -0.01 0.0 -0.07. 0.0 +0.05 0.0 +0.08 +0.7 +1.10 +0.29=

y
r$ !
w 93.0 +0.08 -0.18 -0.03 -0.39 -0.12 -0.07 -1.44 -0.08 +1.08 +0.19 +1.45 +10.5 +5.30 +1.13

87.0 +0.43 -0.59 -0.16 -1.34 -0.67 -0.47 -4.99 -0.29 +3.71 +1.51 +4.88 +36.0 +11.44 +2.56

81.0 +0.91 -1.02 -0.35 -2.35 -1.48 -1.07 -9.27 -0.53 +6.79 +3.53 +8.68 +64.5 +15.27 +2.60

75.0 +0.97 -1.03 -0.38 -2.43 -1.67 -1.21 -10.29 -0.58 +7.40 +4.03 +9.14 +67.6 +15.06 +3.42
e

69.~ 0 +1.02 -1.13 -0.40 -2.72 -1.87 -1.36 -11.80 -0.67 +0.52 +4.45 +10.34 +76.0 +19.14 +3.75
___

63.0 +0.55 -0.73 -0.22 -1.79 -1.06 -0.75' -7.95 -0.45 +5.69 +2.34 +6.80 +49.1 +16.56 +3.78

57.0 +0.14 -0.23 -0.06 -0.56 -0.31 -0.21 -2.50 -0.14 +1.85 +0.46 +2.24 +16.0 +8.76 +1.90
(g
Cf, &g tower ,

r- o to Anal 50.0 +0.01 0.0 -0.01 0.0 -0.04 -0.02 0.0 0.0 +0.03 +0.03 +0.05 +0.5 +0.76 +0.19

[, "& Blanket

C' - - . " t 43.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 +0.02 0.0

.O $
Row Tctal i4.12 -4.92 -1.61 -11.59 -7 ?3 -5.16 -48.40 -2.74 GS.13 +16.54 +41.67 +321.0 #93.51 +10.82

51
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TABLE 4.3-25

RADIAL MOTION REACTIVITY COEFFICIENTS
(END OF CYCLE TWO -- ALL RODS OUT)

AXIAL LOCATION CENTS PER INCH Of INWARD RADIAL MOTION

(Inches above Row 2 Row 3 Row 4 Row 5 tow 6A | low 6B Row 7 Row 8A Row BE tow 8C Row 9 Row 10 Row 11 Row 1;

bottom of fuel Radial Radiaiassembly)
81kt. Fuel B.l k t . fuel Blkt. ile f uel* Fuel fuel fuel ilkt. fuel fuel Blkt. 81kt.

107.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 +0.01 -0.01

103.0 0.0 0.0 0.0 0.0 0.0 0.0 -0.01 +0.01 +0.01 0.0 +0.03 +0.1 'O.12 +0.01

{pjt

97.0 0.0 -0.01 0.0 -0.02 -0.01 +0.03 -0.07 +0.06 +0.08 -0.04 +0.19 +0.8 +1.22 +0.34

a
*

w
' 93.0 ,0,03 0.17 -0.05 -0.30 -0.11 +0.35 -0.92 +0.77 +1.20 +0.24 +2.78 +10.4 +5.93 +1.35

$
87.0 +0.17 -0.55 -0.40 -0.95 -0.79 +0.82 -2.73 +2.31 +3.69 +3.33 +8.58 +32.9 +12.85 +3.02

81.0 +0.33 -0.85 -0.79 -1.46 -1.52 +1.12 -4.06 +3.42 +5.51 +6.69 +13.03 +51.0 +17.31 +3.33

75.0 +0.32 -0.80 -0.74 -1.37 -1.40 +1.05 -3.69 +3.12 +5.02 +5.98 +12.12 +47.5 +16.88 +4.06'

one

69.0 +0.34 -0.87 -0.81 -1.50 -1.52 +1.16 -4.06 +3.42 +5.50 +6.37 + 13.22 +51.5 +18.05 +4.45

63.0 +0.19 -0.58 -0.45 -1.01 -0.04 +0.86 -2.74 +2.31 +3.71 +3.24 +8.79 +33.7 +13.58 +4.50

57.0 +0.05 -0.19 -0.12 -0.32 -0.23 +0.29 -0.89 +0.77 +1.25 +0.41 +2.97 +11.3 +6.92 +2.25

CO Lo:.cr
I.- on > Arial 50.0 +0.01 0.0 -0.02 0.0 -0.03 -0.01 -0.01 +0.02 +0.04 +0.02 +0.10 +0.4 +0.65 +0.23

"

( $j@ Blantet

M I 5. Y 43.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 +0.01 -0.01

.A Em
2 - 51 Rna lotai *1.44 -4.02 -3.38 -6.93 -6.45 +5.67 -19.18 +16.21 +26.0l +26.24 +61.Bf +239.f, +93.53 +23.52
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TABLE 4.3-26

CRBRP INHERENT FEEDBACK REACTIVITY ($)

STARTUP FROM HOT-STANDBY CONDITIONS * TO 40% POWER /40% FLOW +

Feedback.($)

BOC1 EOC4

Doppler

Fuel -0.385 -0.295

Axial Blankets -0.008 -0.013

Inner Blankets -0.259 -0.547

Radial Blankets -0.048 -0.100

Total -0.700 1 0.084 -0.955 1 0.:15

Uniform Radial Expansion -0.062 1 0.012 -0.065 1 0.013

Uniform Axial' Expansion

Fuel -0.219 -0.126

Structure (FA) +0.023 +d.021

Blankets +0.020 +0.015
~

Structure (BA) +0.004 +0.009

Total -0.172 1 0.040 -0.081 1 0.019

Sodium Oensity -0.014 1 0.004 +0.048 1 0.014

Total i le** -0.948 1 0.094 -1.'053 1 0.118

* 600*F isothermal

+ 635'F inlet temperature

51
** Uncertainty in net feedback includes both nuclear uncertainty in reactivity co-

efficient and thereal uncertainty.

Amend. 51
4.3-125 Sept. 1979
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TABLE 4.3-27

CRBRP TEMPERATURE DEFECT COMPONENTS

Beginning of Cycle One

Te perature Defect ($)

Refueling Tec:p. to Hot Standby Ternp. to
Hot Full Pcv.r Hot Full Power

Doppler

Fuel -0.879 -0.719

Axial Blankets -0.032 -0.016

Inner Blankets -0.837 -0.564

Radial Blankets -0.177 -0.104

Total -1.925 1 0.258 -1.403 1 0.243

Unifonn Radial Expansion -0.584 1 0.117 -0.230 1 0.046

Unifam Axial Expansicn

Fuel -0.504 -0.407

Structure +0.054 +0.033

Blankets +0.069 +0.042

Structure +0.015 +0.007

Total -0.366 1 0.099 -0.325 1 0.095

Sodium Density

Fuel -0.022 -0.013

Axial Blankets -0.030 -0.017

Inner Blankets +0.072 +0.036

Radial. Blankets -0.0 51 -0.025
-

Total -0.031 1 0.010 -0.019 1 0.006

Bowing i 0.300 1 0.300

Total 1 1c* -2.907 + 0.425 -1.977 1 0.400
* Net feedback uncert inty includes b th nuclear uncertainty in reactivity

51 coefficient and thennal uncertainties.

Amend. 51
Sept. 1979

4.3-126

[ bis >Gb6-



O
TABLE 4.3-28

CRBRP TEMPERATURE DEFECT SUMMARY

Temperature Defect ($)
,

Refueling Temp. to Hot Standby Temp. to
Hot Full Power Hot Full Power

BOC1 -2.907 1 0.425* -1.977 1 0.400*

EOC1 -3.112 1 0.447 -2.145 1 0.423

BOC2 -3.046 1 0.402 -2.097 1 0.395

EOC2 -3.234 _+ 0.471 -2.298 _+ 0.445

BOC3 -2.869 1 0.423 -1.939 1 0.399

EOC3 -3.144 1 0.465 -2.204 1 0.440

BOC4 -2.955 1 0.450 -2.063 1 0.426

EOC4 -3.106 1 0.468 -2.220 2,0.441

* Uncertainties (at approximately the la level) include
both nuclear uncertainty in feedback coefficients and

51 thermal uncertainties.

Amend. 51
Sept. 1979

4.3-127 r

Of.hICr!i.?



TABLE 4.3-29

CRBRP PRIMARY CONTROL SYSTEM REQUIREMENTS AND filNIMUM CONTROL WORTHS (%Ak)

PCA Control Requirements B0C1 EOC1 BOC2 EOC2 BOC3 E0C3

llo t-to-Cold * 0.99 i .29 1.0G + .30 1.04 + .27 1.10 + .32 0.92 + .29 1.07 i .32

Reactivity Fault 0.54 0.36 0.84 0.20 0.83 0.25

Excess Loaded 1.77 1.17 2.70 0.46 2.56 0.70

Criticality Uncertainty i .43 i .43 + .43 + .43 + .43 + .43

Fissi'e Toierance i .28 i .28 1 28- 1 28 1428 i .28

Total 3.30 + .59 2.59 + .59 4.58 + .58 1.76 + .60 4.37.1 53 2.02 1 60
,A

L Haximum Requirement 3.89 3.18 5.16 2.36 4.96 2.62

$
Hinimum PCA Control Worth

-(Calculated -2a)**

6-R7C 5.58 5.37 5.82 5.39 5.55 5.15

3-R4C 1.37 1.60 1,62 1.96 1.23 1.66

Stuck Rod -1.43 -1.44 -1.11 -1.45 -1.12 -1.36

Total 5.52 5.53 6.33 5.90 5.66 5.45

C'1 XE * Hot-full-power to refueling temperatures.U] 3. @aC

9 **o = 4%, unbiased."

._.

L 'S $
$ = ak s = 0.0034" * ,

51 Seff
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TABLE 4.3-29 (Continued)

CRBRP PRIMARY CONTROL SYSTEM REQUIREMENTS AND MINIMUM CONTROL WORTHS (% Ak)

PCA Control Requirements 80C4 EOC4 BOCS EOC5 B0C6 E0C6

Hot-to-Cold * 1.00 1 31 1.061 32 0.98 i .29 1.07 1 32 1.00 1 31 1.06 1 32
Reactivity fault 1.04 0.?! 0.98 0.35 1.02 0.21

Excess Loaded 3.29 0.53 2.86 1.14 3.23 .0.51

Criticality Uncertainty + .43 i .43 + .43 1 43 1 43 i .43
Fissile Tolerance + .28 + .28 + .28 + .28 + .28 + .28

Total 5.33 1 60 1.80 i .60 4.82 1 59 2.561 60 5.25 1 60 1.78 + .60
*
w Haximum R quirements 5.93 2.40 5.41 3.16 5.85 2.38
L
[8

Hinimum PCA Control Worth
(Calculated -?o)**

6-R7C 5.94 5.35 5.56 5.12 5.91 5.26

3-R4C 1.87 2.24 1.29 1.75 2.07 2.48

Stuck Rod -0.82 -1.27 -0.98 -1.25 -0.83 -1.25

Total 6.99 6.33 5.87 5.62 7.15 6.49

$@ * Ilot-full-power to refueling temperatures.
A$ **o = 4%, unbiased.(4,, - ct

hj $ = Ak , p = 0.0034"

_,

., e g 51 eerr' ~ .
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TABLE 4.3-30

CRBRP SECONDARY CONTROL SYSTEM REQUIREMENTS Af1D MINIMUM CONTROL WORTHS (% Ak)

SCA Control Requirement BOCl EOCl BOC2 f002 BOC3 E0C3

Hot-to-Cold * 0.67 1 27 0.73 1 29 0.71 1 27 0.78 1 30 0.66 i .27 0.751 30

Reactivity fault 0.54 0.36 0.84 0.20 0.83 0.25

Total 1.21 + .27 1.09 + .29 1.551 27 0.98 1 30 1.49 + .27 1.00 + .30

Maximum Requirement 1.48 1.38 1.82 1.28 1.76 1.30
3
*

w
.L
8 Minimum SCA Control Worth

(Calculated -2o)**
6-R7F 4.01 4.17 4.17 4.30 3.82 4.09

Stuck Rod -1.34 -1.40 -1.40 -1.44 -1.28 -1.37

Total 2.67 2.77 2.77 2.86 2.54 2.72

$@ * Hot-full-power to standby temperature.

[ **a = 41. unblased.
5 ak . a - 0.0034.-

-
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TABLE 4.3-30 (Continued)

CRBRP SECONDARY CONTROL SYSTEM REQUIREMENTS AND MINIMUM CONTROL WORTHS (% Ak)

SCA Control Requirements 50C4 FOC4 SOC 5_ _ EOCS $006 EOC6
~

Hot-to-Cold * 0.70 + .29 0.76 + .30 0.66 + .27 0.75 + .30 0.70 + ,29 0.76 i .30

Reactivity Fault 1.04 0.21 0.98 0.35 1.02 .0.21

_

Total 1.74 i .29 0.97 i .30 .l.64 i .27 1.101 30 1.72 i .29 0.97 i .30

Haximum Requirement 2.03 1.27 1.91 1.40 2.G1 1.27

'u
L
w flinimum SCA Control Worth
"

(Calsulated -2al**
6-R7F 4.17 4.30 3.92 4.14 4.33 4.40

Stuck Rod -1.40 ,1.44 -1.31 -1.39 -1.45 -1.47

Total 2.77 2.86 2.61 2.75 2.88 2.93

$ $" * Hot-full-power to standby temperature.

f **o= 4%. unblased.

.- $ = Ak . p = 0.0034

* $ 51 88//
C0 e
cp
(. '
c.,
sT
,..I
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TABLE 4.3-31

CRBRP SUMMARY OF CONTROL ROD INTERACTION EFFECTS

Row 7 Corner PCA Bank

1. Worth of a single rod removed from a fully inserted bank in a fresh
core = 2.11.*

2. Worth of a single rod removed from a fully inserted bank in a fully
burned core = 1.66.

Row 7 Flat SCA Bank

Worth of a single rod removed from a fully inserted bank with a full
rod run-out in an adjacent PCA channel (worst case) = 2.01.

Row 4 PCA Bank

Essentially no interaction effects.

* For the interaction worths of a rod removed fran a PCA bank tha.t is not
fully inserted, see Figure 4.3-32.

51

Amend. 51
Sept. 1979
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TABLE 4.3-32

MINIMUM SHUTDOWN MARGINS (% tak(a)) FOR
CRBRP PRIMARY AND SECONDARY CONTROL SYSTEMS (b)

IC)Min. PCA Shutdown Marcin
Max. Insertion
of R7C PCA Bank Min. R7C Shutdown Min. R4 Shut- Min. SCA Shut-

Time-in-life (feches) at Max. Insertien down Frem Parked down Marcin

BOC1 .16.3 1.47 1.25 1.96

ECC1 13.6 1.85 1.45 2.03

BOC2 20.3 1.08 1.47 2.03

EOC2 10.1 2.54 1.78 2.10

BOC3 20.3 0.95 1.12 1.86

EOC3 11.6 2.16 1.51- 1.99

BOC4 22.8 0.86- 1.70 2.03

EOC4 10.3- 2.60 2.04 2.10

BOC5 21.9 0.B0 1.17 1.91

BOC5(d) 27.0 0.33 1.17 1.91

BOCS'I 19.9 1.10 1.29 2.61I

IfI 16.3 1.74 1.43 2.87
BCCS

EOC5 13.9 1.80 1.59 2.02

BOC6 22.6 0.91 1.88 2.11

EOC6 10.3 2.59 2.25 2.15

t

(a) $ = ak seff = .0034,

Beff
(b) A stuck rod is taken out of each system (for PCA system, the highest worth stuck rod

is always in the R7C bank).

(c) The minimum PCA shutdown margin equals the sum of the row 7 corner and rcw 4
rod banks.

(d) This represents zero-power minimum PCA shutdown margin at SOCS.

(e) This represents the minimum shutdown margin for a fully enriched 92% B-10 control
assembly at BOC5.

51 (f) This represents the " expected" shutdown margin at 80C5.
Amend. 51
* *
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TABLE 4.3-33

ZPPR CRITICAL EIGENVALUE (ke U) PREDICTED BY CRBRP DESIGN METHOD AND DATA

Homogeneoust ZPPR4 Heterogeneous: ZPPR 7 & 8

Measured Calculated C/E Measured Calculated C/E

ZPPR-4/1 1.00080 0.99527 0.9945 ZPPR-7A 1.00028 0.99019 0.9899

ZPPR-4/2 1.00065 1.00049 0.9998 ZPPR-78 1.00064 0.98924 0.9886

ZPPR-4/3 1.00088 0.99916 0.9983 ZPPR-7C 1.00002 0.99089 0.9909

*

ZPPR-4/4 1.00083 0.99390 0.9931 ZPPR-7D 1.00001 0.99348 0.9935

=
*

Mean C/E = 0.9964 ZPPR-7F 1.00058 0.98873 0.9882

lo = 1 0.0031
ZPPR-7G 1.00053 0.98858 0.9881

ZPPR-8F 1.00062 0.99156 0.9901

Hean C/E = 0.9900
?E
y la = 1 0.0019

k$
*

. ..j.

11
-s i

51
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TABLE 4.3-34

MAXIMUM PARAMETER VALUES DURING A REACTOR INHERENT RESPONSE

TRANSIENT AT A REACTOR STARTUP OPERATING POINT (8% POWER,

40% FLOW)

Maximur.1
Parameter Value Acceptability Limits

Reactor Power 53%*

Maximum Fuel Temperature 2900 F Less than fuel melting
temperature

Maximum Cladding 1390 F Less than cladding melting
Temperature temperature

0Maximum Coolant 1350 F Less than sodium boiling
Temperature temperature

51 * Neglects power spike shown in Figure 4.3-33B.

Amend. 51
Sept. 1979
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TABLE 4.3-35

EX-CORE NEUTRON FLUX AT BEGINNING 0F CYCLE THREE

,

Fraction of Neutron Flux
Total Neutron Flux with Energy Greater than

Core Midolane Location (n/cm2 sec) 0.1 MeV

1Radial Blanket / Removable 8.5 x 10 4 0.37
Shield Interface

1Fixed Radial Shield Surface * 4.1 x 10 3 0.24

1Core Barrel Surface * 6.1 x 10 2 0.20

Reactor Vessel Surface * < 6 x 1011 < 0.1

* Design lifetime of non-replaceable components is 30 calendar
years (22.5 equivalent full power years).

ST
I

Amend. 51
Sept. 1979
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TABLE 4.3-36

GROUP STRUCTURE OF 30, 21, AND 9 NEUTRON ENERGY GROUP SETS

Letharay Widtn Lower Enerav LimitGrouc Number '

30 21 9

1 0.5 6.065 MeV*

2 1 0.5 3.679
I

3 2 0.5 2.231

4 3 0.5 1.353
2

5 4 0.5 820.8 k.7

6 5 0.5 497.9

7 **

6 3
8 0.25 302.0

9 7 0.5 183.2

10 8 0.5 111.1

11 9 4 0.5 67.38

12 10 0.5 40.87

13 0.47 2_5.54y
14 0.25 19.89

5
15 - 0.23 15.03

16 0.5 9.119

17 13 0.5 5.531

18 14 0.5 3.355

19 __ 6 0.16.67 2.840

20' 15 0.1667 2.404

21 0.1667 2.035

22 16 0.5 1.234

23 17 7 0.5 748.5 eV

24 18 0.5 454.0

25 19 0.5 275.4

26 0.75 130.1

27 8 0.75 61.44
20

28 1.5 13.71

29 3.0 0.6825

30 21 9 1.0 0.2511

51
* Upper energy 10 MeV Amend. 51.

Sept. 1979
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TABLE 4.3-37

COMPARIS0NS OF W-ARD CALCULATIONS u'TH PIN AND PLATE MEASUREMENTS

(Reactivity Units are Inhours)

Heasurement Experiment Calculation

Plate vs. Pin, (ih) Plate Minus Pin Ratio of C to E"

ZPPR-2 75.8 2 7.2 1.64 (1.2)C

ZPR-6-7 52.3 1 3.4 1.07

Ratio of Ratio of Ratio of
a bSodium Voiding (ib/kg) Plate Pin to Plate Plate C to E Pin to Plate

69 matrices (ZPPR-2) 3.23 2 0.02 1.05 i 0.01 0.94 1.05

9 eatrices (ZPR-6-7) 6.94 1 0.6 0.92 2 0.11 0.97 -

2330 Ooppler (ih/kg)

300'K to 1100'K (ZPPR-2) -0.621 0.009 0.89 0.03 0.96 0.91

a Calculation to Experiment
b Calculated
c The value in parenthesis results when anisotropic diffusion coefficients for plate geometry were

used.

51

Amend. 51
Sept. 1979
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TABLE 4.3-38

ZPPR-4 CRITICAL EIGENVALUE PREDICTED WITH CRBRP DESIGN METHOD AND DATA *

Measured k Calculated k C/E
eff eff

ZPPR-4 Phase.1 1.00080 0.99527 0.9945

ZPPR-4 Phase 2 1.00065 1.00049 0.9998

ZPPR-4 Phase 3 1.00088 0.99916 0.9983

ZPPR-4 Phase 4 1.00083 0.99390 0.9931

Hean = 0.9964

la 10.0031

* Two-dimensional (hexagonal-planar geometry) diffusion calculations with 9-graup
51 EN0F/B-III cross section data.

Amend. 51
Sept. 1979
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TABLE 4.3-39

ZPPR-4 REACTION RATE SUMMARY

Number of Power Mean RMS

[>ata Points Nonnalization* C/E Deviation

Pu39(n, fission) 245 1.000 0.997 11.9%
2

U235(n, fission) 234 1.022 0.989 12.1%

U238(n, fission) ?89 0.938 0.997 15.5%

U238(n, capture) 291 1.057 1.001 i1.9%_

i10%+Ganina Heating in Steel 32 --- ---

* Power normalization nonnalizes all reactions to the Pu 39 fission rate in the core.2

+ Uncertainty in gama heating estimated frcrn scatter in preliminary data. No statistical
51 significance implied.o

Amend. 51
Sept. 1979

,

%L0210



O
TABLE 4.3-40

ZPPR-4 CONTROL R0D WORTHS

Control Rod Bank C/E

Central Rod 0.973

Row 4 0.977

Row 7 Flat (or C+R7F) 0.981

Row 7 Corner (or C+R7C) 0.995

51

Amend. 51
Sapt. 1979
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TABLE 4.3-41

ZPPR-7 & 8 CRITICAL EIGEtiVALUE PREDICTED WITH CRBRP DESIGN METHOD AND DATA *

Heasured Calculated
k k
gff eff C/E

ZPPR-7A 1.00028 0.99019 0.9899

ZPPR-78 1.00064 0.98924 0.9886

ZPPR-7C 1.00002 0.99089 0.9909
,
,

Y'

$ ZPPR-7D 1.00001 0.99347 0.9935

ZPPR-7F 1.00058 0.98873 0.9882

ZPPR-7G 1.00053 0.98858 0.9881

ZPPR-8F 1.00062 0.99156 0.9909

Ca Mean = 0.9900g, pp
C u to

g: PR lo = + 0.0019
_

w
.J y-

* Two-dimensional (hexagonal-planar geometry) diffusion calculations with 9-group,*

51 ENDF/B-III cross section data.



TABLE 4.3-42

ZPPR-7 REACTION RATE SUMMARY

Number of Power RMS

_
Core Region Data Points tionnalization* Kean C/E Deviation

Fuel 106 1.000 1.000 i 1.8%Pu239(n,fisston)
Inner Blankets 66 1.000 1.012 1 1.3%

A Fuel 173 1.040 1.000 11.6%U235 (n, fission)
Inner Blankets 93 1.040 1.001 11.7%

5
"

Fuel 148 0.832 1.002 1 4.1%U23e (n, fission) Inner Blankets 92 0.832 1.131 1 4.9%

Fuel 148 1.097 1.002 1 2.6%
U238 (n, capture) Inner Blankets 92 1.097 0.994 1 1.8%

Gama Heating in Steel All 18 Un-nonnalized i10%+

,$ $a
r* g * Power nonnalization nonnalizes all reactions to Pu 39 fission in fuel.2

.

3m + Uncertainty in gama heating estimated from scatter in preliminary data. No statistical significance impiled.
5~

51
'

C ,3
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TABLE 4.3-43

ZPPR-7 CONTROL R0D WORTH CALCULATION-TO-EXPERIMENT RATIOS *

Beginning-of-Life End-o f-Li fe
Phase B Phase C

Row 4 0.916 (0.963) 0.906 (0.973)

Row 7 - Flat 0.898 (0.987) 0.887 (0.952)

Row 7 - Corner 0.992 (1.074) 0.905 (0.986)

* Calculated with standard two-dimensional (hexagonal planar
geometry) coarse-mesh direct eigenvalue difference diffusion
theory methods using 9-group ENDF/B-III data. Values in ( )

51
,

from four-mesh per ZPPR drawer diffusion calculations.

Amend. 51
Sept. 1979
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TABLE 4.3-44

COMPARIS0N 0F NUCLEAR PARAMETERS FOR CRBRP AND FFTF

CRBRP FFTF

LAYOUT

Number of Fuel Assemblies 156 73

Inner Enrichment Zone 28

Outer Enrichment Zone 45

Number of Test Loop Locations - 9

Number of In-Core Control Rods 15 9

Number of Inner Blanket Assemblies 62 -

Number of Radial Blanket Assemblies 150 -

Number of Radial Reflector Assemblies - 108(I)

Number of Removable Radial Shields 306 -

DIMENSIONS

Assembly Pitch (meters) 0.1209 0.1198

Core Equivalent Diameter (meters) 2.019 1.200

Core Cross-Sectional Area (meters) 3.203 1 .1 31

Active Fuel Height (meters) 0.9144 0.9144

Height-to-Diameter Ratio 0.453 0.762

Axial Blkt. Height, Upper / Lower (meters) 0.3556 -

Inner and Radial Blanket Height (meters) 1.6256 -

INITIAL CORE ENRICHMENTS AND Fl;EL MASSES

Enrichments (Pu/U+Pu)
Inner Enrichment Zone 0.328 0.224

Outer Enrichment Zone 0.274

Enrichment Ratio (Outer / Inner) N/A 1.22

Isotopic Composition of Feed Plutonium
Pu-238 0.0006 -

Pu-239 0.8604 0.864

Pu-240 0.1170 0.117

Pu-241 0.0200 0.017

Pu-242 0.0020 0.002

(I) Includes positions for as many as fif teen peripheral shim rods.
51 (2)

" Core" includes fuel, inner blankets and in-core,, cont,r.,o,l . rods.
J00 200 Amend. 51

4.3-145 Sept. 1979



TABLE 4.3-44 (Continued)

CRBRP FFTF

Fuel Masses, BOL (k9)

U-235 7.6 13.1

U-238 3476.0 1862.

Pu-239 1468.0 552.6

Pu-240 199.7 74.7

Pu-241 34.0 10.7

Pu-242 3.4 1.12

Fissile Plutonium (3) 1502.0 563.3

Radial, Inner & Axial Blanket Fuel Masses,
BOL,(kg)

U-235 52.2 -

U-238 25754.0 -

CONTROL SYSTEM DESIGN

Number of In-Core Control Rods 15 9

Prirary (Burnup, Startup, Shutdown) 9 6

Secondary (Shutdown) 6 3

Neutron Absorber Material BC BC
4 4

Absorber Pellet Height (meters) 0.9144 0.9144
Primary System

Rods per Assembly 37 61

B-10 Enrichment

First Cycle (atom percent) 92 Na tural

Equilibrium Cycle (atom percent) 92 Natural
Secondary System

Rods per Assembly 31 61

B-10 Enrichment

First Cycle (atom percent) 92 Natural
Equilibrium Cycle (atom percent) 92 Natural

51 ( ) Fissile Plutonium = Pu-239 + Pu-241

Amend. 51
Sept. 1979
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TABLE 4.3-44(Continued)

CRBRP FFTF

OPERATING CONDITIONS

Total Reactor Power (MWt) 975 400

Cycle Length (full power days)
First cycle 128 100

Second cycle 200 100

Equilibrium cycle 2'/ 5 100

Peak Pellet Burnup (mwd /T)

First Core 74,200 80,000

Equilibrium Core 110,200 80,000

Residence Time for Equilibrium
Conditions (Cycles)

Fuel and Inner Blanket Assemblies 2 3 and 4

Radial Blanket Assemblies 4 or 5 -

Number of Assemblies Replaced per
Equilibrium Cycle (Average)

Fuel Assemblies 81 22 or 23
Inner Blanket Assemblies 41 -

Radial Blanket Assemblies 29 -

Power Peaking Factors (Fuel Assemblies
not adjacent to inserted control rods)

First Core
Radial, B0Cl 1.18 1.36

Radial, EOCl 1.15 1.28

Axial, BOCl 1.28 1.24

Axial, EOCl 1.26 1.23

Equilibrium Core
Radial, BOL 1.18 1.41

Radial, E0L 1.24 1.32

Axial, BOL 1.27 1.23

^* * I*
51

*

Amend. 51
Sppt..1Q{9,,
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TABLE 4.3-44 (Continued)

CRBRP FFTF

Peak Neutron Flux (4)(neutrons /cm sec)
2

Fuel and Inner Blanket Zone
15 15Total Flux 5.5 x 10 8 x 10
15 15Fast Flux (energy > 0.1 MeV 3.4 x 10 5 x 10

_

Radial Blanket Zone
15Total Flux 3.9 x 10 _

15Fast Flux (energy >,0.1 MeV) 2.4 x 10 _

(4) Maximum value attained at any time in life and at any point in the zone.
51

Amend. 51
Sept. 1979
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TABLE 4.3-45

COMPARIS0N OF REACTIVITY C0EFFICIENTS FOR CRBRP AND FFTF

CRBRP FFTF

DopplerConstant(-Th)

Initial Core, B0C1 Fuel 0.0026 0.0050
Inner Blanket 0.0044 -

Radial Blankets 0.0012 -

Axial Blankets 0.0003 -

Initial Core, E0C2 Fuel 0.0026 0.0055
Inner Blanket 0.0049 -

Radial Blankets 0.0012 -

Axial Blankets 0.0003 -

Equilibrium Core, BOL Fuel 0.0024 0.0050
Inner Blanket 0.0041 -

Radial Blankets 0.0015 -

Axial Blankets 0.0003 -

Ecuilibirum Core, EOL Fuel 0.0024 ' 0055.

Inner Blanket 0.0046 -

Radial Blanket 0.0013 -

Axial Blankets 0.0004 -

Core-Average Sodium Density Coefficients (cents / F)

First Cycle -0.006 -0.049

0Uniform Radial Expansion Coefficient (cents / F)

First Cycle -0.177 -0.21

Uniform Axial Expansion Coefficient (cents / F)

51 First Cycle -0.038 -0.038

Amend. 51
Sept. 1979
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Q 156 Futt. ASSEMBLIES h ASSEMBLIES
6 ALTERNATE FUEL BLANKET

g 76 INNER BLANKET ASSEMBLIES
15 CONTROL ASSEMBLIES

Q132 RADIAL BLANKET ASSEMBLIES306 RADIAL SHIELD ASSEMBLIES

33L(11101.igure 4.3-1 Clincli itiser lireeder Iteactor Core Las out

Amend. 511544-1 Sept. 1979
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END F/B - lli
NEUTRON X/S

DATA

ENDF/B - IV
XSRES/1DX NUCLEAR ATOMGAMMA COUPLING > (SPHINX)

~

COEFFICIENTS D E NSITIES' MO D E L

9n/13g X/S

U
.

2DB HEX AND RZ BURNUP CALCULATIONS , NUCLEAR ATOM
D E NSITIES, MO D E L

FUEL, INNER BLANKETS RADIAL BLANKETS

(HEX) (RZ) (HEX)
MESH POWER NORMAllZED AXIAL MESH FLUX

POWER SHAPE

POWPIN PUMA

2D LEAST SQU ARES BL ANKET POWE R/BU RNUP
FlT TO POWER BY ROD BY ROD

FUEL & INNER BLANKETS RADIAL BLANKET
RAD. POWER FACTORS POWER-BY ROD

POWER UNCERTAINTY,
M HD S BIAS3D POWER DISTRIBUTION + 3D POWER DISTRIBUTION

3D BENCH MARK

PEAK FUEL & INNER BLANKETS PEAK RADIAL BLANKET
Kw/FT Kw/FT

f U

Figure 4.3-2. Pcwer I)istril>ution Calculational .\letlux!

1544 2 Amend. 51
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I 0.9f3 1 037 0 992 *WITH RESPECT TO THE AVERACE VALUEi 0830 0 905 / \ 0832 IN THE FUEL OR INNER BL ANKETS.
0 988 e 1.117 *-*/ 1 118 \e 0990
0 871

\ 1 031 1 033 / 0 874

1 007 e 1.118 \ * 1.114 e / 1.120 e 1 010
0 889 1 062 1096 , 1065 0 892, ,

e 1 468 1.129 1 131 1.472 e 1 009 EA
, 215 11,2 1 114 > >i8 0 89,. .
* * *1 155 1 504 23 8- 1 506 1 159 0 987 oj1 087 1 290 e OUT e 1 293 1 090 0 871

PE AK PIN POSITION
e 1 172 1.113 1 115 1 175 * , 1.470 e 0986

, 1 152 1 073 1074 1 155 , 1215 0 827, , ,

1143 1.230 1145 * 1 174 ~ 1 134 *
11'5 0 927 1 117 1 153 1 060, .

.

FULL 1 234 1236 FULL 1498 *-* 1 112
OUT e 0 930 0 931 . OUT e 1 287 1 027,

* - 1 221 0 958 1 224 1 143 1 124 * 1031
Y 1004 0 801 1 005 I112 e 1 107 /* 0900.

$ !0979 * 0980 1 220 1 108 1 108 *

w * 0963
.

0963 *-e 0999 1066 1 090.

0 986 FULL 0 987 1 227 23 8" 1111
0 912 OUT 0 911 e 0 916 OUT 1 026'

. , ,

1141 1142 0 912 1220 1 123 \ 0985
*

0 949 W 0919 0942 0 915 1 106 0827.

0 926 1.114 *0 867 1 107 * 1113,
e 0910 0912 0 753 1 065 1 058.,

0903 0 903 0 913 1226 e 1 496 0985,,
0 888 . 0 886 0 822 0 915 1285 0 869

1 060 0[95 0 911 1 140 1 466
*

0 757 0 889 0 941 1 110 1 212
*

1 034 1113 * 1 217 1.171 1006
0753 , 0 912 , 0 997 1 151 0 889

, ,
. .

m" g 0 527 FULL e>
13 rd * 0 508 , OUT

F1 . .
-

0 ."
( ') 1 igure 4.3-4. Peak and Aserage Radial Power l' actors * 110C1
Cli
C
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* 0 973 1.025 0 975 *WITH RESPECT TO THE AVERAGE VALUE

0 815 0 891 \ 0 818 IN THE F UEL OR INNER BL ANKETS
0 969 e 1.106 * 1.107 \* 0 972

\ 1.011 / \ 1013 /0 854 0.856

0.986 * 1.102 \ */ 1113 \e / 1.104 * 0989
0 87D 1.040 , 1096,/'''8 1 042 0 872,

e 1 778 \ / 1 282 * 0 988 PE AK,
1.102 1.106 0 872 AVERAGE1.117 1.118
* *1.130 1350 26 8" 1352 1.133 e 0.969 e

/ 1210 * OUT * 1213 1 061 0 8541 058
* K PIN POSITION

e/ 1151 * 1.126 1127* 1 154 e 1 280 * 0971
1 1 135 * 1 103 0 814

'

1 133 1099

Tiaj
.100

*- - l io- . i i53 i O9e .i 13a
0978 i 119 1 134 1 0381.117 . ,

FULL \
'

0 981 0 982 OUT e 1 207 1 008
1.189 1191 FUtL 1344 * 1 102

PUI / e .

[ V 1.179 0 f 81 1.182 1 137 e 1 020*

w I 031 0 880 1 035 1115 1.113 , 0887. e ,
* *

4 , 1 011 1012 1 178 1 122 1 108-*

$ 0 996 0 997 1029
~

1094 1091
~*

.

1 017 I UL L 1 018 1 182 26 8" e 1 101

1 005 0UT 10M , OU1 1 008
* * 0968 * 1 122
1 085 1 085 1 006 1 172 0 970

*
0 952 e--e 0952 0980 0 966 * * 0813. 1 112

*
0 967 1062 e3914 1 121, 1097

e 0954 e 0 922 0all 1 C93 1036,

0 949 0 948 0 927 1 180 1 342 e 0 968** 0933 0 865 0 967 1205 0 8520935 . .
*

0995 1005 1 135 1 277,
0 979 I II3 1 1000 792 * 0 936 e

*
* 1 115 1151 0 9850 987 , 1 061 , , *

0789 0 922 1 027 1131 0869tog , ,,,

N o rt 0629 FULL e

h; ." d * 0 615 0UT

% - - -
-

*/% y 10
%, e
O Figure 4.3-5. Peak and Aserage Radial l'ower Factors * EOCl
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7 0.911 0 936 0 913 'WITH RESPECT 10 THE AVERAGE VALUE

0.767 0 819 / \ 0 769 IN THE FUEL OR INNER BLANKETS.
0 930 * 1 008 e / 1 008 \e 0 932
0 820 0 933 0 933 /\ 0 823

0.973 * 1028 \ * 0999 * / 1029 * 0.975
0 857 0 979 , 0.980 0 981 0 859

* PE AKe 1 226 1 031 1.032 1.229 * 0.993
1.041 1 009 1.010 1 044 0 875 AVERAGE*

* **1.133 1257 22 3" 1259 1.136 e 0988 e
1.053 1.118 0UT 1.120 1 060 0 868 /

* *e 1157 1060 1 061 1.160 e 1.257 e 0994
*

e 1 008 1009 1.127 * 1088 0 832, 1.125 , ,
*

1.130 1 022 1.132 1 171 1.128 *
, *

1095 0873 1 097 1 153 1.063, e
is e

FULL 1.102 1.103 FULL 1 374 * 1.125
0UT 0 925 0 926 . DUT 1 217 1 032e ,

*1.149 0 962 1.151 1 181 ,1152 * 1.043w
i 1 015 0847 1 016 y 1164 e 1134 * 0 908,

*

$ 1.034 * * 1034 1 183 1.177 1122
, 1011 . 1011 , 1M9 1152 1 104,

1 0,55 FULL 1 063 1 299 22 3" e 1125
OUT 1046 e 1.096 0UT 1 0311 041 e , e e

1 086 1 087 1 071 1 199 1.151 0 993
*

0 957 0958 1 055 1.185 1.134 0832e
0 997 1 094 1.084 1176 * 1.127,

99 1.151 1 062e e e0980
0.990 *

0 990 0 965 , 1.298 , 1.372 0986,
* 0 918 ' 1. 1 0867e * 0978 O996

1 009 1 070 , 1179, 1 254,
0 805 1 054 1.162 1 085. 0990

*
1 008 , 1 093 , 1.181 , ,1169 0988

*
e e 0804 0 947 1 048 1.151 0873

0 640 FULLQQ e,
0 626 0UTr+ 5

p . e-

m

[q:,!
,

Figure 4.3-6. Peak and Aserage Radial Power Factors * llOC2
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I O907 0 951 0.908 *WITH RESPECT TO THE AVERAGE VALUE

[ \ 0763 IN THE FUEL OR INNER BLANKETS.13 0 162 0 824

0913 * 1028 *--* / 1 029 \* 0914

\ 0933 [ \0934 /0 803 0804
0 941 * 1028 \ */ 1.054 \e / 1 028 * 0943
0 829 0 965 1 025 / 0 966 0 830

* *e 1 061 1 070 \W/ 1 010 1063 e 0955 PE AK

0 938 1 053 1 054 0 939 CE42 AVERAGE
* *1.087 1 147 * ' 30 6" * 1.147 1.089 e 0957

/e1006 1 050 QUT 1051 1 011 0 839
, PE AK PIN POSITIONe 1115 1 085 1 086 * 1 116 e 1 094 e 0 971* *

1 086 1067 1 OL7 1086 * 0.982 0812

* 1 105 1 053 1.106 * 1 132 1 104 *
** 1 087 0 942 1087 1 107 1 028. .

FULL 1 082 1 082 FULL e 1 765 e 1 120
OUT 0 966 0 967 OUT 1 146 1 008, ,

" * *
. 1.105 0 985 1 106 1166 1.183 * 1034
y 1 028 0.914 1 029 1141 e 1151 ,0893,

y 1 059 * * 1059 1.139 1 193 e 1 165

,1 041 1.041 , 1065 1182 1.121m
1 076 FULL 1 083 1 254 30 6" = 1 120

1.119 * OUT
*

\' 1 009
0UT 1068 e, ,

1 058 1 059 1 093 1.255
1.183 \ 0 911

* * *0 917 0 977 1.234 1.151 0812
1.080 8m

1 039 1 071 3 y 3, *.C3 * 1 1041
*

0 977 1 040 1.182 1.028, , ,
1.036 1 037 1 004 1 253 1.264 0 957*

0966 * 1.119 e
*

* 1.145 08391026 *. .
' 1.166 1.0930 998

1.09;'-- om08o l o, u40e e, ,,

0.999 , 1 071 , 1.139 , 1 132 0 954,
e e 0863 0 977 1 065 1.106 0 841

0.752 FULL
gg * 0 742 * OUT
u to e *

C.O V 5.
G>

~

~

C 0 ."
C; e Figure 4.3-7. Peak and Aserage Radial Power Factors * EOC2
U
p
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i
de 1.018 1 046 1.020 *WITH RESPECT TO THE AVERAGE VALUE

OB67 0 929 0 870 IN THE FUEL OR INNER 8LANKETS.
10?0 e 1 108 1.109 e 1 023
0 912 \ 1 M4 1 045 / 0915

* *1 038 1117 \ e 1 097 ** / 1.119 * 1041
0 933 1 077 * 1069 / e 1.080 0 937

e 1515 1.123 \ / 1125 1 520 e 1 040 PE AK
e 1 263 1 077 1 078 1 267 0 936 AVERAGE, , ,

* *1.166 1 517 19 8" 1 520 1 163 e 1.021 1

p[1 112 1 797 0UT 1.300 1115 0 913

*, 1 173 1 077 1 079 1176 1.519 e 1 018, , e
* 1150 1018 1019 1 153 * 1265 0 868.

1 134 1.166 1136 b 1176 1 116 e
1 091 0888 1093 1.151 1 017, ,

FULL 1 210 1 212 FULL 1.516 * 1 106,
0UT 0 913 0 914 e OUT * 1 296 e 1 043,

1217 0 947 1 220 1 127 1121 e 1 044*

Y 0 997 0 788 0 999 1 089 e 1 074 e , 0928,
*

ut e 0 955 0 956 1 217 1 074 1 094,
" 0 937

.
0 938 e-o 0 993 1 013 1 066e ,

0 964 FULL 0 964 1 204 19 8" 1 I lus
0 949 OUT 0 948 ** 0 901 OUT / 1M2, ,

1 133 1 134 0 946 15 / 1 120 1 017
*

T0943
w 0943 0918 0 878 1 073 0868.

0 904 1 106 0 856 1 072 * 1 115
e 0891 0 907 . 0 741 1 012 1 075

, ,
*

0884 0 884 0 906 1 202 , 1 513 * 1 019*
,

0 870 0869 0 815 0 900 1 293 0 912.
*

1 057 O945 1 124 1 514
0 754 0 917 1087 e 1 262* 0871

1 031 1 105 , ! 1 214 1.172 1037*
,

e . 0751 0 907 0 991 1 143 , 0 933

ro N 0 525 , FULL e4

* 0 506 0UT
t.3, 3. @a . e
C ', *

m

C *$
)k Figure 4.3-8. Peak and Aserage Radial Power Factors * 110C3*
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v1

t 'WITH RESPECT TO THE AVERAGE VALUE
b 0 977 1 019 0 979

IN THE F UE L OR INNER BLANKETS.
08?O 0 896 0 833

0.974 * 1 087 * 1 088 * 0??6

\ 1 002 / \ 1 003 / ' 869J0 867

0 986
,

1 083 \ */ 1 092 \* / 1 084 * 0.989*
1 029 0.8850 883 1 027 , e 1076 ,/1106 * PE AX1 105e 1 200 g j 1 203 * 0 988

AVERAGE

[ 1.096 1.097b 1 010 0 884
1068

*
1.111 1265 27 2" 1266 1 114 * 0975

P(e
*

1 046 1IM OUT 1166 1 348 0 868 K PIN POSITION

1 110\ * 1 130 * * 0978* ,1202* 1 128 109

1.111 1 085 1 086 1 113 1 069 0831

b " e ,1 130* 1 082 *
*-* 1.120 1 120 1 121

1103 1 112 1 028
1 102 0979 e,

FULL 1146 1 147 FULL 1 263 1 086

1.163 1 001OUT e0 995 0 996 e0UT e *

.
- 1 148 0.989 1 149 1 120 * 1018

, 0895
1 042 0915 1 043 1101 % gg,y

* * 1026 .

I147 1 107 1 090
1 025$ 1 082 - 1.074

$ 1012 1 012 * 1039 e
CD ee-o

1 031 FULL 1 032 1.140 27 2" * 1 086

/ 1 001*
1 020 * 0 985 OUT

1 021 OUT e

1.112 \
103e

/ \ 0977
1 054 1 054 1 022 * *

08310999 0 970 /0 956 *-* O956 e

0 992 1 036 0 938 / 1.106 * 108218

0 083 0932 0.884 1.082 1 027
, ,

0 980 0 980 , 0940 1 139 , , 1.261 0974,

* 0 968 e e 0 967 0 893 09M 1.162 0 867

0 975 1021 1.118 . 1200*

I 0670998 1.099 f0 820 e g ** 1 145 1128 09860970 , 1G35 , ,

0818 0 932 \ 1038 1.110 0 883
e .

IULL
(n > 0694 *

* 0684 OUT
$M,, * *y ." a

-y -
' e vi

[' e" ~ Figure 4.3-9. Peak and Aserage Radial Power Factors * EOC3
~
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4.

$ 0 944 0.962 0 946 *Wi1H RESPECT TO lHE AVERAGE VALUE
o 0 805 0 852 0 80; IN THE FUEL OR INNER BL ANKETS

0955 * 1024 * 1.024 * 0956
0 851 0 954 0955 / 0852

0.982 * 1044 \ 1.010 * / 1 045 * 0.984
0 875 0 997 0 990 0 998 0 876

* 1.142 1 053 1 054 * 1 143 * 0983 PE AK
1 007 1 023 1 023 1 008 0 876 AVERAGE*

1.116 * *1205 18 9 ' 1206 1 117 * O955 /*1044 1 097 OUT 1098 1 045 0 851
, , PE AK PIN POSITION* 1 1., , 1.107 1.108 1.143 * 1 142 * 0945

\1119
1060 1 060 1120 * 1 007 0 806

* 1 141 * 1 188 * 1 142 * * 1 143 1 043 *
*

1122 * 1 165 * 1.123 1 119 0 397j , ,

FULL 1163 _ 1.163 I FUtL 1.202 * 1 023
OUT

.

1041 * * 1 042 OUT * 1096 09543
* *1125 1 045 1125 1 141 * 1 052 * / 0 962w
L 1038 0 986 1 038 1120 1 021 * * 0 653,

$ 1 096 1 122 g 1104 1 008
*

1 085 * 1034 1057 0 988,
1 100 1 085 1.100IULL 1156 18 9" * 1023, ,

\ OUT /* * * 0 9541 090 1.089 *
1 078 1 078 1 091 1 181 \ / 1051 \ 0 945,
0 979 * 0 979 , 1 G70 115P , 1021 0 806,

'
1 070 1 059 1 029 1 103 *, . 1(43
1 061 0 954 0 955 '

1 056 0 997,,
#1 059 1 059 0 964 1155 L*--* * 1202 0955,* 1 045 e , 1044 * 0 917 1 03. f 1 095 0 851

*1 001 1091 1 140 1 141,
0 838 1 070 1 110 , 1 007,

*0 995 1 058 * 1 121 1 142 0982, , *0836 0 954 1 033 1118 o 0875, ,

( ') $N , 0.705 , FULL *

Q 3g 0 694 OUT /
c- p yt ./

*

(5 ?
O Figure 4.3-10. l'eak anni Aserage it:ulial l'ower Factors * 110 C4
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0 928 0 968 0 929 *WITH RESPECT TO THE AVERAGE VALUE
IN THE FUEL ORINNER BLANKETS0788 0 848 / 'g 0790--

0.926 * 1.035 * / 1035 \* O927

[ [ 082209440 821 0 943

0 940 * 1.033 - */ 1.058 \e / 1.034 * 0 941

0 836 0 970 1 029 0 971 0 836
*

* 0.997 * 1085 1 085 0998 e 0941 PE AK

0.907 1 061 1 062 0 908 0 837 AVERAGE

*1.122 1063 e 0927 e* ~ 1.122 * 27.9" .1062
1 033 OUT 1034 0 988 0 822 PE PIN POSITION/0987

* I 121 - 1 121 1.100 e 0998 e 0930*of 1 099
'

1 070 1 109* 1 071 * 0 908 0 790*

1 109 1til1.111 j 47 e 1101 1 034 ee
,

'"'2 S"\,A | 2,3'
*uG3 - u G4
1 136 FULL e 1 122 e 1 036FULL 1.136
1 060 OUT 1 034 0 9450UT 1 060 i, e

1.112 * 1 086 e 0 9701.107 LD74 1.107=
*

Y 1050 J 1 031 1 050 1063 0850,

1 122 1 059e 1 112 1.112 e 1104g
* * *

O 1 G18 1030..

1 14 1.103 1 103 i ja * 1.132 27.9" b 1 036, ,
I*UUT * 1.105*1.105 ,

1 2,41 / 1085 \ 09301 072 1 072 1 112 ,

1 013 1 013 e 1098 1 231 , 1 062 0790.
'1.103 1 060 1 065 1122 e 1 034

0 997 1 013 * 1.110 0 971*
,e ,

*
1 098 1 098 1 008 1 132 1 122 0 927,

1 087 1 087 O980 1 056 * 1033 0 823**
e

1[1 016 1 ,099
e 0 9983 gij

0 912 ok 1090 1 104 ,
e 1 104 1 100 0 9401 014 . s 1 059 , , ,

e 0 911 0 997 ,1848 1 071 0 836

(D N 0 827 *
FULL*

3@ * 0 819 OUT
- p .. .

e

d$
Fieure 4.3-11. l'eak and Ascrage Radial l'ower l' actors * EOC4*
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C
u

*Wi1H RESPECT TO THE AVER AGE V ALUEi- i006 iu? i.009 W OR M BWW
b 0852 0921 0855

1005 * 1 118 * 1.119 * I 008

0 894 1 042 1 043 0 897

/ 1.123 * 1023

[,\*\, 1 111
1.020 * 1.121 -

*
* 1.074 0 91510910 911 1 072 *

PEAK
e 1.493 1.129 \ / 1.131 1 e;7 * 1022

AVERAGE
1.241 1.101 1.103 1 245- 0 914

c ,
*

1 519 22 7-- 1522 1 160 .e 1 004 e
1.157 -*

1 097 1 298 a OUT * 1.301 1 100 0 894 PIN POSITION
* 1 034, 1495* 1 167 1 096 1 097 1170 e

, ,

* 1 147 1 050 1 051 1 150 * 1.242 0 851
,

* e
1.130 i.213 1.131 1 170 1 118 *

1.101 1 148 a0700915 e1099 .

FULL 1 226 1 228 FULL 1 514 * 1.113,

00T e 1.296 * 1 038
0 923 0 924 .OUT .3

1217 0949 1 219 1 130 1 125 * 1 041*

\ 0.917w 1097 * * 1.096 *

1 0 998 - 0794 1 000 ,

* 1 216 1 091 1 105 \e 0960 .
0961 e3

* 0943 0 944 * 0993 1 044 1.085.

0 968 FULL 0969 1.219 22.7" * 1.112
1 0370 952 * 0 910 ' OUT /OUT .0 953 , ,

1.132 1.133 0 953 1 203 -/ 1124 1003,

0 973 09M f 1 096 0 850
0 941 * 0 941 .

e 0892 0905 '
e 0859 1 090 * 1 116

0 907 1 105 *
O746 1 043 1068,

,
* * 1.512 1.002

0 885 0 885 0 906 1.218 , ,

0 869 0 815 0 909 1.293 0 892* 0 870 .
0878 * 0952 1.128 1.491

1 052 W0 923 LO% ,0 750 * O872 *
1.026 1.104 e 1 213 1.167 1.019

*
0747 0904 0992 * 1.145 0912* *

. ,

FULL *
0.522 *mo * OUT

g .d 0 504"
* **

c;-
C 0$
,

.4 e';, Figure 4.3-12. Peak and Aserage Radial Power Factors * 110C5
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A
0 968 1 016 0 969

.

'WITH RESPECT TO THE AVERAGE VALUE
0 819 0 887 0 820 IN THE FUEL OR INNER BLANKETS.g

09M * *1 090 1 090 \* 0 966

\ 0 996 [ \ 0 997 / 0 85608M
0.976 * 1 083 \ */ 1.105 \* / 1.084 * 0 978
0 869 1 022 , 1084 , 1.024 0 871,

* 1 177 1 117 1 118 1.179 e o g77 PE AK

1.{061045 1 047 0 870 AVERAGE1 107
1108 * 1263 29 1" 1.264 1 110 e 0964*

,
1 038 1157 0UT 1159 1 040 0 855 /

1 122 112f * '* 1 129 *
1 130 , 1 17i o 0967

\ 1,111 1.101 1101 1 112 * 1.045 0 818, ,

1 123 1 147 1 124, ,1 130 1 082 e
1107 1 001 1108 > L111 1 022, ,

18
FULL 1.152 . 1153 . FULL 1259 e 1 088
0UT 1003 1 003 0UT 1155 0 995, ,

.# 1.14 5 0 995 1.147 Y123 e 1.115 e 1013

ihy 1 043 0924 1 044 1.106 a 0885,

$ 1 034 * * 1.035 . 1.144 1 116 1.102
N *1021 1022 e 1 039 1098 1 081

0 FULL 1.01 1.146 291" e 1 088
OUT 1029 e 0992 OUT

[ 1.115
09951 030 * , ,

1056 . 1057 1 032 1.139 -f \ 0.967* *0 960 * 0969 1009 0.991 * 0 818,
1.103to1003 1.038 0 944 1.116 * I081

0994 0936, , - 0892 1.097 1.021

0 991 0 991
* 0 945 1.145 * * 1.258 0 953*

** 0979 , . 0977 0898 0 992 1.154 0854
0 979 0 988 *

1.031 1.122 1.175
*0 825 1.009 1.105 1.043

0.461 ,
0 974 , 1 038 * 1142 , * 1.12S 0 976,

am 70 FULL..

P{ , n.690 OUT
. . e

*$
e

g Figure 4.3-13. Peak anil Aserage Railial Power Factors * EOC5
y
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t
;, 0 916 0 954 0 913 *WITH RESPECT TO THE AVERAGE VALUE

4 0.767 0 829 0.769 IN THE FUEL ORINNER BLANKETS

0923 e 1 032 * 1033 * O 924

[
'0809 0941 0942 0810

0 946 * 1045 */ 1 032 * 1.046 * 0.947

( 1013 g0.830 0.982 0.983 0 831
*e 1.101 1080 \ / 1.081 e 1.102 e 0546 PEAK

0.965 1 053 - IOM 0 966 0 830 AVERAGE

* *1.103 1214 e 22 9'' e 1 215 1.104 e 0923 e
1 018 1 092 OUT 1.093 1 019 0 809 /

PE AK PIN POSITION* 0915e 1144 1 138 - 1.138 * 1.145 e 1.100 .
1 116 1.105 1.106 1 117 * 0.964 0 766

''s'
. e 2 243 . 1 151 e 1 144 i 044 e

elmo ,13e i.iie 0 98,
, , , , e e e

FULL 1.186 1.187 FULL 1.210 * 1030
0U1 1.062 e e 1 063 OUT 1 089 0 940,

** 1 132 1 072 1.132 1 150 1.078 e 0 952*
Y I 044 1 005 1.044 - 1.137 1051 e 0826,

e 1.116 1117 em" 1125 * 1 134 1 029
W ' *

1 039 1.102 1 011
1.106 - 1.107 *

1 119 e1 119 pgit 1179 22.9" o 1 030
*

1 {08 [OUT *e * *
1085 1 085 1.111 1 235 --/ 1078 \ 0915,
0.986 * 0986 1092 1.221 1 051 0 767, ,

1 090 1.065 1.055 , / 1134 e 1 043e
1 080 0961 0 974 1 102 0 980e e

, 1 210 0 9231 076 1 076 0 971 1.179 e, ,
* 1.062 e e 1 061 e 0926 1.051 1 089 0 809

1 073 *
1 005 1 111 1 150 1.100

1f64 1 092 1.135 e 09640 843 *
*e 1125 1.144 09450 999 e 1.065 * *

e e 0841 0 961 * 1039 e 1115 0830

($ $ * 0 711
FULL

3@ 0.700 OUT
ct e o
'

Q o

C' S
C' * Figure 4.3-14. Peak and Average Itadial Power Factors * BOC6
p
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A

'WITH RESPECT TO THE AVERAGE VALUE
$ 0 906 0.961 0.907

IN THE F UEL OR INNER BL ANKETS
vi D.757 0.826 0.758

0.903 e 1.041 * 1.041 e 0904
0.789 \ 0.931 / \ 0.931 / 0.790

0.915 * 1.034 \ e/ 1.112 \* / 1.034 e 0.915
0958 0 803/0 802 0.957 1.04 6

PE A K
* 0.957 1.130 \ e / 1.130 0.957 = 0 915* *

-
AVERAGE'4 0 867 0 803

F ULL \*1.083
n.866 1 082

*
1.121 1.055 e 0904 e*1055 1.120 e

P(AK PIN POSITION0969 1 022 0UT 1.023 0 969 0.790

* 1.156 * e 0906* 0.9571 108 oe 1.107 1.156* * 1069 O 866 0757
1 069 1 141

1.290 W ee 1.129 1129 * 1 108 1 034

1.115 1276 1115 1 069 0 958
, ,

*
FULL 1.157 1.157 IULL :* 1.119 I 042

OUT 1 077 e e 1 077 OUT 1 021 0 931
45 *

1.112 1.095 1.113 1.129 1.131 a 0.361*
w
1 1.0! 4 1 049 1 055 1 115 , 1 083 ,0826

1.131 1.131 1.110 1.157 * 1.112m
* *

1.053 1 142 1.046
l

1.133 ' 1.153 * FULL 1042FULL *

e 1.124 e \ - OUT
0 9321.073* OUT

1.080 1.081 1.131 1 2,91 1131 \ 0907, ,
1.276 1.083 0.7581118 ,1.024 1 024 e '

1 069 1 086 1.157 * 1034.
i i42 0958i008 i.On e. , . , , , ,

1.120 1.120 1020 1.153 1.119 0 904*
* 1021 0.790

1.108 0 993 1 073 ee 1.109 , ,

1.026 1.130 1.129 0 957*

0925 1118 1.115 0 866
, *

1.024 1.069 e 1.110 1.107 0915
*

0.924 * * 1.053 * 1069 0803
e .

* 0835 0UT
rt 3

CO P* e o
C ', Gm
C, s"
,Le Figure 4.3-15. Peak am! Average Radial Power Factors * EOC6
C
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30 GROUP ENDF/B lli
CROSS SECTIONS

II
NUCLEAR ATOM GENSITIES,

XSRESCELL MODEL AT HFP' AND
HFP + AT WITH AND * INTERPOLATION CODE FOR RESONANCE

WITHOUT Na. SELF-SHIELDING AND DOPPLER BROADENING

II

1DX
ONE DIMENSIONAL DIFFUSION CALCULATION; NUCLEAR ATOM

SPACE-ENERGY CROSS SECTIONS COLL APSED e DENSITIES,
TO 21 ENERGY GROUPS INCLUDING ID CORE MODEL

ELASTIC REMOVAL CORRECTION.

NUCLEAR ATOM DTF ISOTXS NUCLEAR ATOM
D E NSITIES, CROSS SECTION CROSS SECTION DENSITIES,

2D CORE MODEL FILE FILE 3D CORE MODEL

'N / gy u

VENTURE
W2DB THREF DIMENSIONAL DIFFUSION

TWO DIMENSIONAL DIFFUSION CALCULATION FOR FORWARD AND
CALCULATION FOR FORWARD AND ADJOINT FLUXES, PERTURBATION

ADJ0 INT FLUXES INTEGRALS.

If lf

PE RT-V

TWO-DIMENSIO N A L THREE-DIMENSIONAL
FIRST-ORDER PERTURBATION FIRST ORDER PERTURBATION

THEORY CALCULATION THEORY CALCULATION

T dk/dT FOR DETAILED
_ SPATIAL DISTRIBUTIONS AND _

~

INTEGR ALS FOR FUELED
'

REACTOR REGIONS

*tlFP = HOT FULL POWER TEMPER ATURE CONDITIONS

liigure 4.3-26. I low Chart l'or I) oppler Calculations

|344 26 Amend. 51
Sept. 1979

4.3-175
, ,rc ,)--u .1'"d t.
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" .110 .127 .110

.122.122 .155

\ / \ .155 /,139 .171 .127.127 .171

.518 .203 .203 .518 .127

.182 .603 .603 .182 .121

.229 .211 .211 .229 .516 .109

.229 .509 - .229 .229 .170

.507 .507 .599 .153

.561 .456 561 .227 .201 .126y
0 .182 .182 .556 .208 .184
m

.175 .175 .494 .153

.466 .466 .163 .498 .201 .109

* TOTAL ASSEMBLY DOPPLER \ is f

IN CENTRAL 36-INCH ACTIVE .162 .423 436 .208 .170

FUEL AND INNER BLANKETS.

.144 .144 .403 .494 .599 .121

.334 .144 .163 .227 .516

.332 423 .556 . .229 .127

L).227

n
38
- a. 417igure 4.3-27a. CitilitP 1) oppler Constant by Assembly * lleginning of Cycle One (-T dK/dT s 10 )*

a n
*$ g/f,
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w
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t.
'd r N 092 080

088 116 116 088

\, / \/091 125 153 125 091

403 166 166 403 091

134 - 505 505 134 088

178 191 191 178 403 080

193 707 193 178 125

590 590 505 116

*
60li 613 606 193 166 092|

[ 198 198 604 191 153

188 188 585 116

610 610 192 206 166 080
* TOTAL ASSEMBLY DOPPLER

s ut tIN CENTRAL 36 INCH ACTIVE 197 565 567 191 125FUEL AND INNEH BL ANKE TS

180 180 553 585 505 088

517 179 192 .193 493

516 565 604 178 091

451n
3e

g
I'ipure 4.3-27h. CRilRP 1) oppler Constant h) Assembly * 1.nti of Cy cle l'our (-l <!k ill's 10 )
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30 G ROUP ENDF/B lil
CROSS SECTIONS

1f

NUCLEAR ATOM XSRES
DENSITIES, CELL z INTERPOLATION CODE FOR RESONANCE
MODEL WITH AND SE L F-SHIE LDIN G

WITHOUT Na.

II

1DX
ONE DIMENSIONAL DIFFUSION CALCULATION; NUCLEAR ATOM

SPACE ENERGY CROSS SECTIONS D E NSITIES,+
COLLAPSED T0 21 ENERGY GROUPS 10 CORE MODEL

WITH AND WITHOUT Na.

NUCLEAR ATOM DTF ISOTXS NUCLEAR ATOM
D ENSITIES, CROSS SECTION CROSS SECTION DENSITIES,

2D CORE MODEL FILE FILE 3D CORE MODEL

If II

VENIURE
W2DB

". REE-DIMENSION AL DIFFUSIONTWO DIMENSIONAL DIFFUSION .CULATION FOR FORWARD AND
CALCULATION FOR FORWARD AND 5.JJ0lNT FLUXES, PERTURBATION

ADJOINT FLUXES WITH Na. INTEGR ALS WITH Na.

If II

PERT V
TWO DIMENSIONAL THREE-DIMENSIONAL

FIRST ORDER PERTURBATION FIRST ORDER PERTURBATION
THEORY CALCULATION THEORY CALCULATION

SODIUM VOID WORTH FOR
DETAILED SPATIAL -m

~ DISTRIBUTIONS AND INTFGRALS ~
FOR FUELED REACTOR REGIONS

86[.d$l:3
I igure 4.3-28. Flow Chart for Sodium Voiding Reactisity %ortli Calculations

1544-29 Amend. 51

4.3-178 Sept. 1979
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t

-16 -17 -l 6

-07 -07 -07 -07

-06 05 03 05 -06

1.5 09 09 15 -06

07 19 19 0.7 -07

1.5 15 15 15 15 -16

19 12 19 15 05

a 24 24 19 -07

1 23 23 23 19 09 I7
co

21 21 23 15 03

O e 1.6
0 - "21

09 -22 22 23 12

* TOTAL ASSEMBLY V010
WORTH IN FULL 64 INCH 19 23 2.5 1.5 05
5 UELED HEIGHT.

19 19 2.5 24 19 -07

\
20 21 2.3 19 1.5

70 2.3 23 1.5 -06

$(D
rm 2.3

5. ( -}-

[ C:

h;3~ Figure U-2% CimIW Sodium Veiid W<>rdi liy Assenddy End of Cycle Four* tO
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ENDF/B - lli MU LTIG RO UP D ATA
PROCESSED BY ET0X TO 30-ENERGY
GROUP, INFINITELY DILUTE CROSS

SECTIONS AND SELF 5HIELDING
FACTORS FOR RESONANCE ABSORPTIONS

AND TEMPERATURE DEPENDENT FACTORS

30-GROUP o's

XRES/1DX RESONANCE SELF-
SHIELD AND DIFFUSION FLUX 1 DIMENSIONAL RADIAL AND

AXIAL NUCLEAR MODEL,
SPECTRUM COLLAPSE TO 9 ENERGY c
GROUP. COMPOSITION AND TEMP. GE0 METRY AND HOT ATOM

ERATURE DEPENDENT MICRO. DENSITIES

SCOPIC CROSS SECTIONS

9-G R O U P o's AN D o's
U BY DISCRETE REGION

ANISN
FLUX-DISADVANTAG'

AND VOLUME WEIGHTING

9-G ROUP HOMO G ENEOUS
X's OVER FULL HEX

jf SU8 ASSEMBLY VOLUME

2 DIMENSl0NAL HEX AND RZ
2DB,2-DIMENSl0N AL (HEX) DIF. NUCLEAR MODEL GEOMETRY AND

=FUSION DIRECT K CALCUL ATIONS HOT ATOM DENSITY DISTRIBU-
TIONS, BUCKLING AND SeH

NOMINAL CONTROL WORTHy

NO RM AllZE, SU BTR ACT ZPPR 7 E/C BI AS F ACTORS
UNCERTAINTIES < AND UNCERTAINTIES

MINIMUM AVAILABLE

]f CONTROL WORTH ,,,o
J a a, ..:.s

Figure 4.3-31. Control Worth Calculational Sequence Amend. 51
1544-33 Sept. 1979
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4.4 THERMAL AND HYDRAULIC DESIGN

4.4.1 Design Bases

The thermal-hydraulic steady state design of the reactor is
consistent with and limited by the following design bases. The design
bases and limits for plant transient conditions (e.g. , prevention of
sodium boiling and cladding melting, maximum cladding and fuel temper-
atures, and cumulative cladding damage within the permissible limits
corresponding to the transient class considered) are discussed in
Chapter 15.

1. The maximum fuel assembly hot spot cladding temperature
for steady long term power conditions will be consistent
with burnup objectives and the fuel integrity limits
(Sections 4.2.1 and 4.4.2.5.1). The hot spot long-term
power cladding temperature is calculated for plant
expected operating conditions (see Section 4.4.3.3.1)
applying design uncertainties (see Section 4.4.3.2) at
the 2a confidence level. The cladding temperature /
pressure history during the entire assembly lifetime
(see Section 4.4.3.3.4) is factored into the structural
analysis to determine the cumulative cladding damage,
hence, the maximum burnup attainable in the 1ssembly.

2. The maximum hot spot cladding temperature in the blanket (*)
for steady state long term power conditions will be con-
sistent with lifetime objectives. The hot spot long-term
power cladding temperature is calculated as described above
for the fuel assembly. The cladding temperature / pressure
history during the entire assembly lifetime is factored
into the structural analysis to determine the cumulative
cladding damage, hence the maximum assembly lifetime.

3. The maximum hot spot cladding temperature in the control
assemblies for steady state long term power conditions will
be consistent with lifetime objectives. The cladding tem-
perature is also calculated as described for the fuel
assemblies.

35G155

(*)
In Chapter 4.4, " blanket" refers to both inner and outer (or radial)

51 blanket assemblies; if a statement explicitly applies to either
inner or outer blanket, it will be specified.
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4.4-1 Sept.1979



O
4. The thermal-hydraulic conditions in the fuel and blanket

assemblies will be such that the duct dilation resulting
from the combined effect of duct temperature and differential
pressure across the duct will be less than one half the
diametral gap between adjacent assemblies.

5. No centerline fuel melting is allowed in the fuel assemblies
at 115% overpower conditions (*), including design and experi-
mental uncertainties at 30 confidence level. Consequently,
the linear power rating will not exceed the limiting power-
to-melt under the aforementioned conditions.

6. No centerline fuel melting is allowed in the blanket assemblies
at 115% overpower conditions (*), including design and experi-
mental uncertainties at 3a confidence level. The blanket
management scheme will therefore be arranged not to exceed
the limiting power-to-melt under the aforementioned conditions.

7. No centerline absorber melting is allowed in the control
assemblies at 115% overpower conditions (*), including design
and experimental uncertainties at 3a confidence level.

8. The sodium temperature exiting in the core assemblies will be
within allowable limits to assure the structural integrity of
the upper internals structure during its prescribed lifetime.

9. Mixing in the inlet and outlet plena will mitigate the effects
of thermal transients on the internal structures, such that

the components structural requirements are met.

10, Adequate cooling shall be provided to the shielding, core
barrel and core former components to assure their structural
integrity and that core restraint clearances are maintained
within required limits. Sufficient flow shall be provided

tothereactorvesselfthermallinertolimitthevesselwalltemperature below 900 F during normal operation. Adequate
cooling shall be provided for the Fuel Transfer and Storage
Assembly to preserve the structural integrity of stored fuel
assemblies.

11. Adequate heat removal by forced and free convection from heat
production reactor components shall be ascured for all operat-
ing conditions.

51 This definition means a power equal to 115% of rated power conditions.
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12. During operating conditions, fuel, blanket ai,d control assem-
blies total pressure drcp along with the rest of the primary
system pressure drop will be within the primary pump head
capability at the corresponding flow.

13. Coolant velocities shall be less (unless test data support
higher acceptable velocities) than the following limits
dictated by cavitation and/or corrosion / erosion considerations:
30 ft/sec for non-replaceable components; 40 ft/sec for
replaceable components in the high coolant temperature region
(exit); 50 f t/sec for replaceable components in the low cool-
ant temperature region (inlet).

14. The control assemblies flow rate will be such as to assure
adequate margin against flotation in case the driveline
becomes accidentally disconnected (see Section 4.2.3.1.3).

15. Assemblies orificing will be designed to be consistent with
the requirement that the lower shield in the fuel, blanket
and control assemblies will have sufficient solid volume
fraction to limit radiation damage to the core support
structure and to assure its prescribed lifetime.

16. The themal-hydraulic design of the control assemblies will
be such as to satisfy the scram insertion requirements during
the reactor lifetime (see Section 4.2.3.1.3),

17. The sodium temperature shall be less than its boiling point
during normal operation and anticipated and unlikely transient
conditions.

18. The reactor will meet the aforementioned design bases operating
over a range of power and flow rates, including power ranges
and flow variations , from 0 to 100% of nominal conditions as
well as at two-loop operation.

19. Adequate design margins (see Section 4.4.3.2) will be provided
to account for design, fabrication, operational uncertainties
and tolerances to ensure meeting the aforementioned limita-
tions. The semistatistical hot channel factors approach will
be adopted in combining individual fuel, blanket and control
assembly uncertainties.

51

Sbb.3.Y/
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20. As explained in Section 4.4.3.3.1, plant T&H design conditions

are considered in performance evaluations of permanent plant
comportents(+), e.g. , vessel, internals , heat exchangers.
Therefore, these conditions shall be considered in evaluation
of items 8 through 11,17 through 19. On the other hand,
plant expected operating conditions are adopted in steady
state performance and design evaluations of replaceable com-
ponents such as the reactor assemblies. Therefore, plant
expected operating conditions shall be corsidered in evalua-
tion of items 1 through 7,12 through 15, 16, 18 and 19.

4.4.2. Description

4.4.2.1 Summary Comparison

This section presents a comparison of general and core assem-
blies design parameters for the CRBRP and FFTF reactors.

I. CRBRP AND FFTF GENERAL PARAMETER COMPARIS0N

Units CRBRP** FFTF*

Design Life Yrs, 30 20
Reactor Power (Thermal) MWt 975 400
Primary Coolant - Sodium Sodium6Primary Coolant Design Flow Rate 10 lbm/hr 41.45 17.28
Coolant Temperature:

Reactor Vessel Inlet F 730 600
Reactor Vessel Outlet F 995 858
Reactor Vessel Temperature Rise F 265 253

Pressure Drop:
Reactor Inlet Nozzle-to-0utlet

Nozzle (c) psi 123 110
Lower Inlet Module to Assembly Outlet Nozzle psi 116 101
Primary Pump Design (s;atic) psi 160.3 182.5

Number of Primary Loops - 3 3
Suppressor Plate - Yes Yes
Cover Gas - Argon Argon
Cover Gas Pressure (nominal) psig 0.36 0.36
Allowable Overpower percent 15 15

(+)Permaner,t plant components are those components which: 1) will be
designed for 30-year life; and 2) cannot be easily replaced.

* FFTF Initial Condition "q . :5"^ de51 ** CRBRP T&H Design Values.
0 CRBRP value includes uncertainties; FFTF value is nominal.

OAmend. 51
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Units CRBRP FFTF

Maximum Allowable Coolant Velocity:
Replaceable Component (exit / inlet) ft/sec 40/50 ***

Non-Replaceable Component ft/sec 30 30
Heat Transfer Areas:

2Fuel region / assembly ft 39.2 39.2
2Axial Blanket region / assembly ft 30.5 -

2Blanket assembly ft 43.1 -

2Control Assemblies ft 17.5 22.7
Flow Areas: 9

Fuel assembly inj 6.72 6.72
Blanket assembly in 3.96 -

2Control Assembly Rod Bundle in 2.95 3.03
2Control Assembly Bypass in 2.15 1.82

4.4.2.2 Fuel Rod Temperature

Fuel (blanket or absorber) rod temperature distributions have
been calculated for fuel, blanket and primary control assemblies.

Analytical methods and tools employed in the calculations are
discussed in Section 4.4.3.4; uncertainty factors adopted in evaluation
of " hot" rod temperatures are summarized in Section 4.4.3.2; physical
properties, data and correlations used in the calculations are listed in
Section 4.4.2.8. A complete core-wide mapping of fuel, inner ard outer
blanket relevant thermal-hydraulic parameters along with preliminary
control assemblies performance predictions are reported in Sections 4.4.2.5
and 4.4.3.3.

Rod temperatures calculations in the fuel and blanket assemblies
are performed employing the Westinghouse Proprietary code NICER (see
Appendix A). The same procedure is basically followed in calculating
absorber temperatures, the only differences being that the CRSSA instead
of the NICER code is used and ad hoc gap conductance (Section 4.4.2.8.6)
and absorber conductivity (Section 4.4.2.8.8) correlations are employed.

The coolant temperature distribution across the asssembly is
calculated through subchannel analysis codes utilizing a detailed pin ' <-
pin power distribution. The coolant channel under consideration is iden-
tified (this may be the one with the highest temperature, or the one next
to the rod with highest power or any other specified) and the axial temper-

(*) NOTE: Calculations are performed at each axial level (30 positions
over the fuel and axial blanket sections are evaluated) using the

51 proper coolant boundary condition.
***No requirement

S i a.i. 3
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ature profile is used as the coolant temperature boundary condition for all
subsequent calculations. Rod temperatures are then calculated (*) through
one-dimensional Fourier equations, progressively moving across the cool-
ant film, cladding, fuel / cladding gap and fuel pellet to the fuel center-
line. Uncertainties associated with each temperature drop are properly
accounted for as discussed in Section 4.4.3.2.

Fuel temperatures can be calculated in NICER utilizing empirical
models of the complex fuel / gap behavior. Whenever these models have been
calibrated against experimental data, as is the case for beginning-of-life
behavior calibrated against the P-19 data (Ref. 37), NICER calculated
pellet temperatures are quite accurate. However, in actual design calcu-
lations, especially in power-to-melt analyses (see Section 4.4.3.3.6)
integral calculations perfonned with the LIFE-III code are adopted, using
the cladding ID temperature calculated by NICER as boundary conditions,
along with the detailed NICER rod power profile.

In fact, the fuel / gap behavior is a function of the type of rod
(fuel or blanket) and of the time in life; therefore, to accurately calcu-
late fuel temperatures by NICER for the entire CRBRP core throughout life
would require calibration of a large number of empirical fuel / gap models.
Since detailed phenomenological models are already available in LIFE, and
since fuel temperature calculations are actually needed in core design
only fo a few critical conditions when the probability of incipient melt-
ing is greatest, it was decided that direct LIFE calculations were the
appropriate technical choice, as the one providing the most accurate eva-
luation with the minimum design effort. In fact, the LIFE code is conti-
nuously updated and calibrated against experimental data as they become
available, under an ongoing national effort.

Figure 4.4-1 shows an examplc of the axial temperature profile
in a fuel rod calculated by NICER. Specifically, it refers to the hot rod
(i.e., the rod having the maximum cladding temperature) in fuel assembly
=101 at beginning of the third cycle. Plant expected operating conditions
and hot channel factors at the 2a level of confidence were utilized. The
midwall cladding temperature shown in Figure 4.4-1 is a circumferentially
averaged value and is not the local (maximum) value located under the wire
wrap which is generally reported in Section 4.4.3.3.

4.4.2.3 Flux Tilt Considerations

Flux tilt due to burnup effects is taken into consideration in the
design, as discussed in Sections 4.4.3.2 and 4.4.3.3. Effect of control
rod position is discussed in Section 4.3.2.5 and is directly accounted for
in the detailed spatial heating rates utilized. The uncertainties are
accounted for through appropriate hot channel factors, as outlined in

51 Section 4.4.3.2.
Jd M.)O
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4.4.2.4 Reactor Coolant Flow Distributions

The core fuel management requires that, at six locations within
the reactor core, blanket and fuel assemblies be interchanged from fuel
cycle-to-cycle (see Table 4.4-1). The interchanging of blanket and fuel
assemblies results in a cycle-to-cycle change in the flow splits through
the core assemblies. Flow splits associated with components other than
core assemblies are not significantly affected by the blanket-fuel
interchanging.

For illustrative purposes, the flow distribution throughout the
reactor at cycle 4 is presented in Figure 4.4-2. A detailed discussion
of the coolant flow through the reactor components follows.

4.4.2.4.1 Reactor Component Flow Path Description

Inlet Plenum

Coolant enters the reactor vessel inlet plenum through three 24-
inch inlet nozzles spaced 120 apart. The inlet nozzle outlets are directed
approximately 60 towards the bottom of the vessel to enhance mixing of
flow from the three loops. Experimental data, obtained at HEDL, in the
Inlet Plenum Feature Model (Section 4.4.4.1), demonstrated the degree of
mixing in the inlet plenum: i.e., the maximum 2e core inlet temperature
uncertainty to any fuel, blanket or control assembly is 4.6 F based on
a long-term steady state primary loop temperature imbalance of +17 F.
The core inlet temperature uncertainty was based on a Monte Carlo analysis
which made use of the HEDL experimental data and the loop temperature
imbalance analysis. This steady state temperature variation has no signi-
ficant effect on the structural adequacy of inlet plenum components. It

has a minor effect on fuel assembly lifetime (see Sections 4.4.3.2 and
4.4.3.3).

The mixing during a transient in the inlet plenum affects the
thermal stresses of structures located in this region. Mixing during
transients is sufficient to ensure that the thermal stresses in the core
support structure, lower inlet modules and reactor vessel, when combined
with the other pressure and mechanical load stresses, satisfies the pri-
mary, secondary and peak stress criteria of Section III and applicable

51 code cases of the ASf1E Code.

<c: - - 4 o ;
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Core Support Structure

From the inlet plenum, the flow enters the 61 lower inlet modules
located in the core support structure. The flow maldistribution to the
modules will not exceed 2 percent of the specified flow rate, based on
inlet plenum flow testing. As shown in Figure 4.4-3, a module may contain
all blanket assemblies, fuel and blanket assemblies, fuel assemblies and
a control assembly, fuel and blanket assemblies and a control assembly,
or blanket and removable radial shield assemblies. There are 306 remova-
ble radial shield assemblies located outside the outer blanket assemblies.
Forty-two of the removable radial shield assemblies are located in the
peripheral modules containing blanket assemblies. As shown in Figures
4.4-4 and 4.4-5, flow passes through holes and slots in the module liners
and enters the module through 1/4-inch diameter strainer holes. Inside
the module (see Figure 4.4-5) the coolant flows vertically upward into
the module receptacle region. From the receptacle region the flow passes
through slots or holes in the fuel, blanket, control and those radial
shield assemblies located in the modules. The core support structure
contains a low pressure manifold to distribute both the LIM leakoge and
orificed bypass flat: to the reactor vessel / core barrel annulus (see
Figure 4.4-6). In addition, there are six separate low pressure flow
passages in the CSS which direct flow to six bypass flow modules from
six peripheral LIM modules.

Fuel, Blanket and Control Assemblies _

Figure 4.4-5 shows the layout of a module with blanket orificing.
The distribution of fuel and blanket assemblies results in a variety of
different types of modules as shown in Figure 4.4-3. The flow through
each type is different and orificing is required to provide the correct
flow to all core assemblies. For the fuel, control, inner blanket and
radial blanket zone 9 assemblies, the orifices are located within the
assembly. Because of the requirement that radial blanket assemblies be
capable of being shuffled between zones, the radial blanket assemblies
must be hydraulically identical which precludes locating the differential
orifices in the assembly. For this reason, the orifices for the radial
blanket assembly flow zones 10 through 12 are located in the inlet
modules. Orificing for those radial shield assemblies that are located
in the peripheral modules are similar to the radial blanket assembly
orificing. The control system consists of the primary and secondary
assemblies with flows controlled to assure that the maximum cladding

51 temperature is compatible with the prescribed assembly lifetime.

mo - ; D" 'v M i..e
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Byp_ ass Flow

Figure 4.4-7 shows the bypass orificing which regulates the by-
pass flow that is used for radial shield and vessel thermal liner cooling.
This bypass orificing is located in the 24 peripheral inlet modules.
In 18 of the modules, the bypass orificing feeds a controlled portion of
the flow downward into the low pressure plenum below the module where it
reverses direction and flows upward and is then directed radially outward
through the core support structure low pressure manifold to the reactor
vessel / core barrel annulus. In the other 6 modules, the flow is directed
upward to the bypass flow module where it is distributed to those radial
shield assemblies (264) outside the inlet module region of the core.

Radial Shielding

The radial shielding is made up of fixed shielding attached to
the core barrel and removable shielding supported by the core support
structure as described in Section 4.2. The removable shielding is cooled
by external flow through the inter-assembly gaps as well as internal flow
through the assemblies. The orifices in the assembly are sized to pro-
vide adequate cooling to meet assembly lifetime requirements. External
cooling alone was found to be adequate for the fixed shielding.

Vessel Cooling Flow

The flow from the annulus between the reactor vessel and the
core barrel passes upward into an annulus formed by the reactor vessel
and the vessel thermal liner. A horizontal baffle is installed between
the liner and the core barrel', it minimizes leakage from the liner-
barrel annulus into the outlet plenum. From the vessel-liner annulus
the coolant discharges into the outlet plenum region above the suppres-
sor plate. Two percent of total flow enters the vessel-liner annulus;
a fraction of this flow is used to cool the outlet nozzle by flowing
sodium in the gap between the outlet nozzle liner and the outlet loop
piping and an additional fraction of this flow appears as leakage at the
makeup nozzle penetration in the thermal liner.

LeakaSe_

Seals between the core support structure and core inlet module
liner, and other mechanical interfacing locations are sources of leakage.
This leakage is estimated to be 1.051 of total flow and is assumed to

51
pass upward through the core interstitial and peripheral region without
contributing to the cooling of any reactor component.
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Outlet Plenum

All fuel, blanket, control, anti a portion of the radial shield
assembly flow discharges into the upper internals structure. The coolant
first enters a mixing chamber before entering the chimneys (Figure 4.4-8).
The chimneys duct the flow vertically upward and discharge the flow into
the upper region of the vessel outlet plenum. The flow is directed into
the upper region cf the plenum to minimize flow stratification in this
region during a reactor trip transient.

The flow from some of the removable radial shiel.a which are
located outside of the peripheral skirt of the upper internal structure
discharge directly into the outlet plenum. Also, sl4% of total reactor
flow f rom the fuel, blanket, control and radial shield assemblies bypasses
the chimneys through the gap between the top of the core assemblies
and the skirt of the upper internals structure and discharges directly
into the outlet plenum.

The coolant leaves the reactor vessel outlet plenum through
three 36-inch diameter outlet nozzles.

4.4.2.5 Fuel and Blanket Assemblies Orificing

4.4.2.5.1 Orificing Philosophy, Approach and Constraints

Core orificing, i.e. , flow allocation to the various fuel and

blanket assemblies is an important step in the core thermal-hydraulic
design. Since the assembly temperatures are directly dependent on the
amount of flow and since the flow allocation is the only thermal-
hydraulic design parameter which can be varied, within certain limits,
by the designer, it logically follows that the core T&H design and
performance is only as " good" as the core orificing. Therefore, much
attention in the CRBRP core T&H design has been placed on core orificing.

Previous experience has indicated that a successful orificing
should account "a priori" for all the various aspects to be considered
through the design, in order to avoid time consuming and costly itera-
tions when the analyses are well in progress. Thus , a systema tic
orificing approach was developed, which accounted for lifetime /burnup,
transient, upoer internals temperature constraints. This new approach
represented a change in philosophy and a significant improvement over
the previous maximum temperature equalization method. Characteristic
features of this approach are determination of the limiting temperatures
(see Section 4.4.2.5.2) for all types of assemblies and simultaneous
orificing of the fuel and blanket assemblies. Finally, both first and
second core conditions were investigated in determining the orificing
constraints and the most restrictive in either core was used in deriving
the orificing configuration. This guaranteed, a priori, that the thermal-
hydraulic performance would satisfy the constraints considered in both51 ,

cores.
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The following constraints (Reference 1) are satisfied in select-
ing the flow orificing for ^_ne CRBRP fuel, inner blanket and radial
blanket assemblies:

Maximum cladding temperature must be compatible with life-.

time and burnup objectives, which can be expressed in terms
of maximum allowable inelastic cladding strain and cladding
cumulative damage function (CDF);

Maximum coolant temperature conditions must be such as to.

assure, with adequate margin, that no boiling occurs during
the worst emergency transient (e.g. , the three-loop natural
circulation event), accounting for uncertainties at the 3a
level confidence;

Maximum assemblies mixcd mean outlet temperature and radial.

temperature gradient at the assemblies exit must be compa-
tible with upper internals structure (UIS) limitations;

Maximum of eight discrimination zones (fuel plus inner blan-.

ket) are allowed;

Flow allocation to fuel, inner blanket and radial blanket.

assemblies must not exceed 94.0% of the total reactor flow
to account for cooling requirements of other reactor compo-
nents.

Since the heterogeneous core contains a single fuel enrichment
zone and because the number of required discriminators depends on the
unique ccmbinations of flow orificing and fuel enrichment zones, the
maximum number of fuel plus inner blanket assembly orificing zones is
equal to the total allowable number of discriminators (i.e. , 8). Inner
blanket and fuel assemblies employ identical inlet nozzles. T here fore ,
both must be considered in determining the total number of discriminator
zones. The outer blanket assemblies employ a unique inlet nozzle and,
therefore, are not considered in determining the total number of
discriminators. The two 6 corner positions (*) which alternate between
inner blanket and fuel assemblies during successive cycles, form a
separate discriminator zone which is included among the eight.

To put the lifetime /burnup and transient temperature constraints
on the same quantitative basis, the concept of equivalent limiting
temperature is employed. The equivalent limiting temperature is defined
as that cladding temperature at a specified radial position (cladding ID
in these analyses) and time in life (end-of-life) which must not be
exceeded in order to satisfy the considered constraint.

(*)A map of the 60 core symmetry sector analyzed in the thermal-hydraulic51 studies and assemblies numbering scheme are shown in Figure 4.4-9.
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Three equivalent limiting temperatures were defined to represent the
lifetime /burnup and transient constraints, i.e. , SELT, DELT and TELT
They are defined as the end-of-life maximum cladding ID temperatures
for Plant Expected Operating conditions (see Section 4.4.3.3.1), consi-
Jering uncertainty factors at the 20 level of confidence, such that
accounting for the assembly temperature / pressure lifetime history, the
limiting value of the inelastic cladding strain (SELT), or cumulative
damage function (DELT), or worst time-in-life transient coolant tempera-
ture (TELT) is not exceeded. As it appears from the above definition,
the equivalent limiting temperatures are calculated for each assembly.
In fact, all the various assemblies have individually different life-
time histories of cladding temperature an j fission gas pressure, and
therefore, the limiting equivalent rempere tures are necessarily differ-
ent from assembly to assembly to stay within a constraint common to all
assemblies. Calculations are performed for plant expected operating
conditions, which are the conditions where the CRBRP is expected to
operate on a probabilistic basis and the conditions used in the design
of replaceable components such as the core assemblies (see Section
4.4.3.3.1).

As previously mentioned, both first and second core conditions
have been considered in defining the core orificing, therefore, the
SELT, DELT and TELT have been calculated for both cores. In the case
of the radial blanket assemblies, where the lifetime spans both cores,
obviously only one set of limiting temperatures was calculated. Using
the DCTOPUS code, the assemblies minimum flow in the first and second

core necessary to satisfy the most restrictive of the limiting conditions
was calculated for each assembly. Subsequently, the various assemblies
were grouped in zones and the orificing arrangement was selected such
that the flow allocated to each assembly was at least equal to the
larger of the flow requirements in first and second core. This assured
meeting all constraints for both cores. Finally, the excess flow, if
any, is allocated among the fuel assemblies to minimize and equalize the
assemblies exit temperature and temperature gradients.

4.4.2.5.2 Calculation of Equivalent Limiting Temperatures

Assemblies lifetime /burnup goals are achieved when both the
cladding inelastic : train and cladding CDF are within the established
limits during steady state operation. The ductility strain limit was
set at 0.2% and the CDF limit was set at 0.7 in tie fuel assemblies and
0.5 in the blanket assemblies. Since the CDF limit for steady state
plus transient operation is by definition 1.0, the margin for CDF tran-
sient accumulation was 0.3 in the fuel assemblies and 0.5 in the blanket.
Both cumulative cladding strain and CDF depend on the rod cladding

51 temperature / pressure history. Thus, using a p.eliminary estimate of the
assembly flow (but using the proper physics data), the hot rod
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(*) in each assembly at end-of-life was identified using the subchannel
analysis code COTEC. Subsequently, the hot rod was followed throughout
lifetime and the lifetime temperature / pressure history was calculated
with the NICER code. Uncertainty factors (see Section 4.4.3.2) at the 2a
level of confidence were used in the cladding temperature / pressure
calculations. Based on the above lifetime histories, a strain equiva-
lent limiting temperature (SELT) and a strain equivalent temperature
(SET) were calculated for each assembly. A typical example of these
calculations is reported in Table 4.4-2. The SET is defined as the
end-of-life temperature which, if maintained constant throughout life-
time, would cause the same end-of-life strain as the actual temperature /
pressure history. the SELT ran thus be defined as that SET which would
cause, for the particular as . 'mbly relative behavior of cladding
temperatsre and pressure through lifetime, an end-of-life cumulative
strain of 0.2%. Thus, while the SET depends on the actual temperature /
pressure values, therefore, on the guessed value of assembly flo.., the
SELT does not depend on the assembly flow, but rather on the relative
behavior through lifetime, which is only a function of the power gene-
ration changes during life.

Since the DELT is the equivalent end-of-life temperature
corresponding to a CDF of 0.7 or 0.5, method employed in its determination
was to extract it from a curve correlating the cladding ID temperature
at EOL with the corresponding CDF. Thus, at least three (in some
instances more were necessary) lifetime temperature / pressure histories
were generated for each assetbly by varying the flow and the correspond-
ing CDF was calculated. Typical curves are reported in Figures 4.4-10
through 4.4-14 for the fuel and inner blanket assemblies (first and
second cores) and radial blanket assemblies. By interpolation, the DELT
corresponding to the CDF constraint was then determined.

Regarding the transient constraint, the general guideline is to
orovide adequate margin-to-sodium boiling throughout the a sembly life-
time during the worst transient. This was quantitatively translated into
a value of 1550 F which was consei /atively defined as the maximum coolant
temperature allowable during a natural circulation transient in any
acsembly at any time in life accounting for uncertainty factors at the 3c
level of confidence. This limit also assumes plant THDV conditions and
a 750 F reactor inlet temperature. The determination of the TELT for
each core assembly then roceeded as follows.c

(*)Each assembly is characterized by its hot rod at end-of-life, which
51 is obviously the one with the highest strain and CDF.
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From previous transieri. calculations performed for the het-

crogeneous core using the FORE-2M code, the maximum coolant transient
temperature at the worst time in life and the corresponding steady state
coolant temperature were obtained for the worst fuel, inner blanket and
radial blanket assembly. As previously mentioned, the transient considered
was tne natural circulation event which had proved to be the most severe.
Then the temperature Tg was calculated, which is defined as the maximum
steady state coolant temperature at plant expected operating conditions
and 20 hot chann.1 factors corresponding to a 1550 F transient maximum
coolant temperature at plant THDV conditions,3o hot channel factors and
750 F inlet. Calculation of TM was quite straight forward from ratio-
ing the transient temperature rise calculated by FORE-2M, fixing the
maximum transient temperature at 1550 F for all three types of assem-
blies and accounting for the differences in plant conditions and hot
channel factors. Table 4.4-3 summarizes the FORE-2M and TM temperatures.

Rigorously speaking, the Tns thus calculated are only valid
for the three assemblies whose transient behavior was actually investi-
gated; it was conservatively assumed that they apply to all other assem-
blies of the same type. Since: a) the value of Tn essentially dep .ds
on the magnitude of the temperature swing from steady state to transient;
b) higher swing implies higher Tg; and c) other assemblies will have
lower steady state transient swings than the worst represent &cives in-
vestigated through FDRE-2M; it follows that adoption of the values of

T from Table 4.4-3 in calculation of the TELT's for assemblies of theg
same type is conservative.

Finally, usin_ the lifetime temperature profile for each indi-
vidual assembly, the TELT in each core assembly is calculated by the
equation:

M (T - i n t" ,x" ID-Tcggj ) t",x"TELT = T
in +(T cool

Icool in t' ,X' (4.4.2.5-1)

where T. = reactor inlet temperature in first or second core;
in

51
Tcool = hot subchannel coolant temperature;
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T ID = hot spot cladding ID temperature;

t' = time in life when maximum transient temperature occurs;

t' = EOL (i.e., E0C2, EOC4 or EOCS);
X' = axial position where maximum transient coolant tempera-

ture occurs;

x" = axial position where maximum TID occurs at EOL.

Again, it should be noted that since the TELT's depend on temp-
erature differences rather than absolute values, lifetime temperature

profiles corresponding to first guestimates of assembly flows are per-
fectly adaquate for an accurate evaluation of the TELT's.

The 5ELT, DELT and TELT thus calculated for each assembly are
reported in Figure 4.4-15 (first core) and Figure 4.4-16 (second core).
Since the radial blanket assemblies are refueled only once, their values
are reported only in Figure 4.4-16. No SELT's are reported for the blan-
ket assemblies, nor for the fuel assemblies in the first core since very
little cladding strain occurs, and therefore, their SELT was very high,
thus being not limiting at all. Actually, an inspection of Figure 4.4-16
shows that even in the second core, no fuel assembly is strain limited.
The limiting constraint in each assembly is given by the ELT with the
minimum value. Fuel assemblies are generally CDF limited with the ex-
ception of the ones farther from the core center which are transient
liaited; inner blanket assemblies are transient limited; radial blanket
assemblies are CDF limited if flanked by at least two fuel assemblies,
otherwise, they are transient limited.

4.4.2.5.3 Results

the DCTOPUS code was used to calculate the flow rate needed in
each assembly to produce, an end-of life cladding ID temperature equal
to the most limiting of the ELT's, as discussed in the previous section.
Figure 4.4-17 reports such flow rates for the first and second cores
(cycles 2 and 4, respectively). Obviously, the minimum flow in each
assembly necessary to satisfy all considered constraints in both cores
is equal to the most restrictive of the two flow requirements. The
higher of the two values reported in av 4.4-17 is not necessarily

'

the most restrictive. In fact, due the alternating of fuel and
inner blanket assemblies in the li- 6 positions, the total core
flow varies slightly from cyct v- t The replacement of three
inner blanket assemblies by f : i asse 'ies at the beginning-of-cycle
2 results in s0.8% flow reduction in eadi of the remaining assemblies.
At the beginning-of- cycle 4, six inner blankt ascemblies are replaced

51
by six fuel assemblies with an s1.61 resultant flow reduction in the
remaining assemblies. Thus, when comparing the flow requirements for

Amend. 514.4-15 Sept. 1979

0.hIW



the first and second cores, minimum flows must be put on the same basis.
Cycle 4 was chosen as the standard basis since it will require the high-
er core flow fraction (fuel =ssemblies are in alternating row 6 posi-
ti ons ) . When flow requirements for cycle 2 are translated to cycle 4
equivalent values, second core requirements are found to be slightly
more restrictive in some outer fuel assemblies, as shown in Figure 4.4-17.
Cycle 5 flows are reported for the transient limited second row radial
blanket assemblies, since their TELT's are maximum at EOL.

Using the required minimum flows as guidelines, the OCTOPUS
code selected, for a given number of orificing zones, that combination
of assemblies grouping into orificing zones which among all the various
possible combinations, yielded the minimum value of total core flow and
was therefore the most effective. As mentioned in Section 4.4.2.5.1,

a maximum number of eight discriminators (and orificing zones) is
allowed for the fuel and inner blanket assemblies. Four orificing zones
in the radial blanket assemblies were chosen, thus, the total number
of core orificing zones resulted equal to 12. The selected arrange-

ment is reported in Figure 4.4-18, where the starred assemblies are
the ones which determine the amount of flow allocated to the orificing
zones (they are called zone driver assemblies, or drivers). Also indi-

cated are the limiting assemblies in each orifice zone for first and
second core;obviously the driver is the one with the more restrictive
flow requiremen. (compare with Figure 4.4-17).

OAs shown in Figure 4.4-18, the orificing arrangement does not

tern, hence the power generation, does not have a 30,and insertion pat-have a 30 symmetry because the control rod location
symmetry. For

example, considering the assemblies around the row 7 corner control
assemblies (see Figure 4.4-16), first core conditions we limiting for
the fuel assemblies around the control assembly at the right of the
figure, while second core conditions are prevalently limiting for the
fuel assemblies surrounding the control assembly at the left.

The minimum amount of core flow necessary to satisfy the var-
ious constraints and the grouping of the core assemblies into 12 ori-
ficing zones was equal to 93.07% of the total reactor flow of cycle 4
conditions. Since 94% of the total reactor flow is allocated to the
fuel and blanket assemblies and since 93.07% is the minimum required,
it follows that slightly less than 17 of the total reactor flow is
available to be allocated as deemed necessary by the designer. Usually,
if a significant amount of excess flow is available, this is distributed
among the fuel assemblies to minimize / equalize the assemblies mixed
mean temperature and temperature gradient. This was not, however, the

procedure adopted in these studies since the amount of available excess
flow is not enough to significantly influence the value of the outlet

51 temperatures. Additionally, the relative assemblies power generation
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and the very sophisticated orificing, which are characteristics of this
heterogeneous design, yielded maximum differences in exit temperature
(see Sections 4.4.3.3.3 and 4.4.3.3.5) between two adjacent assemblies
(which generally occur at the fuel / inner blanket interface in rows
6 through 8) within the UIS capability. Therefore, the excess flow

was distributed roughly evenly among the various core orificing zones
to provide a little margin above what flow is strictly necessary. The
final core flow allocation is reported in Table 4.4-4, which shows
the cycle-by-cycle variation of flow in the various orificing zones.
Both thermal-hydraulic design value (THDV) and plant expected operating
condition (PE0C) flows are reported in Table 4.4-4.

4.4.2.6 Reactor Coolant Flow Distribution at Low Reactor Flows (*)

The steady state flow distribution and pressure drop in the
CRBRP have been evaluated for a range of reactor flow rates from 3; to
100% of full power flow. In addition, the hot subchannel temperature
in the hot assembly was evaluated for a range of reactor flow rates
below 10% of full power flow, which is the range where buoyancy effects
alter flow distribution.

The thermal-hydraulic model of the CRBRP used for this analysis
included all fuel, radial blanket, control assemblies and a combination
of all remaining flow paths. Full reactor power was 975 f1Wt and plant
T&H design conditions were assumed. flominal pressure losses were used
(see Section 4.4.2.7).

The digital computer code FLODISC was used to predict the flow
rate in each reactor flow path, Figures 4.4-19 through 4.2-22, by bal-
ancing the pressure differentials across each path. The COBRA-IIIB and
COTEC codes were used for the hot subchannel enthalpy rise predictions.
The entire hot assembly was modeled so that the reletive effect of
bouyancy on subchannel flows and enthalpy rises could be accounted for.

Figures 4.4-19 through 4.4-22 illustrate how the fraction of
reactor flow varies in the reactor assemblies as the reactor flow rate
varies. The " flow maldistribution factor" displayed in those figures
is defined for a particular flow path as the ratio of the nominal frac-
tion of reactor flow at full power and flow to the fraction of reactor
flow at partial power and partial flow. The flow maldistribution factor
provides a direct measure of the change in the assembly mixed mean
enthalpy rise due to finw redistribution.

(*) This section describes analyses performed for the homogeneous scheme.
It is retained here to show the methodology and the . type of information
and results to be obtained; it will be replaced as analysis of the

heterogeneous configuration progresses. Although this analysis has not

yet been performed, flow distribution at low flows is expected to be
more uniform because of the compressed flow range and reduced radial
power skeus of the heterogeneous configuration with respect to the homo-
geneous scheme.
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At reactor ficw rates greater than 5% of full power flow, the
reactor flow distribution is largely determined by the hydraulic char-
acteristics of the flow paths. The inter-assembly flow maldistribution
is practically unchanged in the 1002 to 5% full power-flow range. The
flow maldistribution increases slightly in fuel assemblies which are
highest in friction resistance (zones 1, 2 and 3) from 1001 to 5% of
full power flow. The fuel assemblies low in friction losses (zones 4
and 5), radial blanket assemblies and control assemblies decrease in
flow maldistribution from 100; to 51 of full power flow. The peak flow
maldistribution in Figure 4.4-19 is equivalent to less than a 20 F maximum
increase in fuel assembly mixed mean temperature rise at 72 of full power
flow.

At reactor flow rates less than 5% of full power flow rate, the
reactor flow distribution is primarily determined by the thermal char-
actistics of the flow paths due to the increasing importance of the buoyant
force at lower flow rates. The outlet temperatures of all flow paths approach
the reactor mixed mean outlet temperature at low flows due to the increasing
effects of buoyancy as flows decrease.

In addition to the flow and temperature redistribution among
the major reactor flow paths, the coolant also redistributes within the
assemblies at low reactor flow rates. The ratio of hot channel to average
channel enthalpy rise decreases significantly as shown in Figure 4.4-23
at reactor flows below 101 in the hot fuel assembly as the buoyant force
increases the coolant flow in the hot subchannel. The predicted result
in the hot assembly at a typical value of decay power is a reduction
in the ratio of hot subchannel enthalpy rise to assembly average enthalpy
rise from 1.176 at full power flow to 1.02 at 2% of full power flow.

Data from the Oak Ridge FFM Bundle 2A (Reference 2) experiment
are included in Figure 4.4-23. The full power, full flow hot to average
channel ratio is 1.28 (experimentally) in the 19-pin compared to 1.176
(CDTEC) in the 217-pin. The predicted reduction in hot to average channel
temperature ratio at low flows is supported by the data. The data are
from a 19-rod electrically oated bundle with pitch, diameter and wire
wrap nearly identical to thc 217-pin hot assembly. The data points for
the fuel assembly generally lie below the analytical predictions, sug-
gesting that the hot channel temperature in a 19-pin bundle drops more
rapidly than in a 217-pin bur.dle. Data are also included on Figure
4.4-23 for the same 19-pin bunile with a high power
skew of 3:1 peak / minimum. Al* hough dissimilar in geometry to a radial
blanket assembly, the igh pNec skew is typical of radial blanket assem-
blies. The data again show the dramatic reduction in hot to average
channel temperature expected at low reactor flow rates due to buoyancy
effects.

51
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By combining the effects of inter and intra-assembly flow re-
distribution, a significant reduction occurs in the peak subchannel
coolant temperatures at very low reactor flow rates in the fuel assem-
blies.

Overhecting problems will not occur in radial blanket and con-
trol assemblies as might be inferred from Figures 4.4-20 to -22 for trm
following reasons:

1. The reactor cold leg temperature will decrease by S100 -

from 100% to 40% power and flow, and the outlet temperatu. '
of all assemblies will decrease accordingly. NormP , A ..e
operation is not continued below 40% power and flow; opera-
tion below 40; is at decay heat levels (less than 2 to 3%
power) and pony motor flow (7.5 to 103 flow). Thus, dur-
ing normal operation there is no overheating problem at
low reactor flow rates.

2. Buoyancy (not flow transition) is responsible for the in-
crease in inter-assembly flow maldistribution at reactor
flow rates below 3 to 4%. The nature of buoyancy is such
that all assembly outlet temperatures approach the reactor
average at lower flow rates. Thus, even though the outlet
temperatures of most radial blariket and control assemblies
are increasing at very low reactor flow rates, these assem-
bly outlet temperatures are less than the reactor average
outlet temperature and cannot exceed the reactor average
outlet temperature.

3. The intra-assembly flow maldistribution in the radial blan-
ket assemblies is expected to decrease significantly from
a peak of 1.7 at full flow to near 1.0 at very low flow as
discussed previously and supported by the data points shown
in Figure 4.4-23. This will significantly reduce the hot
channel temperature even though the assembly mixed mean
tempera ture rise is increasing.

4.4.2.7 Reactor Pressure Drops and Hydraulic Loads

4.4.2.7.1 Introduction

The area of pressure drop calculations has gone through many
improvements and re-evaluations throughout the CRBRP core design, such
as:

e - More experimental data from prototypic hydraulic experiments
of various reactor and assembly components have become avail-
able, thus replacing analytical / engineering estimates with

.

51 experimentally derived correlations.
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e - Uncertainties on predicted pressure drops of several compo-
nents have changed from engineering estimates (a typical
example being a 20% uncertainty on form losses) adopted in
previous analyses to actual calculations based on regression
analysis of experimental data,

e - Several modifications have been factored into the lower inlet
modules (LIM) design. The requirement of a constant pressure
drop across the various LIMs, and consequent orificing, has
been removed. Thus, assemblies belonging to the same ori-
ficing zone but to different LIMs will have slightly differ-
ent flows, depending on the total pressure drop across the
respective LIMs. To retain the capability for future radial
blanket assemblies shuffling, all the blanket assemblies are
identical and the radial blanket orificing is apportioned be-
tween the assembly and the LIM. Thus, in zone 9 (highest
flow orificing zone in the radial blantet) all the orificing
is in the assembly, while in zones 10, 11 and 12, a progres-
sively increasing pressure drop is incorporated in the LIM
orificing to balance the decrease in assembly pressure drop
going to lower flow orificing zones. The amount of orific-
ing in the LIMs is thus designed to permit shuffling of zone
9 assemblies in 10, 11 and 12, zone 10 assemblies in zones -

11 and 12 and zone 11 assemblies in zone 12.

A complete discussion of pressure drop calculations during CRBRP
normal operation is reported in Section 6 of Reference 3, along with a
description of the CATFISH code, used in these analyses.

4.4.2.7.2 Core Assemblies Pressure Drop Correlations

Preliminary hydraulic characteristics of the CRBRP fuel, blan-
ket and control assemblies are reported here. Since several test pro-
grams are still in progress, the best available information has been in-
cluded in this analysis which will be reviewed as new test data are ob-
tained.

Correlations reported here are valid over the entire range of
operation, either turbulent, transition or laminar. However, in this
study, only full flow conditions are of interest, therefore, the flow
in all components is in the turbulent regime. This distinction is im-
portant when considering the uncertainties associated with the proposed
correlations, as discussed later.

The data included in the characterizations daveloped herein
are from tests of FFTF assemblies and components (Refs. 4 through 6),
and tests of CRBR components (Refs. 7 through 9). Form losses have
been correlated with the Reynolds number by a function of the type CRe-"

51
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Linear regression analyses were performed on the fuel assembly
component pressure drop data. The coefficients of the regression func-
tions were calculated for the fuel assembly components and are presented
in Table 4.4-5 along with the relevant statistical parameters. Rigor-
ous statistical analyses will be performed for the blanket assemblies,
when more complete data is available.

The data in Table 4.4-5 may be used to calculate the confidence
band on the fonn loss coefficient K at any values of the independent
variables from the equation (Ref. 10)

M

Y (l+l/N + E (f. - X ) /f{o .2)l/2 (4.4.2.7-1)AK = to
1 i x15,3

where LK is the one-sided confidence band;

t is Student's T statistic;

o is the " standard error of estimate" from Table 4.4-5;
y
N is the number of data points;

M is the number of independent variables;
5 is the experimental mean of the ith independent variablei

from Table 4.4-5;

X'.
is the value of ith independent variable at which o is

calculated; and

o is the standard deviation avout i from Table 4.4-5g j

Note that t is evaluated at some desired confidence level and
hence, the resulting value of t<K has associated the same confidence
limit.

Since only full turbulent flow is of interest in these studies,
the uncertainties on the pressure drop correlation at 100% flow is lower
than over the entire flow range, as indicated in Table 4.4-5. In fact,

the data scatter in three separate flow tests (Refs. 4 through 6) was
greater in the transition region than at higher Reynolds numbers.

The recommended hydraulic correlations for fuel assembly com-
ponents are presented in Table 4.4-6. All fuel assemblies are hydraul-
ically identical except for the orifice stack which is unique to each
flow orificing zone. Selection of the proper orifice design from the
five orifice correlations requires selection of both the number of plates
and the hole diameter to achieve the zone flow rate. Selection should
be done to minimize the number of orifice plates while still having
adequate margin to cavitation / erosion. While final selection must
await the results of final cavitation tests, in the present analyses
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a design criterion (*) of 40 ft/sec maximum coolant velocity in the
orifice holes was selected as a first approximation and the maximum
achievable pressure drop for each orifice configuration was determined
and is presented in Figure 4.4-25 as a function of assembly flow rate.
Given an assembly flow rate, the pressure drop resulting from all com-
ponents except the inlet nozzle / orifice / shield can be determined from
the correlations in Table 4.4-6. This result subtracted from the total
assembly pressure drop is the required inlet nozzle / orifice / shield pressure
drop. The number of orifice plates 'for this pressure drop and flow rate
can be determined from Figure 4.4-25 and the corresponding Reynolds number-
dependent hydraulic correlation determined by solving for the orifice hole
diameter.

The correlation presented for the rod bundle outlet results
from a calculation of expansion form losses (Ref. 11), since no relevant
data are available. Because the associated pressure drop is of the order
of 1 psi or less, the inherently large uncertainty of such a calcuiation
is acceptable for preliminary calculations. Data from the CRBR fuel
assembly flow and vibration test will be used when available.

Similarly, the correlation presented for the rod bundle inlet
results from a calculation et $xpansion and contraction form losses
(Ref. 11), since experimental uma obtained for this component's pressure
drop (Ref. 6), were ambiguous, as discussed in Section 6 of Reference 3.

The recommended hydraulic correlations for the blanket assemblies
components are presented in Table 4.4-7. The inner blanket assemblies
utilize a fuel assembly type inlet nozzle, radial blanke t type shield,
rod bundle and outlet nozzle, and a unique orifice stack within the
assembly. The inlet nozzle geometry and hydraulic correlation are iden-
tical to the fuel assembly. The inlet nozzle / orifice / shield has not been
tested, so the weak Reynolds number dependence shown on Table 4.4-7 is
recommended, based on the Reynolds number dependence of the four and five
plate fuel assembly orifices (Ref. 7) and the dependence of sample cases
of the radial blanket inlet module orificing (Ref. 8). The parameter C
represents the geometry of the orifices satisfying the desired pressure
drop / flow relationship and is uniquely defined once the orifice stack
characteristics are selected. The shield, rod bundle inlet and rod

bundle outlet form losses were estimated uased on Reference 11. The rod

[*] Analyses are in progre'ss to better define the cavitation margin
criterion. It appears that the 40 ft/sec limit will be replaced by a
maximum allowable cavitation number to be substantiated by testing.
Figure 4.4-24 shows typical results being obtained in the cavitation
tests of CRBRP fuel assembly orifice stacks. It should be noted, how-

ever, that the amount of pressure drop allocated in the orificing is
practically independent of the particular no-cavitation criterion
selected, which will only determine the geometry necessary to satisfy
the no-cavitation limit. Therefore, all the data reported in Section
4.4.2.7.4 for the various components pressure drop will vary only mar-

51 ginally following redefinition of the no-cavitation criterion.
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bundle friction was measured (Ref. 9) over a sufficiently wide range
of flow rates to cover the full range of blanket flow rates. The blan-
ket assembly and fuel assembly outlet nozzles are sufficiently similar
to permit application of the fuel assembly outlet nozzle test data
(Ref. 7) with the smaller blanket assembly reference area in deter-
mining the blanket assembly outlet nozzle fonn loss.

Except for the inlet nozzle and rod friction, no data are avail-
able on the blariket assembly component pressure drops. However, because

there is no a priori reason to anticipate worse uncertainties on blanket
assembly components than were found on fuel assembly components once
tests are completed, the same uncertainties as for the corresponding
fuel assembly components (*) (Table 4.4-5) are applied. In the case of
the blanket rod friction, where data exist (Ref. 9), the standard error
on the recommended correlation is 5% over the entire flow range and 3.3%
over the full flow design range.

The radial blanket assemblies have low rod bundle pressure
drops and are dominated by orificing located both within the assembly and
in the lower inlet module. The orificing located in the lower inlet
module was characterized (Ref. 8) over a range of flow rates near design
conditions. A preliminary examination of the test data shows the losses
can be modeled proportional to Re 0.05 as was typically found for the
four and five plate fuel assembly orifices (Ref. 7).

Final characterization of all inner and radial blanket assembly
components over the necessary range of Reynolds numb-s will resulL from
the CRBRP blanket assembly flow and vibration test.

In the control assemblies case, approximately 90% of the total
pressure drop occurs in the orifice stack. Tha remaining 10% is divi-
ded about evenly between rod bundle friction and the combined inlet
nozzle, shield and outlet nozzles form losses. Preliminary pressure drop
correlations for the various control assembly components are reported
in Reference 13; since the contribution from components other than the
orifice is quite modest, these correlations are still being used at
present. For the orifice stack, the same correlation as experimentally
determined for the inner blanket assemblies is adopted in the interim
until ad hoc data are available. Similarly, the same uncertainties as
for the fuel assemblies are used until pertinent information is avail-
able. Final characterization of the control assembly components over
the necessary range of Reynolds nuriers will result from CRBRP control
assembly flow tests.

T*)lt should also be kept in mind that the limiting pressure drop is rep-
resented by orificing zone 1, thus, the blanket orificing can be easily
adjusted to accommodate possible discrepancies between predictions and

51 actual test data.
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4.4.2.7.3 Reactor Internals Pressure Drops

The pressure drops for the reactor internals, along with their bases
are presented in Table 4.4-8, which gives the nominal losses for the plant
thermal and hydraulic design condition. The pressure drops are based on
testing from the Inlet Plenum Feature Model test and the Integral Reactor
Flow Model test and on analysis. The uncertainty in the individual pres-
sure losses are reported in Table 4.4-8.

4.4.2.7.4 Results

Pressure drops were calculated for all reactor components by the
CATFISH code. CATFISH has the capability of accounting for the effect
of uncertainties associated with prediction of the various resistances.
In addition to the hydraulic resistance, an uncertainty also exists on
the pump head / flow characteristics, i.e. a 5% spread between minimum
and maximum pump head capability for the given flow.

Various calculations are discussed in Section 6 of Reference 3.
Reported here is the case investigating plant THDV conditions, where the
flow is specified (41.446 X 106 lb/hr). Since these are the worst pos-
sible conditions from the thermal performance standpoint, i.e., minimum

reactor flow, it is consistent to assume positive uncertainties for the
various hydraulic resistances and the minimum pump head curve. A the
most conservative assumption, uncertainties on all resistances were
taken at their maximum value, either 3o where a statistical basis exists,
or at their bounding value (generally 1.2) where only an engineering es-
timate was available. It is rather obvious that assuming that all the
resistances in all components are simultaneously at their maximum value,
is extremely pessimistic, in fact, it is extremely improbable. Calcu-
lations were, however, performed for this set of conditions to provide
an absolute minimum, worst case and the results are reported in Table
4.4-9. All pressure drops are reported for cycle 4 conditions, which
were the ones used in determining the orificing (see Section 4.4.2.5).
The only obvious exception is zone 6 inner blanket, since only fuel assem-
blies are in zone 6 during cycle 4. Flow and pressure drops for zone 6
IB are at cycle 2, conditions adopted for orificing of assembly *98,
the only inner blanket remaining for two years in zone 6. The distinc-
tion between zones 10C and 10P is due to the fact that zone 10 assemblies
are the only assemblies which belong to the same orificing zone, but to
two different types of modules. The modules at the core periphery (see
Figure 4.4-26) have a different geometry from the other modules (called
central) and therefore, a different resistance and pressure drop. Assem-
blies 10C are the zone 10 assemblies located in the central modules,
while assemblies 10P are located in the peripheral modules. The lower
inlet modules have been orificed for zones 10,11 and 12 to provide the
capability of shuffling radial blanket assemblies if required at a later

51 time. Thus, the pressure drop reported under "LIfi upper portion and

Amend. 51
4.4-24 Sept.1979

Sb2..D



orifice" for zones 1 through 9 is due tc the hardware of the upper por-
tion of the LIM, i.e., the region where the orificing plates are inserted
for zones 10 through 12; the plates pressure drops are added for zones
10, 11 and 12. Whether or not orificing plates are physically in the
LIM is quite obvious from the relative magnitude of the reported pressure
drops. The " LIM, lower portion" AP is attributable to the resistance in

the remainder of the LIM.

The average zone flows thus calculated for THDV conditions by
CATFISH and reported in Table 4.4-9 exactly agree (within 0.05%) with the
flows reported in Table 4.4-4, which is quite a strong indication of the
soundness of the CATFISH model. The vessel nozzle-to-nozzle pressure drop
was calculated at 126.4 psi, which is actually consistent with the 123
psi value reported in 3et' .on 5 when one considers that 126.4 psi is the vessel
nozzle-to-nozzle irreversible pressure loss, while 123 psi is the vessel
nozzle-to-nozzle static pressure difference minus the nozzle-to-nozzle
elevation head. The difference of 3.4 psi is therefore the difference
in velocity nead between the reactor vessel inlet nozzle and outlet nozzle.
Similarly, the reported value of the pump head, 163.5 psi reported in
Table 4.4-9, is the total developed head, while the value 160.3 psi
reported in Section 4.4.2.1 is the static pump head.

4.4.2.7.5 Hydraulic Loads and Hydraulic Balage

The maximum hydraulic loads on the core components, considering
steady state, transient and test operations, are shown in Figure 4.4-2.
The reactor component which is subjected to the highest Hydraulic load
is the core support structure (CSS). During operation with the core in

and is 7.37 x 10gm hydraulic load on the CSS occurs during steady state
place, the maxim

pounds. This corresponds to a conservatively estimated
maximum core pressure drop of 160 psi. This maximum core pressure drop
is based on assumptions that the pump head-flow characteristic is at the
maximum and all non-core pressure losses are at their minimum values.
For all other components, during upset, emergency, faulted and test events,
the hydraulic loads are also less than the steady state values.

Hydraulic Balance - The function of the hydraulic balance sys-
tem is to equalize (balance) the pressure forces on the fuel, blanket
and control assemblies so that there is little or no force tending to

lift the assembly so that the resultant net force due to gravity is down-
ward and equal to approximat_iy the buoyant weight of the assembly.
This is accomplished by exposing a significant portion of the bottom of
the assembly to the low pressure of the outlet plenum.

It is unlikely that loss of hydraulic balance will occur, as
discussed in Chapter 15.2.2.1.
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4.4.2.8 Correlations and Physical Properties

The physical properties and correlations employed in the steady
state thermofluids design of the CRBRP fuel, inner and outer blanket and
control assemblies are listed and discussed below.

4.4.2.8.1 Sodium Properties

All sodium properties used in the design studies are according
to Reference 15.

4.4.2.8.2 Film Heat Transfer Coefficient

The following correlations, (Reference 16) based on theoreti:al
analyses and Lest fit of available experimental data for sodium flowing
through rod bundles with pitch-to- diameter ratios between 1.05 and 1.30,
are used:

For Fuel Assemblies:

Nu = 4.0 + 0.33 (P/D)3.8 (Pe/100)0.86 + 0.16 (P/D)5.0 (4.4.2.8-1)

range of validity: 1. 2 < P/ D < 1. 3 ; 20 < Pe < 1000
, _ ,

lower bound of uncertainty for the above ranges:

-12% at 30 level of confidence.

For Blanket and Control Assemblies:

Nu = C-16.15 + 24.96 (P/D) - 8.55 (P/D)2] Pe .3 (4.4.2.8-2)0

for 1.05 < P/D < 1.15; 150 < Pe < 300

Nu = 4.496 [-16.15 + 24.96 (P/D) - 8.55 (P/D)2] (4.4.2.8-3)

fo r 1. 05 < P/ D < 1.15 ; 4 < P e ( 150

lower bound of uncertainty for the above ranges of validity:

-21% at 3a level of confidence.

In the above equations, the following nomenclature applies:

Nu = Nusselt number
Pe = Peclet number
Pa rod pitch

51 D = rod outer diameter
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'4.4.2.8.3 Cladding Thermal Conductivity

The following correlation (Reference 17) was adopted for the
cladding thermal conductivity, K:

K = 7.645 + 4.187 x 10-3T (4.4.2.3-4)

where K is in Btu /Hr-Ft F and T in 'F.f

The correlation for the thermal conductivity of 316 SS was based
on unirradiated data which are reported in Reference 18.

It should be noted that the correlation equation adopted yields
results which are 5% lower than the data given in Reference 18. In addition,
a 10; uncertainty (3o level) is applia to account for irradiation ef-
fects, which is very conservative as discussed in Reference 19. It is

important to note that the temperature drop across the cladding wall is
relatively small (of the order of 60 F or less), so that uncertainties
in the thermal conductivity of the cladding due to in-reactor effects
have only a small effect on temperature. The thin layers of cladding
affected by sodium-corrosion and fuel-corrosion have very small temper-
ature drops so that reductions in thennal conductivity have only very
minor influence on cladding temperatures. Thus, the effects of these

thin layers were included in the overall 10% uncertainty applied to
the cladding conductivity as opposed to being handled separately. It
should also be r.oticed that the effect of cladding thickness tolerances
(maximum + 1 mil) has been accounted for, and statistically combined
with the In-reactor effects to yield a total uncertairity factor on
cladding thickness and conductivity of 12% (30 level)

4.4.2.8.4 Cladding Linear Thermal Expansion Coefficient

The following correlation (Ref. 17) was adopted for the clad-
ding linear thermal expansion coef ficient, a:

a = 8.33 x 10-6 + 1.67 x 10-9T (4.4.2.8-5)

where a is in F-1 and T in F.

An uncertainty of 10% (at 3a level of confidence) applies
to the above correlation, accounting mainly for irradiation effects.

4.4.2.8.5 Fuel and Blanket Assemblies Fuel-Cladding Gap Conductance

The fuel-cladding gap conductance varies during the lifetime
of the assembly, depending on the type of fuel, burnup, power and temp-
erature level in the assembly. The gap conductance is also correlated
with the fuel thermal conductivity, and fuel restructuring parameters;

51
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in other words, gap conductance, fuel conductivity and restructuring par-
ameters are the three co,nponents of a unique, self-consistent set which
is detennined through irradiation experimental data as they become avail-
able. The LIFE-III code provides analytical modeling of the components
of this set. Specifically, LIFE-III models used in fuel behavior eval-
uation are:

e A gap conductance model based on heat transfer and molecular
theory fundamentals;

e A pore migration model which is not tied to any fixed restruc-
turing boundaries (threshold temperature, density), but is
based on migration of the as-fabricated fuel porosity into the
central hole and consequent growth of the central hole;

e A gap closure model which correlates the gap size with burnup,
accounting for operational conditions of the fuel, effect of
thermal expansion, cracking and swelling of the fuel;

e A model to calculate the fuel-cladding contact pressure;

e Updated fission gas release model.

All the above models are explicitly dependent on fuel rod burn-
up, power and operating conditions history.

Regarding the transient behavior of gap characteristics, a
national effort is currently being pursued to develop detailed transient
analysis codes in the same manner as the LIFE code has been developed
for steady state analyses. For the time being, until the detailed tran-
sient code is developed and its prediction calibrated against experimen-
tal data, steady state gap characteristics are adopted during the tran-
sients which are discussed in Chapter 15. A qualitative evaluation of
the cladding / fuel gap behavior is briefly discussed in the following.

During transients characterized by a power increase, the rise
in fuel temperature will cause thermal expansion of the fuel and a
concomitant reduction in the fuel-cladding gap. The resultant effect
of the transient will be to increase the gap conductance over its steady
state value; therefore, adoption of the former during the transient will
represent conservative estimate, since the predicted fuel temperature
will be gt ater than the actual. In this respect, it should be noted that
the fuel temperature is the most important parameter sought af ter in a
power-increase transient.

The situation is not quite as obvious for the case of an under-
51 cooling transient. These transients consist of two phases, an initial
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one before the reactor scram when the coolant flow decreases while the
power remains constant, and a second after scram when both flow and
power rapidly decrease. During the first phase, the cladding temperature
will increase more rapidly than the fuel temperature, therefore, the fuel-
cladding gap will increase due to the differential thermal expansion. In
the second phase, the fuel temperature will quickly decrease with sub-
sequent pellet contraction and further enlarging of the gap. Therefore,

the gap conductance will decrease with respect to its steady state value
and the actual transient fuel temperature will be somewhat higher than
predicted. However, the fuel temperature is of secondary importance in
a loss of flow transient, the critical parameters being the cladding
and coolant temperatures. In this respect, adoption of steady state gap
conductance is conservative; in fact, the actual cladding and coolant

temperatures will be less than predicted, since owing to the lower gap
conductance, a smaller amount of heat will be transferred from the fuel
into the cladding and coolant at the time the first peak temperature
occurs. The effects discussed above occur in a relatively short time
when compared with the coolant coastdown period; as the coastdown con-
tinues, equilibrium conditions between fuel, cladding and coolant tem-
peratures are reached. The opening and/or enlargement of the gap, there-
fore, has the effect of delaying the attainment of the thermal equii-
ibrium conditions. In addition, heat fluxes are small in this period
and this results in an insensitivity to gap conductance variations.

4.4.2.8.6 Control Rod Gap Conductance

The hot gap (g) is defined as the difference between the pin
cladding inside radius (R ) and the B,C absorber pellet outside radiusj
(R ), at operating conditions, i.e., *

p

9"Si~S (4.4.2.8-6)p

Accounting for thermal expansion, the hot cladding inside
radius is calculated by,

R = (R;) cold "cl ( cl,m - )3
$ (4.4.2.8-7)

51 i coldis the cold cladding inside radius;" "
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is the cladding thermal expansion coefficient reporteda
c1

in Section 4.4.2.8.4; and

T is the cladding midwall temperature (*).cl,m

The hot absorber pellet oatside radius is calculated by,

R = (R ) g [1 + aabs (Tabs, avg" ~
'

p

where (R ) cold is the cold absorber pellet outside radius;p

is the B C thermal expansion coefficient (see Sectiona
abs 4

4.4.2.8.9);

T is the average absorber temperature (see discussion below).abs, avg

Of the two radii, the hot cladding iraide radius (R ) is simplyj
evaluated by Equation (4.4.2.8-7) upon the calculation of t:.e cladding
midwall temperature.

To calculate the hat pellet radius, an iterative procedure is
followed until the average absorber temperature, and consequently, the
hot absorber pellet outside radius (R ) calculated in two successive
iterations converge within prefixed limits.

The average absorber temperature can be defined as the arith-
metic mean between the absorber pellet centerline and the surface tem-
peratures, i.e.,

= Tabs,E + Tabs,sTabs, avg
2 (4.4.2.8-10)

(*) The cladding midwall temperature, Tcl'm s well as the ID temperature
T are calculated based on the general equation representingcl,i

the heat conduction through the cladaing at a radius r for a height
AZ, considering separate heat production in the cladding, i.e. ,

r2 - R.2
Oabs + 0cl 2_ ~ cl (4.4.2.8-8)# ^"

p

where Q and Q re heat generations in the absorber and cladding,
abs cl

respectively;

K is the cladding thermal conductivity (Equation 4.4.2.8-4)
d

51 R and Rj are the cladding outer and inner radius, respectively.g
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Since the absorber pellet centerline temperature. (Tabs)()(*) .is dependent on the absorber pellet surface temperature (Tabs,s
as a boundary condition, the iterative process on Tabs, avg
actually involves Tabs,s. Based on the heat transfer across the absorber
pellet-to-cladding gap, considering the bond (helium) thermal conductiv-
ity and the (hot) gap size, the surface temperature can be expressed
(under nominal rod operating conditions), as the following:

in .2.8-11)T =Tcl, i + 2 K AZabs,s
gap p

where T is the cladding inside temperature;
g ,5

Oabs is the absorber heat generation within a length AZ;
R is the hot cladding inside radius based on Equation (4.4.2.8-7);

$

R as indicated by Equations (4.4.2.8-9) and (4.4.2.8-10),
p

is a function of T abs,s'

K is the gap (helium) thermal conductivity (see following
gap Equation 4.4.2.8-14).

The gap thermal conductivity is again dependent on the absorber
cellet surface temperature Tabs,s, since it is a function of the average
gap temperature which can be defined as,

Tabs,s + Tcl,i
Tgap, avg " 2 (4.4.2.8-13)

*The absorber centerline temperature, Tabs,1, is calculated based on the
general differential equation representing the heat transfer through
the absorber pellet,

2dT
as +K *9 =0dr2 abs dT abs (4.4.2.8-12)

r dr

where K s the absorber (B C) thermal conductivity reported in
abs 4

Section 4.4.2.8.8; and

qbs is the volumetric heat generation rate in the pellet.
51
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The iterative procedure on the hot pellet radius (R ) 's initia-
0; ted by the first guestimate of T from Equation (4.4.?.8 11), assum-

bs,s

nextkoes(R)coldandTaf, avg =Equ,at. ions (4.4.2.8-9)and(4.4.2.8-10),ing R p g 1i This first guestimate value is used=

timate values o R by
andTgep,avgbyEquation(4.0.2.8-13). As mentioned previously, this
process is repeated until the value R calculated in two successive iter-
ationsconvergeswithinaprefixedlikiit;withtheestablishedvalues
of R and Rj (see Equation 4.4.2.8-7), the hot gap is obtained byg
Equation (4.4.2.3-6).

Experimeltal values of the control rods gap conductance have
been determined (Reference 20) to be consistent with the method used.

The helium thermal conductivity is given by (Ref. 21).

K = 0.097 + 7 x 10-5T (4.4.2.8-14)

where K is in Btu /hr-ft- F and T in F.

The above equation i.; valid for T >700 F.

4.4.2.8.7 Fuel Thermal Conductivity

The following equation (Ref. 18) is used in evaluating the
fuel thermal conductivity in the fuel assemblies:

1 3
+ T] ( M 2.8-M)K = FP [A+BT

where K = thermal conductivity, W/m K;

T = temperature, K;

FP _ 1.079 (1-P)
(1.0+0.5P+4.62PZ)

P = fractional porosity (1-fraction of theoretical density);
-4A = 6.0656 x 10
-4B = 3.04212 x 10
-10

C = 0.75137 x 10

A review of the effects of plutonium weight percent on conduc-
tivity revealed that for the range 0.12 $Pu 50.3, such effect was within
the range of experimental uncertainties, and therefore, the thermal con-
ductivity could be considered independent of plutonium content. fio ex-

51 perimental conductivity data exist for a plutonium content corresponding
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to the CRBRP heterogeneous core value (33%). However, based on existing
data, it is believed that such a slight extrapolation outside the range
is not significant enough to change the above conclusion. Moreover,

effects of plutonium content extrapolatior, on power-to-melt, which is
the parameter of ultimate importance, are properly accounted for as dis-
cussed in Section 4.4.3.2.2.

Equation (4.4.2.8-15) has been adopted also for the radial
blanket assemblies, this is conservative for BOL conditions since the
conductivity of single-phase uranium oxide is higher than for mixed oxides.

The thermal conductivity of mixed oxide fuel is dependent on
the porosity fraction, pore conductivity, and pore shape, size and dis-
tribu tion. These variables are nonnally accounted for in terms of a
porosity correction factor in an equation relating the actual conductiv-
ity to that of the 100% dense material.

The effect of porosity and pore morphology have been the sub-
ject of extensive investigation, with many theoretical and empirical re-
lationships being proposed to explain and correlate these effects (Ref-
erences 22 through 25). Most of the available relationships for poro-

sity corrections have been reviewed in the technical literature.

The experimental studies on this suoject (Ref. 24) have shown
that fuel pellets with open, interconnected porosity and microcracks
had thennal conductivities from 14 to 33% less than pellets at the
same density, but containing uniformly distributed isometric pores.
The fuel fabrication procedure for the low thennal conductivity pellets
involved high pressure preslugging of this powder prior to final com-
paction of the pellets. The results showed that the thermal conductiv-
ities decreased with an increase in open porosity, laminar pores and/or
microcracks with the major axis normal to the heat flow direction.

However, results from an in-reactor experiment (Reference 26)
showed that the effects of pore morphology on heat rating-to-melting
was small. The heat rating-to-melting of fuels with laminar porosity
and microcracks was only 3-6% lower than the fuels with isometric por-
osity. The small difference in the heat rating-to-melting, despite the
significant differences in the preirradiation thermal conductivity, is
attributed to fuel restructuring and possibly radial oxygen redistrib-
ution effects (Reference 26). The restructuring of the fuel in the
inner hot region of the fuel increases the fuel density due to forma-
tion of columnar grains and lenticular porosity oriented in the radial
direction, thus effectively reducing the thermal resistance to radial
heat flow.

The results from the HEDL P-20 experiment (Reference 27) also
51 indicate that the effect of fuel microstructure (primarily pore morph-
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ology) on heat rating-to-melting is relatively small. A difference of
approximately 6% was observed between isometric and laminar type poros-
ity fuel s.

In summary, theoretical expressions for understanding pore
morphology effects and correlating data are available. Experimental data
show that differences in pore morphology brought about by differences in
fabrication procedures can cause significant differences in out-of-reactor
thermal conductivities. Hcwever, in-reactor effects, such as restructuring,
substantially reduce these differences.

4.4.2.8.8 _BoC Thermal Conductivity

The thermal conductivity of the B C absorber in the control
4assentlies is given by (Ref. 20):

(6.87 + 0.0095(T+460) 1 h. o ) (0.102 e - 1W2) M.2.8-16)
where

K = B C thermal conductivity, Btu /hr-ft- F4T = B C absorber temperature, F4
o = Porosity
e = irradiation temperature, F; for steady state 0 =T, for

transient analyses the irradiation temperature is equal to
the initial steady state temperature.

The above equation is valid for:
20B-10 captures >5 x 10 captures /cc

440 <T <1800 F

The maximum uncertainty was reported in Reference 20 to be in the range
of 6 to 9%. To conservatively accommodate this possible variation, a
3a uncertainty value of 10% has been incorporated in the thennal and
structural analyses of the absorber pin. gso, the use of an expressionbased on burnup levels greater than 5 x 10 captures /cc provided further
conservatism, since for lower burnup, the B C thermal conductivity is4much higher than that expressed by the equation.

Since the average PCA absorber temperature is of the order of
2500

51 F, some extrapolation of the above equation is necessary.
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4.4.2.8.9 _B C Linear Thermal Expansion Coefficient3

The following equation (Ref. 20) is used:
-6 13 2

a = 2.253 x 10 - 0.434 x 10-3 + 0.592 x 10 T - 0.525 x 10 T

I (4.4.2.8-17)

where a is in (in/in- F) and T in ( F)
The temperature range of validity is from 20 C to 2500 C.

4.4.2.8.10 B C Density
4

10)
B C is 2.512 g/cm ; fully enriched (92 a/o B[0)atural (19.78 a/o B

The theo etical density (Ref. 20) o n

B C has a theoretical44 3density of 2.381 g/cm . A linear variaticn between those two extremes
can be assumed to calculate B C density for intermediate values of en-

4
richment.

4.4.2.8.11 Fuel Theoretical Density

The fuel theoretical density is given by:
NM

(4.4.2.8-18)p=7

where
p is in g/cc
M is the molecular weight in grams
A is the Avogadro's number
N = 4 is the number of molecules per unit cell
V is the unit cell volume in cm3 and depends on the stoichiometric

ratio and percentage of plutonium. Values of V are reported in
Reference 28.

4.4.2.8.12 Fuel Melting Temperature

The unirradiated mixed oxide fuel melting (solidus) temperature
(Ref. 28) is 2760 C (5000 F). The observed decrease in melting tempera-
ture with burnup (range: 15,000 to 200,000 Mwd /Mt) is approximated by
the following correlation, according to Reference 29:

AT = 0.20645 x 10- B - 58.887 (4.4.2.8-19)
c

where AT is the change in the solidus temperature in C
B is the burrup in Mwd /MT

51
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The melting temperature of radial blanket fuel is (Ref. 30)
2850 C (5162 F) for unirradiated conditions and 2760 C (50000F) for
irradiated conditions s2 a/o burnup.

Since the mixed oxide fuel is a solid solution, melting occurs
over a range of temperatures. For fuel pin analysis, however, the soli-
dus temperature, i.e., the temperature at which melting starts, is used
as the melting temperature of the fuel. The melting temperature of the
mixed oxide fuel is a fenction of composition, i.e. , U and Pu content
and the oxygen-to-metal (0/fi) ratio. In addition, with burnup, some

of the fission prcducts form solid solutions with the fuel matrix, which
decrease the melting temperature.

For unirradiated fuel, the melting temperatures used in the fuel
pin analysis were obtained from the work of Aitken and Evans (Reference
31). These data are shown in Table 4.4-10 and Figure 4.4-27. These data
were obtained by a thermal arrest technique and the accuracy is +25 C._

These data show the melting temperature to be independent of the 0/M
ratio in the range of 1.96 to 2.00 within the accuracy of the experiment.

For irradiated fuel, the melting temperatures were obtained
from the Krankota and Craig (Reference 32). These data were obtained
by the tungsten "V" filament technique for both thermal and fast flux
irradiated mixed oxide fuel. An exact interpretation of these data,
however, is difficult because: a) distinguishing between solidus and
liquidus 'by this technique is prone to experimental error, b) decompo-
sition of the specimens near the melting temperature cannot be con-
trolled and c) samples taken from different radial positions could have
different compositions due to non-homogeneous distributions of fission
products.

To minimize the uncertainties, the change in melting point
with turnup was utilized rather than absolute temperature values and
were correlated with burnup statistically using a least squares tech-
nique. The results are shown in Table 4.4-11 and Figure 4.4-28. These
data are used with the unirradiated melting temperatures to determine
the mel ting temperature as a function of burnup.

The solidus temperature of mixed oxide fuel is a function of
composition, oxygen-to-metal ratio and burnup. Since the redistribu-
tien of actinides changes the local composition of the fuel, the soli-
dus temperature will correspondingly change. Hence, a change in soli-
dus temperature will Jepend on the actinide concentration profiles across
the fuel pellet. A detailed description of the actinide redistribution
phenomena is, therefore, a prerequisite for determining the changes in
solidus temperature.

51 Migration of uranium and plutonium occur primarily by a vapor trans-
port mechanism. Since the vapor phase composition, i.e. , Pu/U ratio in the
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vapor phase, in equilibrium over the fuel is different from that in the solid
fuel, segregation from an originally homogeneous mixture occurs. For
a nearly stoichiometric mixed oxide fuel, the vapor phase would be rich
in uranium relative to the solid. Therefore, as the vapor condenses
in the cooler regions of the fuel, plutonium enrichment occurs near the
fuel centerline. As the oxygen-to-metal ratio is reduced, the vapor
phase becones plutonium rich. Thus, in fuels with a low initial 0/M
ratio, uranium enrichment near the fuel centerline will occur. These
conclusions are in excellent agreement with observations from irradiated
fuel pins (References 33-35). Experimental studies (Ref. 36)
suggest that the quasi-congruently vaporizing composition is between
1.96 and 1.97. These experiments have also indicated that at lower
0/M ratios, the rate of transport is reduced and, therefore, the total
amount of vapor transported down the temperature gradient is diminished.
The net result is diminished actinide segregation. The amount of poro-
sity in the fuel and the temperature gradients play an important role
in determining the actinide segregation. In fuels with low initial

density, slightly enhanced segregation is expected because of the large
amount of the porosity available for vapor transport.

From the above discussion, the actinide redistribution and its
effects on solidus temperature can be summarized as follows:

1. For fuels with an initial 0/M >1.97, plutonium enrichment will occur
near the fuel centerline resulting in decrease in solidus temperature
(or melting point).

2. For fuels with an initial n!" <1.30, uranium enrichment will occur
near the fuel centerline resulting in an increase in solidus tem-
pentus e (or melting point).

3. For fuels with an initial 0/M in the range of 1.96 to 1.97, little
change in actinide distribution is expected.

Statistically, the fuel is expected to be in an 0/M ratio range where
either no significant segregation occurs, or uranium enrichment will
occur at the fuel center resulting in an increase in the solidus temper-

ature. Moreover, at beginning-of-life conditions, which is the worst
time for incipient melting, no significant actinide redistHbution would
occur because of the very short irradiation times involvea. This of

course, applies also to the P-19 tests, conducted on prototypic CRBRP
fuel for practically unirradiated conditions.

4.4.2.8.13 _B C Melting Temperature4

The generally recomn, ended B C melting temperature is 2450 C (4442 F)4
51 (Reference 20).
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At the present time, there are insufficient data to correlate the
B C melting temperature with irradiation and burnup effects. However, it4
must be considered tgat operating BgC maximum centerline temperatures are
of the order of 2500 F, which is abdut one-half of the unirradiated melting
temperature.

4.4.2.8.14 Fuel Linear power-to-Melt

Results from the HEDL P-19 experiments (Ref. 37) indicate the
following correlation for the linear power rating causing incipient
melting in the fuel assemblies rods:

) (4.4.2.8-20)Q'* % 19.5 Kw/ft. for diametral gap 15 mils 714.95

Q'm + G - 2.77 for diametral gap >5 mils _*

where

Q is the power-to-melt in kw/ft;
m

G is the diametral cold gap in mils.

The above correlation is valid for FFTF conditions (0.230" diameter
pins and 1060eF cladding I.D. temperature). Approximately a 0.1 kw/ft
decrease (increase) in power-to-melt corresponds to a 200F increase
(decrease) in cladding I.D. temperature.

A regression analysis of the HEDL P-19 power-to-melt data (adjusted
to FFTF conditions, i.e.,1060 F I.D. cladding tenperature and 0.23 " pin)0

performed at ARD yielded the following cubic polynominal as best fit of the
data:

Q'm = 8.44 + 6.828 G - 1.259 G2 + 0.06549 G3(4.4.2.8-21)

where

Q'm = linear power-to-melt (kw/ft)

G = diametral cold gap (mils).

The standard deviation of the data about the correlated curve was 0.31
kw/ft or a 3 a value of t0.92 kw/ft.

In parallel with ARD analysis, three analytical fits were proposed
by HEDL: an arc-tangent, a cubic and a hyperbolic relationship. The' cubic
fit correlation:

51 9'm = 9.99 + 5.9 G - 1.09 G2 + 0.056 G3 (4.4.2.8-22)
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was in good agreement with ARD correlation. The root mean square deviation
of the HEDL cubic fit was 0.2643. The arc-tangent curve had a much larger
spread (0.418), while the hyperbolic relationship:

Q'* = 19.5 G < 5 mils
-

(4.4.2.8-23)
Q'* = 13.60 + 12.96 G>5 mils

G-3.ll

had a root mean square deviation of 0.2953, i.e., comparable to the cubic
fit. Finally the HEDL data were officially published (Reference 37), where
the hyperbolic correlation (Equation 4.4.2.8-20) was selected as the most
accurate fit while the numerical constants were slightly readjusted.

Figure 4.4-29 shows Equation 4.4.2.8-20 and the experimental data.
The 0.92 kw/ft band earlier determined for the cubic polynominal fit is
superimposed. As evident from the figure, the uncertainty band is definitely
overestimated when the optimum hyperbolic fit is adopted.

Subsequent to the P-19 test, additional power-to-melt data on very
low burnup irradiated pins (P-20 test, Reference 38) indicated an improvement
of abou+ 20% in the value of the power-to-melt for pre-irradiated pins to
0.3% tuenup, which can be achieved by initial operation at reduced power.
Based on this experimental evidence, several programmed startups (combin-
ations of reduced power and holding time) can be utilized to satisfy the no-
melting criterion in the high power CRBRP fuel rods. A detailed power-to-
melt analysis and preliminary suggestions for a startup procedure are re-
ported in Section 5 of Reference 3. An optimum programmed startup will
be selected following final analyses.

4.4.2.8.15 Fuel Restructuring Parameters

The LIFE-III code features a continuous pore migration model which
supercedes the previous finite restructuring zones approach that required
a definition of threshold restructuring temperatures and restructured zone
densities.

4.4.2.8.16 Fission Gas Release and Fission Gas Yieni

The model employed to predict fission gas release from the fuel
pellets is basically an updating and refinement of the HEDL model (Reference
39).

The correlation for fission gas release from non-restructured fuel
51 as determined in-Reference 39 is:
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O
1-exp(-AB)

1
F =1- (4.4.2.8-2 4)
N A ? Bexp(A 0g2 3

where

F = fractional gas release frcm non-restructured fuel
N

B = local burnup (a/o)

Q = local linear heat generation rate (kw/ft)

AA0 = empirical constants.123

The experimental data considered covered the following range of
parameters (see Table 43-12):

Peak Burnup 0.87 - 5.8 a/o
Peak Linear Power 8.9 - 16 kw/ft
Fuel Density 0.895 - 0.95E theoretical

pellet densit/
Beginning of Life Peak

Cladding ID Temperature 837 - 1070 F
Diametral Gap Thickness 0.0022 - 0.008 inch &

(cold dimensions) W

By fitting the correlation to experimental data, the values of
the empirical constants were determined as follows:

A = 0.5748
A.1, = 0.3745

A3 = 0.0911

Subsequently, the model predictions of total gas release were
compared with two sets of experimental data not used in the calibration
and equation fitting, thus providing an independent check.

The first set (Reference 40) of data referred to high burnup (up
to 12.7 a/o) fuel, the second set (Reference 41) to high cladding temper-
ature (1160-ll700F) rods.

Tables 4.4-13 and 4.4-14 list the additional data for high burn-
up and high cladding temperature conditions, respectively, which were used

51 to verify the validity of the previously determined constants.
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Figure 4.4-30 provides an overall summary of this study by showing
the correlation between predicted and ooserved fission gas release for each
experimental pin examined. As shown in the Figure, a good agreement was
found between the calibration and verification pins, thus substantiating
the soundness of the model.

The 2 cand 3a lines are also identified in Figure 4.4-30. It

should be noted that the +2a calculated release, which was used in CRB.:
fission gas pressure calculations, envelops all the experimental data.

The overall standard deviation was equal to 8.62%, the maximum
deviation 17.6% (which is the point near the -2o line in Figure 4.4-30)
and a correlation coefficient of 0.9554 was calculated.

The local linear power rating and burnup are calculated from
physics input, adopting the appropriate radial and axial power (and burnup)
profiles. The local gas release from non-restructured fuel is calculated
through the above equation; subseq. 7tly, the total gas released from
non-restructured fuel is evaluated by integration over the entire pin
length. Finally, the total gas release from the fuel is obtained by
summing up the above release (at a conservative 20 level of confidence)
from non-restructured fuel to the release (100s is assumed) from restructed
fuel.

The fission gas plenum pressure is then calculated from the
ideal gas law equation

pV = nRT (4.4.2.8-25)

where n is elated to the total gas release previously calculated.

Taele 4.4-15 '- 'n Reference 18) gives the ENDF/B-IV(*) fission
yields for 93seous Xe and Kr in a fast fission spectrum. The CRBRP neutron
energy spectrum is scrawhat softer than the fission energy spectrum on
which the data in Table 4.4-15 is based. However, the general tendency
in the data is for the fission yields to decrease slightly with decreas-
ing energy. Therefore, use of these fission energy yields in predicting
CRBRP fission gas pressures is slightly conservative.

The ENDF/B-IV reference data files do not contain fission yield
data for the higher plutonium isotopes, Pu-240, Pu-241 or Pu-242. How-
ever, based on published Pu-241 thermal fission yields (Reference 42)
compared with the equivalent Pu-239 thermal fission yields, the Pu-241
fast fission yield is expected to be slightly lower than those for Pu-239.
Therefore, for calculation purposes, the Pu-241 fission yields have been

51
assumed equivalent to those .for Pu-239.

(ylvaluated Nuclear Data Files (ENDF/B)
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Based on a 90%/10% Pu (239 +241)/U-238 fission rate split, the
weighted average fission gas yield value may be calculated directly from
the data presented in Table 4.4-15. The value of the Xe + Kr fission
yield in fuel rods resulted equal to 0.249.

For the blanket case, the fuel isotopic composition, and hence, the
isotopic fission rate, changes significantly with burnup (plutonium accumula-
tion). For a fresh assembly in either the inner or outer blanket, about 90%
of the fissions occur in U-238, and the remaining 101 occur in U-235. There-
fore, the beginning-of-life fission gas yield is equal to 0.240.

At end-of-life, just prior to discharge, the breakdown of fissions
is as follows: in U-238, 33% for inner and 16% for outer blanket; in
U-235, 2% for both inner and outer blankets; in Pu-239, 65% for inner
and 82% for outer blanket. Thus, the fission gas yield calculated from
data in Table 4;4-15 is 0.247 in inner blanket assemblies at E0L and
0.249 in outer blanket assemblies at E0L.

Conservatively, a nominal fission yield of 0.249 constant through-
out life for both fuel and blanket assemblies was adopted.

The isotopic uncertainty in the ENDF/B-IV fission yields results
in a 3.5%(10) uncertainty in the rare gas (Xe+Kr) yield from U-235,
U-238 and Pu-239 fissions. Therefore, the 2a fission yield adopted in
plenu, pressure calculations was equal to 0.266.

The substantial conservatism in calculating plenum pressures
is discussed in Section 4.4.3.2.4, together with a quantitative evalua-
tion of the over-estimation of plenum pressure for two typical blanket
rods.

4.4.2.9 Thermal Effects of Operational Transients

Current design practice is that LiiFBR components must meet the
required conditions of ASME Code Section III (Ref. 43) and RDT Standard
C-16-IT (Ref. 44). Transient reactor design events are divided into
categories of normal, upset, emergency and faulted according to their
likelihood of occurrence. Table 4.4-16 gives: a) the definitions for
the various incidents; and b) the allowable severity with respect to
structural consequences. Note that the RDT Standard respective termin-
ology for the eve.1ts are: normal operation, anticipated fault, unlikely
fault and extremely unlikely fauit.

Table 4.4-17 pr esents a summary of preliminary design limits for
emergency and faulted events to assure that the core operates safely
over its design lifetime and meets the requirements of the ASiiE Code and
RDT Standard. The frequency of occurrence and classification of events
is established by the designer based on industrial and nuclear exper-
ience and also the special characteristics and differences in LMFBR
design (as compared with an LWR for example).

Under normal steady state operating conditions, the cladding
is loaded due to the internal gas pressure. Fission gases are released

51 from the fuel with burnup, and thus, the internal pressure continually
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increases over the rod's lifetime. This pressure produces very slow
and small creep defonnation of the cladding. In addition to this long

term creep effect associated with steady state operations, there are two
basic types of transients that could cause dynamic loading of the clad-
ding. All the upset, emergency and faultec events which result in a
cladding temperature increase could be categorized into one or the other
of these types.

The first type transient results from undercooling or slow
overpower events. This type of tiansient can cause an increase in the
cladding temperature. The fill gas (helium) and fission gas in the
plenum of the rod may have time to heat up if the transient is of suf-
ficient duration. The resultant gas expansion increases the internal
rod pressure, and subsequently, increases the cladding loading. Simul-
taneously, with the load buildup, the cladding becomes weaker due to
its increased temperature. The cladding deformation due to these effects
must be factored into structural evaluations of the cladding.

The second type of transient involves fast overpower events.
Worst case transients of this type are extremely rapid such that the fuel
temperature increases at a much faster rate than the cladding and coolant
temperatures. This can cause differential themal spansion between fuel
and cladding which may result in increased ~ael/claddir.9 centact pressures.
The fission gas in the rod plenum does not have time to heat up and expand
as with the first type.

The evaluation of fuel rod damage due to the various design
transients over the rod lifetime comes from in-depth structural evalua-
tion of the temperature and other effects such as cladding wastage, ir-
radiation effects and chemical effects between the fuel and cladding.
The sequence and/or combination of occurrence of the transients are also
considered in the analysis.

A discussion of temperatures that result for several of the most
significant anticipated faults is given in the following sections of
chapter 15.0:

e Section 15.1: Accident Analyses.

e Section 15.2: Reactivity Insertion Design Events and Protective
Action;

e Section 13.3: Undercooling Design Events and Protective Action.

As can be seen, they fall into the two dynamic loading mechanism
categories described previously. The ability of the core to meet the de-

51 sign requirements for anticipated faults is discussed in Section 4.2.1.3,
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4.4.2.10 Plant Configuration Data

Each core flow path and the total coolant flow within the flow
path is presented in Figure 4.4-2. Primary and intermediate loop flows
are presented in Table 5.1-1 with the number of loop flow paths desig-
nated in Tables 5.1-2 and 5.1-3.

The volume and elevation description of each major plant component is
summarized in Table 5.1-2 and 5.1-3, and in Figure 5.1-3 for both the primary
and intermediate heat transport systems. For all nominal operations, the flow

is single phase (liquid) and turbulent. Equivalent flow path lengths
for major plant components are not explicitly summarized; i.owever, the
values can be derived from the volumes presented in Table 5.1-2 and 5.1-3,
and the flow areas obtained from the component dimensions presented in
Sections 5.1.2 and 5.1.3 and Figure 5.1-2. The reactor core flow path

lengths are presented in Tabel 4.2-4. See Section 5.1.8 for physical
arrangement.

With the exception of the reactor vessel and primary coolant
pumps, the sodium within each component of the primary heat transport
system completely occupies the volume of the component during normal
operation. In the reactor vessel, the free surface sodium level is

nominally maintained at an elevation of 794.75 ft. with a minimum safe
operating level of 781.9 ft. These sodium level elevations provide a
clearance to the bottom of the reactor vessel head which corresponds
to 5.43 ft. and 18.28 ft., respectively, and is occupied by an argon
cover gas. The primary sodi'um pumps are also free surface and are
more fully described in Section 5.3.2.3.1. and Figure 5.3-14.

The location, capacity and sizes of all safety related equip-
ment are presented in Section 6.2 for the Reactor Containment, Section
6.2.4 and 7.3.1 for the Reactor Containment Isolation System, Section
6.3 for the Habitability Systems, Section 5.2 for the Reactor Guard
Vessel, Section 5.3 for the Guard Vessels of the Primary Heat Trans-
port System major components, Sections 5.6,
7.4.1 and 7.6.3 for the Residual Heat Removal System, and Sections
5.6 and 9.3 and Figure 5.1-7 for the Auxiliary Liquid Metal System.
Reactor guard vessel characteristics not explicitly defined elsewhere
include a volume of 2800 ft , minimum-maximum elevations of 741.08 ft.3

and 788 ft., respectively, and a vessel I.D. of 263.5 in.

The steady state full power-full flow pressure and temperature
distribution throughout the primary and intermediate systems is presented
in Table 5.1-1 and Figure 5.1-1 for the thermal and hydraulic design
operating conditions, and in Table 5.3-3 for operating conditions used

51
in structural component evaluations.
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The primary pump head flow characteristics and reference operating
points are presented in Sections 5.3.2.3.1 and 5.3.3.3 and Figures 5.3-19,
5.3-20 and 5.3-21. The primary pump flow coastdown is presented in Figure
5.3-22. The intennediate pumps are identical to the primary pumps with
the exceptions noted in Section 5.4.2.3.1 with operating characteristics
shown in Figure 5.4-3.

4.4.3 Evaluation

4.4.3.1 Reactor Hydraulics

The total reactor flow rate is one of the primary parameters
that affect the t hermal performance of the CRBRP. The hydraulic analyses
include the effects of uncertainties such as: instrumentation errors,

correlation uncertainties, experimental accuracy, manufacturing toler-
ances, and primary loop temperature and flow uncertainties. If these

uncertainties are large, they will result in an overly conservative
design of system components such as the reactor core, primary pumps,
piping, etc.

The method used to perform the steady state hydraulic analysis
consists essentially of identifying all possible flow paths in the re-
actor, establishing a hydraulic network and solving the network by use
of such codes as LATFISH, HAFMAT and FLODISC. Solution of the network

@ will provide reactor flow rate and flow distribution within the
reactor for certain specified plant operating conditions, which
in the case of the CATFISH' code are the pump head / flow charecteristics
curve.

The coolant flow distribution is detennined by the geometry of the
regions through which sodium flows. Their hydraulic impedance establishes
the reactor pressure drop and pressure distribution. These paths include
inlet and outlet nozzles, inlet and outlet plena, core support structure
modules, annulus bet.<een radial shielding and core barrel, annulus be-
tween vessel and core barrel, annulus between vessel and vessel liner and
the core assemblies upper internal structures region. Because of their
importance, the resistance and hydraulic characteristics of the main
flow paths are determined by scale model tests. The tests planned for
CRBRP are discussed in Section 4.4.4, Testing and Verification. Prior

to the availability of data from these tests, the results from similar
tests in the FFTF Development Program will be used where applicable.
Also see Section 4.4.2.7 for a discussion on hydraulic impedance cor-
relations.

In addition to the main flow path, leakage flow path exist in

the CRBRP. Seals between the core support structure and the core inlet
module liner, between various parts of the hydraulic balance system, etc.,

51 fonn flow paths for leakage. The design objective of the seals is to
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minimize leakage. Where possible. the piston ring type seal developed
in FFTF will be used and others at different design will be evaluated
experimentally with the intend to minimize leakage.

Reactor operation with less than three loops causes minor per-
turbations in core flow distribution and inlet plenum mixing because of
the asymmetric inlet to the plenum. Likewise, asymetric flow conditions
caused by operation with less th?.n three loops can pose a similar situ-
ation in the outlet plenum. Testing as described in Section 4.4.4, Test-
ing and Verification, defined the magnitude of these perturbations.

4.4.3.2 Uncertainties Analysis (*)

4.4.3.2.1 Introduction

The impact of theoretical and experimental analyses uncertain-
ties, instrumentation accuracy, manufacturing tolerances, physical prop-
erties and correlations uncertainties must be considered in predicting
the reactor thermal-hydraulic performance to ensure the safe and reliable
operation of the CRBRP core and to guarantee that proper margins are
provided so as not to exceed the design limits and requirements.

Hot channel / spot factors for all core assemblies have been
determined to account quantitatively for the above uncertainties. Con-
sistent with previous studies, the semi-statistical hot spot analysis
method is used for the CRBRP core assemblies; i.e. , random variables are com-
bined statistically and together with the direct bias uncertainties
they characterize a hot channel / spot as the one affected by the simul-
t3neous occurrence of all uncertainties. Predicted hot channel / spot
temperatures are the ones to be compared with the required limits.

The preliminary uncertainties analysis made certain simplifying
assumptions, such as the overall temperature difference is a linear func-
tion of individual variables, statistical uncertainties are normally
distributed, and a large number of samples are implicit in the data
base. The effect of these assumptions have been investigated in a de-
tailed study (Ref.19) which showed that the overall uncertainty analysis
approach adopted in these analyses is conservative. A full evaluation
of the conclusions reached in the Reference 19 studies will be performed
in the FSAR.

Use of the semi-statistical method requires the separation of
the variables which cause the hot spot temperatures into two principal
groups, one of statistical origin and the other hot-statistical. The
two categories are defined below.

A non-statistical (or direct) uncertainty is defined as a vori-
able, the exact value of which cannot be predicted in advance, but which

(*) The information specified in the Standard Format and Content for
Section 4.4.3.2 " Influence of Power Distribution", is included in Section
4.4.3.3 to enable the inclusion of this major area of T&H analysis as

51 Section 4. 4. 3. 2.
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is not subject to random :ccurrence. Computationally, the non-statistical
factors represent multipliers applied to the nominal magnitudes of the
variables to provide the worst possible values which can be assumed. A

variable which has a frequency distribution of occurrence due to its
random character is treated statistically. For example, experimental
data (such as materials properties) are treated statistically since
their evaluation includes some statistical error.

The following briefly illustrates the method of combining hot
spot factors (see Figure 4.4-31 for a graphical representation).

The cominal temperature difference AT , nom of component j is4

increased by the nuclear radial and axial peaking factors to the peak
temperature difference ATj, nd successively by the direct or non-
statistical uncertainties tbeakthe temperature difference ATj,dir. Corres-
pondingly, the nominal temperature Tj, nom will increase to Tj, peak and to
Tj.dir, which represents the mean value for the statistical temperature dis-

OFtribution by the variables of random origin; in other words, Tj,dir
Tj,0a will be synonymous.

rT will be determined according to theFinally, T 2
desiredlevelofcokf18ence.J'3a

To avoid any ambiguity in terminology, following is the defini-
tion of the terms " average, nominal, peak and hot" as used in the CRBRP
core thermofluids analyses.

Average - The average rod is the one with a power generation
equal to the total assembly power divided by the number of rods in the
assembly. Thus, it may be a fictitious rod, not exactly corresponding
to any of the rods in the considered assembly. Temperatures in the
average rod are calculated without accounting for any nuclear or engi-
neering hot spot factors.

Nominal - Nominal temperatures are the actual values calculated
for the considered rod, without accounting for any nuclear or engineering
uncertainty factrr. The difference between r,ominal and average is that the
nominal refers to the particular rod investigated, average to a repre-
sentative fictitious rod.

Peak - The peak rod is the one in the assembly with the high-
est power generation, i.e. , the highest nuclear radial peaking factor .
No hot channel / hot spot factors are considered in evaluating peak te.a-
peratures.

Hot - The hot (or maximum) rod is the one in the assembly
with the maximum cladding midwall temperature; due to the flow distribu-

$1 , tion in a wire wrapped assembly, generally it does not coincide with
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the peak rod. liot channel / hot spot factors are added to the nuclear
peaking facters characteristic of the hot rod. Hot rod temperatures
at Oc,2a or 30 are generally quoted, depending on the selected degree
of confidence.

Separate groups of hot channei/ hot spot factors have been es-
tablished for calculatica of:

Fuel rod temperatures (coolant, cladding, fuel or absorber);a.

b. Coolant mixed mean temperature (assembly exit and upper
mixing chamber-chimney-exit)',

c. Rod fission gas plenum pressure (plenum temperature,
burnup).

The uncertainty factors adopted for the thermal-hydraulic per-
formance predictions of the CRBRP core are presented in Tables 4.4-18
through 4.4-27. For convenience, the factors have been tabulated by
assembly type (fuel, inner / radial blanket, control (*)), intended appli-
cation (rod temperatures, mixed mean temperatures, plenum pressure cal-
culations), and type (engineering - table numbers with the " A" suf fix;
nuclear - table numbers with the "B" suffix). Note that 3a statistical
values are presented which are the basis for transier t and safety analy-
ses. Uncertainties at 2a level are used in calculation of steady state

thermal-hydraulic parameters, such as cladding temperature
and pressure, which are input to replaceable core assembly lifetime
analyses. These factors represent an adaptation to the heterogeneous ,

core configuration of the hot channel factors previously used in the
thermal-hydraulic design of the homogeneous core. Thus, primary emphasis
was directed to evaluate the nuclear uncertainty factors for the power and
burnup histories reported in Section 4.3.2.2.9. The significant features
in the application of the nuclear uncertainty factors to the thermal-
hydraulic analyses are reported in Section 4.4.3.2.1

In parallel with the studies reported here, a thorough re-
evaluation of uncertainties analyses, their numerical values and meth-
odology of application was performed. This re-evaluation led to a re-
vised set (Ref.19), which was approved by the CRBRP Project Office
in December, 1978. It must, therefore, be emphasized that the per-
formance predictions herein contained are not consistent with the

(*) Values reported in Tables 4.4-24 through 4.4-27 are the same as used in
the analyses of the homogeneous configuration. However, the overall un-

certainty factors for the control assemblies in the heterogeneous configu-
ration are not expected to be changed such that existing criteria would be

51 exceeded, due to the similarity of the two designs.
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uncertainty factors documented in Reference 19, but are actually more
conservative. In fact, temperatures calculated using the factors and
method of Reference 19 are lower (**) than the values reported in Section
4.4.3.3 which were predicted utilizing the hot channel factors from
Tables 4.4-18 through 4.4-23.

The hot channel / spot factors presented here differ from those
presented in Reference 19 as follows(*):

e pellet-cladding eccentricity hot channel factor. Both a dir-
ect and statistical component were evaluated iri Reference 19
as well as a lifetime dependency, while only a statistical
component unchanged throughout life was considered here. Note
that the latter is conservative when calculating end-of-life
temperatures, which are the ones of utmost importance in steady
state analyses, since Reference 19 recommends to consider no
end-of-life uncertainty factor, neither direct nor statistical
due to pellet-cladding eccentricity:

e inlet flow maldistribution factor. Detailed analyses conducted
in Reference 19 recommended a split of this factor into a dir-
ect and a statistical component, in lieu of the entirely dir-
ect factor adopted here; and again, the latter approach is
more conservative;

e subchannel flow area. A re-evaluation of the analyses performed
to establish this factor led to a reduction in its value;

, cladding circumferential temperature variation. Recent modi-
fications to the FATHOM-360 code allowed calculation in
Reference 19 of individual hot spot factors representing separ-
ately the effect of the wire wrap on the film and cladding
temperature drop. Previous practice was to consider only one
factor to be applied to the temperature difference between the
bulk coolant and the radial cladding position considered. Of
the two factors reported in Reference 19, the cladding hot
spot is less than unity, as it physically should be, since it
represents the beneficial effect of circumferential heat transfer
through the cladding. The film hot spot, on the other hand,

;**) Calculations for typical fuel, inner blanket and radial blanket
assembly hot rods 2c, plant expected conditions at end-of-life showed
the present analysis yielding maximum cladding ID temperatures approxi-
mately 54 F, 25F"and 8 F, respectively higher than obtained using Refer-
ence 19 uncertainty factors and analytical procedure.
(*) Comparison betwun hot spot factors used here and recommended in
Ref. 19 are limited to the fuel and blanket assemblies (Table 4.4-18

51 through 4.4-23).
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accounts for the presence of the wire wrap in the channel. The
approach recommended in Reference 19 is therefore more adherent
to reality than used here, however, the two methods yield the
same overall effect on cladding temperature. In fact, the

film hot spot factor in Reference 19 is higher than the over-
all factor reported in Tables 4.4-18. A and 4.4-21. A, which
compensates for the less than unity cladding hot spot factor;

e cladding thickness and conductivity. A critical re-evaluation
conducted in Reference 19 of the correlation adopted in design,
its deviation from experimental data and the effect of irrad-
iation led to the conclusion that the 5% under-estimation dir-
ectly built in the correlation is more than adequate to account
for the irradiation swelling and cladding thickness effects on
temperatures and therefore, no hot channel factor is recommend-
ed in Reference 19. Again, the present analysis conservatively
adopts a 1.12 hot spot factor;

e fissile fuel maldistribution. The value recommended in Ref-
19 (1.052)_is higher than the value used here (1.03),erence

by a factor of /3; this is due to the use of rectangular dis-
tribution, rather than normal as adopted in the preliminary
hot channel factors assessment;

e reactor AT and inlet temperature variation. A statistical

analysis performed in Reference 19 showed that the value as-
signed here to the uncertainty factor on AT is actually in-
clusive of the inlet temperature variation effect as well.
The result of this more refined analysis was not surprising since
it was realized that the analysis leading to the values used here
was conservative, as discussed in Section 4.4.3.3.1. Theloog-to-
loop imbalance uncertainty recommended in Reference 19 is 7.4 F,
higher than the 4.6 F used here, but this is more than offset by
the fact that an inlet temperature uncertainty of 33 F (first core)
or 36"F (second core) is adopted here (see Table 4.4-29), while
in Reference 19, the inlet ter fature uncertainty is included
in the AT factor (1.14), as mentioned above;

oflow distribution calculational uncertainty. There are several
differences between the values adopted in this study and those
recommended in Reference 19. In the fuel and inner blanket
assemblies case, the values used for rod temperature calcula-
tions are similar, while the values for plenum temperature
calculation adopted in these studies were conservatively
assumed to be higher. In the radial blanket case, the values

both for rod and plenum temperature calculations, adopted in
51 these studies are lower than recommended in Reference 19.
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These discrepancies are attributable to the fact that compari-
son / calibration / verification of the COTEC code is an ongoing
task as more data become available. For example, since issuance
of Reference 19, data have been obtained from the ARD full scale
61-rod blanket heat transfer test in sodium for flow and
skewed power conditions prototypic of the radial blanket assem-
blies. Comparison of experimental data with COTEC predictions
indicated that COTEC consistently predicts higher temperatures,
both at the hot rod maximum cladding temperature axial position
and in the unheated plenum region, than obtained in the tests.
Preliminary evaluation of this data justify reducing the mal-
distribution calculation uncertainty factor for the radial
blankets from 1.2. to 1.1, at this time. A similarly conserva-
tive approach was taken for the inner blanket; since experi-
mental data for flatter power distributions typical of inner
blanket assemblies were not yet available, the higher uncertainty
factors were retained in this study, even though every indica-
tion exists that they can be significantly reduced.

Neither in Reference 19 nor here have results been incorporated
from the recently obtained fuel bundle test data from the MIT
61-rod salt-injection in water (Ref. 45), the KFK 61-rod heating
in sodium (Ref. 46) and the J0YO 91-rod heating in sodium. Addi-
tionally, the 5:1 air flow tests on a blanket assembly conducted
at the Westinghouse Research Laboratory have just been completed,
the ARD 61-rod bundle blanket heat transfer test is in progress and
the ORNL 61-rod fuel assembly bundle sodium heat transfer test is
planned in CY 1979 (see Section 4.4.4.2). As these additional test
data are factcred into tne code calibration, the basis for the
statistical component of the flow distribution calculational un-
certainty will be improved and, the direct component (simulation
bias) will be reduced or eliminated altogether, since the forth-
coming data are from larger bundle, more prototypic heated rod
experiments in sodium.

In conclusion, as picviously mentioned, the overall effect of
using the hot channel factors in Tables 4.4-18 through 4.4-23 rather
than those recommended in Reference 19 is a more conservative evaluation
of core steady state thermal performance reported in Section 4.4.3.3.'

Finally, gap and fuel uncertainty factors for fuel temperature
calculations are not reported in Reference 19 since steady state fuel tem-
peratures in fuel / blanket rods are no longer calculated through the NICER
code (see Section 4.4.2.2) where individual uncertainties on the tempera-
ture drop through the gap and fuel are required. They are, however, retained
here in Tables 4.4-18. A and 4.4-21. A since they are used as input to safety
and transient analyses. Uncertainties on the fuel / gap behavior adopted
in power-to-melt analyses, which are consistent with the values reconcended

51 in Reference 19, are briefly. summarized in Section 4.4.3.2.2; for a quanti-
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tative and more detailed discussion see Reference 19 and Section 5 of
Reference 3.

A discussion of uncertainties considered in fission gas plenum
pressure calculations and how they are conservatively accounted for is
reported in Section 4.4.3.2.4.

4.4.3.2.2 Power-to-fielt Uncertainties

The LIFE-III code io used to assure that the no-melting criter-
ion at 115% rated power conditions and 3a level of confidence is actual-
ly satisfied. This essentially translates in verifying that the limit-
ing power-to-melt calculated by LIFE-III (which has been calibrated
against experimental data such as P-19 (Ref. 37) and P-20 (Ref. 38)) is
equal to or greater than the maximum fuel (or blanket) pin linear power
rating at 3a , 115"| power conditions. Of course, uncertainties must
be properly considered in such analysis. The first group are uncer-

tainties in LIFE-III predictions of the power-to-melt arising from
data scatter and the overall accuracy of measurements in the EBR-II reac-
tor. They are:

e Uncertainty on overall power level due to variations in EBR-II
instrumentation and the uncertainty in the neutronics calcula-
tion for a given core loading. This uncertainty causes random
fluctuations in quoted power level that vary with time,

e Uncertainty due to a difference between actual ard. quoted over-
all EBR-II power that doesn't change with time. It is known

that a systematic shift in EBR-II power level exists and a cor-
rection is made by experimenters. An estimate is thus required
of the uncertainty on this correction. This uncertainty does
not show up as scatter in the data, but it is rather a system-
atic uncertainty which would show up in the scatter of data
comparing different reactors (i.e., EBR-II versus CRBRP).

e Uncertainties in the spatial dependence of neutronics calcula-
tions and local inhomogeneities in the EBR-II core.

* Uncertainty due to variation in fuel pin fabrication parameters
from their nominal values.

e Uncertainty in post-irradiation examination measurements.

A second group of uncertainties covers the extrapolation from
the EBR-II data used for LIFE-III calibration to CRBRP conditions. They

are:

* Extrapolation from P-19/P-20 to CRBRP conditions.

* Use of fuel in CRBRP with different Pu enrichment (33%) from
the 25% enrichment in the experiments used for LIFE-III cali-
bration, specifically change in melting point with Pu content.

51

4.4-52 _ Amend. 51
Sept. 1979

%j,05



Finally, the uncertainties directly dependent on CRBRP opera-
ting conditions must be considered; they are:

Uncertainties due to tolerances and fabrication parameters,*

i.e. . fuel pellet diameter, cladding ID, fuel pellet density.

* Uncertainties on actual rod linear power rating, due to reactor
power level, instrumentation and nuclear uncertainties reported
in Tables 4.4-18. A and .B, 4.4-21. A and .B.

* All the thermal-hydraulic engineering uncertainties (not already
accounted for in power uncertainties) which affect the cladding
ID temperature and reported in Tables 4.4-18.A and 4.4-21.A.

As previously mentioned, a detailed quantitative discussion of
all the above uncertainties can be found in Reference 19 and in Section
5 of Reference 3, where their application to power-to-melt analyses is
also reported.

4.4.3.2.3 Nuclear Uncertainties

The total power or burnup uncertainty is composed of nuclear
design methods uncertainties and/or biases (based on comparisons of cal-
culations and measurements of isotopic fission and capture rates and gamma-
heating in ZPPR criticals), plus CRBR design uncertainties relating pri-
marily to absolute ocwer normalization and fissile content variations,
and a general class of modeling uncertainties. In the fuel, the power
uncertainty is broken down into a statistical part which can be combined
in quadrature (root-mean square) with other statistical uncertainties,
and a non-statistical bias and uncertainty which is applied directly to
envelope the upper limits of the peak power density. Due to the limited
scope of the available blanket data, only a non-statistical uncertainty
is developed. Uncertainties are provided for the fuel, inner and radial
blanket assemblies. Where a basis exists, a spatial distribution of the
uncertainty is provided (e.g., adjacent to, and removed from the influ-
ence of inserted control rods, and by assembly-row in the outer blanket).
Otherwise, the. uncertainty is developed for the peak power locations c.nd
should be assumed to be applicable throughout the region for the stated time-
in-life. For a detailed discussion, and definition of all the nuclear
power uncertainties and individual factors, see Section 4.3.2.2.9.

Of particular interest to the thermal-hydraulic design is the
spatial dependence of the uncertainties. Essentially, they are:

a. Radial (i.e. , adjacent to, and removed from the influence
of an inserted control rod; locally dependent bias due to
ZPPR-7 flux tilt; and by assembly-row in the outer blanket).

51
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b. Axial (i.e. , at the peak power density near the core mid-
plane, and at the core / upper axial blanket interface).

In the case of the radially distributed uncertainties, how and
where the uncertainties are to be applied is shown in Tables 4.4-18
through 4.4-23 with the B suffix. The axial uncertainties are a result
of the nuclear design calculations and modeling techniques. In parti-
cular, the peak and integrated power densities in the fuel are well
predicted with the standard two-dimensional synthesis nuclear design
techniques, while the " power density at the top of the core" is rela-
tively poorly ,]redicted due to difficulties in simultaneously modeling
the behavior in the region while preserving the integral and peak
(core midplane) power in two dimensions. In addition, the accuracy of
few group diffusion theory is poorer in the presence of the steep flux
gradient and in the region of the fuel / upper axial blanket material
discontinuity. These factors are reflected in the larger " power density
at top of core" uncertainty.

The temperature distribution along the entire fuel rod is nec-
essary for the evaluation of relevant thermal-hydraulic parameters (i.e.,
fuel temperature, cladding temperature, fission gas generation and re-
lease, etc.). As noted above, only two values of the spatially-dependent
(in the axial direction) factors are provided. Therefore, it was nec-

essary to make several assumptions and approximations. First, it was
assumed that the value of uncertainties at the fuel / upper axial blanket
(UAB) interface also apply at the fuel / lower axial blanket (LAB) inter-
face. The actual shape of the axial variation of the heat flux uncer-
tainty from the peak power position to the fuel /UAB and fuel / LAB inter-
faces is generally not a very critical item since: a) it does not af-
fect the channel enthalpy rise (an uncertainty integrated over the rod
length is provided), b) the heat flux is specified at those positions
of most interest (i.e., top of the core for cladding temperature cal-
culations, peak power position for fuel temperatures). Thus, the most

immediate assumption, i.e. , a linear variation in both directions, was
assumed. This was also a conservative assumption for plenum pressure
calculations, as discussed in Sec:. ion 4.4.3.2.7. In power-to-mel t cal-
culations, however, it was discovered that due to the effect of cl&dding

swelling, which is extremely sensitive to the cladding temperature value,
the fuel could be closest to melting not at a location corresponding to
the peak power position. A more realic. tic definition of the heat flux
uncertainty axial shape was therefore necessary. An inverted chopped
cosine curve fitting the heat flux uncertainties at the peak power and
interfaces positions was therefore adopted in predicting the axial pro-
files of red temperature necessary as input to power-to-melt evaluations.
For both assumed distributions, linear and inverted chopped cosine, the

51
1 cal values of the heat flux factor are routinely calculated by NICER.
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Finally, the uncertainties at the '~uel/UAB and fuel / LAB inter-
faces were assumed constant over the respect ye axial blankets. This
assumption; adopted for simplicity in the at oce of an uncertainty an-

'

alysis of the axial blankets, is not seen to be critical, since the pow-
er generated in the axial blankets is between 1X and 33 of the total
rod power depending on the considered time in life.

4.4.3.2.4 Ple. lum Pressure Uncertainties

The fission gas plenum pressure in CRBR fuel and blanket rods
is calculated from the perfect gas law:

nRTp= y (4.4.3.2-1)

The physical parameters affecting the pressure value are, there-
fore (*):

e Fission gas generation, which depends on the rod burnup;
e Fission gas yield, which depends on the type of atom fissioned;
e Fission gas release to the plenum, which depends on the rod

burnup, linear power rc .ing and temperature;
e Plenum temperature; and

e Plenum volume.

Uncertainties on the above parameters are accounted for as follows:

e Uncertainties on burnup (see Tables 4.4-20 and 4.4-23; 2a level
of confidence is adopted for performance calculations reported
in Section 4.4.3.3.4);

e The adopted value for the fission gas yield, regardless of the
fissioned atom, is 0.266. Recommended (Ref.18) values are:
0.255 for U-235, 0.238 for U-238 and 0.250 for Pu-239 (see Table
4.4-15);

e A comparison between fission gas release predictions and exper-
imental Ata from EBR-II irradiation experiments was performed
for the fuel assemblies and the +2a release correlation was a-
dopted in the analyses as discussed in Section 4.4.2.8.16. In
the blanket case, since no pertinent experimental data are avail-
able, nominal fission gas release predictions from the fuel as-
semblies calibrated model were increased by 15%,

P)~ Discussed here is only the component due to fission gases, which is
by far overwhelming, especially at E0L. The pressure component due to
initial gases is computed separately and added to the fission gas ccmpo-

51 nent to yield the total plenum pressure.
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e Uncertainties on plenum temperature (2c level of confidence is
adopted - see Tables 4.4-20 and 4.4-23); and

e Minimum plenum volume was adopted in the calculations.

It is evident from the above that while the resulting fission
gas pressure is la beled as "20", in reality, the level of confidence is
much higher. In fact, 2e uncertainties on the various parameters are
superimposed on each other; the uncertainty on the plenum volume is a
bounding value rather than a 2c; and, the adopted uncertainty on fission
gas yield is much higher for U-238 and Pu-239 than for U-235 (which is
only a small fraction of the fuel, even more so at EOL when the plenum
pressure value is most important). Predictions of fission gas plenum
pressure have additional conservatism in the blanket assemblies case since:
a) the same release model as for the fuel assemblies is assumed, which is
by preliminary indications conservative; b) the release so calculated is
multiplied by a 1.15 factor, thus very closely approaching 1002 release.
Assumption of a linear, rather than inverted chopped cosine heat flux un-
certainty distribution (which affects the fuel temperature, hence the gas
release) as discussed in Section 4.4.3.2.3 is also conservative, since it
tends to increase the fuel temperature and gas release in the central
region of the rod where most of ttle gases are released.

A more proper and realistic way of calculating the 20 plenum
pressure would be to individually vary each of the affecting parameters
by the corresponding 2o level of uncertainty and calculate the induced
change in plenum pressure. Adding the root-mean square of the various
changes in plenum pressure to the Oo value will yield the true 20 value
of the fission gas pressure. This calculation was performed for the
hot pin in inner blanket assembly #99 and radial blanket assembly *201
at end-of-life (E0C4) to quantify the margin of conservatism implicit
in the current evaluation of plenum pressure. Factored in this analysis
were also the very recently obtained fission gas release data from UBA-
20 (the first fission gas release data for blanket assemblies) which
indicated a very substantial over-estimation of fission gas release
by the present high burnup fuel calibrated LIFE-III code model. It was
found that for the inner blanket rod using the r.m.s. method, the cal-
culated 20 total plenum pressure was 175 psi, while the value used in
design by accountin9 simultaneously for all uncertainties was 249 psi.
For the radial blanket pin, the calculated 2c pressure was 188 psi versus
a design adopted value of 273 psi. For comparison, the total plenum
precsure assuming 100% fission gas release and simultaneously accounting
for all the other uncertainties was 264 psi for the inner blanket and
310 psi for the radial blanket. Thus, the design adopted
value is quite comparable with the 1001 release value, a direct conse-
quence of the over-prediction of the fission gas release model and the
additional 15% increase. The above examples therefore show quite clearly
the large amount of conservatism implicit in the plenum pressure values

51 used throughout these analyses.
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4.4.3.3 Steady State Perfonnance Predictions

Reported in this section are the analyses performed to character-
ize the steady state thennal behavior of the CRBRP core together with
highlights of the results. For a much more detailed report of the results,

see Sections 4 and 5 of Reference 3.

4.4.3.3.1 Plant Conditions

Two sets of plant conditions are used in the thermal-hydraulic
design, i.e. , plant thennal-hydraulic design value (THDV) conditions
andglantexpectedoperatingconditions(PE0C). The THDV conditions

6(730 F inlet /995 F outlet temperature; tot .1 reactor flow 41.446 x 10
lb/hr) are the Clinch River rated plant conditions and are used in: a)
analyzing permanent components which have the same 30-year lifetime as
the plant; b) transient and safety analyses, since they are more con-
servative than the plant expected conditions and represent the " worst
bound" of plant conditions. The plant expected operating conditions
represent the plant conditions at which the CRBR is expected to operate
accounting for the operating conditions of the heat transport systems,
such as pump characteristics, reactor and primary loop pressure drop
uncertainties, fouling and plugging of heat exchangers, etc. Expected
operating values for the primary heat transport system principal para-
meters (inlet, outlet temperature and AT) are thus evaluated, together
with the associated uncertainties. The results of this study for the

heterogeneous core, which comprised a Monte Carlo type analysis, are
reported in Table 4.4-28. Some significant features are: 1) the consid-
eration of the progressive fouling of the heat exchangers during the
plant 30-year lifetime, which affects the predicted values of the plant
operating conditions (rather than conservatively assuming end-of-life
fouling, i.e. , af ter thirty years operation); and 2) a compre-
hensive accounting of all uncertainties affecting plant operation.
Plant expected operating conditions are adopted in core thermofluids anal-
yses of replaceable components, such as the core assemblies, chiefly in
determining the fuel rod parameters (cladding temperature, fission gas
pressure) which are the basis for evaluating the structural behavior
and for assessing whether lifetime /burnup objectives are actually met.

Plant expected operating conditions and associated uncertainties
adopted in the thermal performance analyses are reported in Table 4.4-29.
Following is a brief discussion of the rationale in detennining the
values reported in Table 4.4-29 from the ones in Table 4.4-28.

First, the mean values of Table 4.4-28 are chosen as the nominal
values of Table 4.4-29, thus, conservatively including the bias factor

51 directly into the nominal values. Since the most critical time for core
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assemblies is at the end-of-life, when cladding strain and damage func-
tion are maximum, second core values have been selected as corresponding
to four-year fouling conditions. Due to the fact that four-year fouling
conditions were not evaluated, it was assumed that the same difference in
plant parameters between year two and year zero repeats between year four
and year two. Again, the selected approach is conservative for two
reasons: 1) plant conditions have been considered constant over the
two-year span and equal to the worst end-of-span conditions, thus neg-
lecting the more favorable conditions which exist throughout the core
lifetime; and 2) the effect of fouling is not linear with time, but it
is rather pronounced at the beginning and then tapers off during the plant
lifetime, as can be seen by comparing plant parameters in Table 4.4-28
for 0, 2, and 30 years. Thus, the assumption that the same degradation
of plant conditions which occurs in the first two years (first core)
also occurs during the third and fourth year (second core) is conserva-
tive.

While the mean values of plant parameters are consistent (i e.,

outlet temperature equals inlet temperature plus AT), the same is not
true when uncertainties are included. In fact, uncertainties quoted in

Table 4.4-28 are for each parameter independently;(e.g.s if the inlet tem-
thu

perature and the AT at the 97.7 confidence level , for the two year

foulirg) are added, the outlet temperature is equal to 999 F, signifi-
cantly higher than the 976 F reported. Actually, 976 F represents the 2a
outlet temperature, while 999 F is, roughly, a 40 value.

Because the inlet temperature and AT are defined, while the
outlet temperature is derived, the following procedure is used:

e The uncertainty in the AT is calculated as a dimensionless
factor and is combined statistically with other engineering
and nuclear uncertainties.

e The uncertainty on the inlet temperature (which is due to all
effects related to plant operating conditions) is combined
statistically with the loop-to-loop i.abalance effect and the
combined uncertainty is directly added to the nominal value.
The loop-to-loop imbalance effect was evaluated from experi-
mental data obtained in the CRBR inlet plenum feature test
conducted at HEDL where different values were obtained for
each inlet module ranging from practically zero near the re-
actor center to a maximum value of 4.6 F at the core peri-
phery (see Section 4.4.2.4.1). Because such variation was min-
imal, compared with the much greater plant uncertainty with
which the imbalance effect is combined, for simplicity the
maximum va ue is conservatively used for all assemblies.

51
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This approach is still conservative, since the loop-to-loop im-
balance effect is much smaller than the inlet temperature uncertainty.
Therefore, if there were no other uncertainties, the outlet temperature
would be at approximately the 4e level, as previously mentioned. How-
ever, other uncertainties, engineering and nuclear, do affect the re-
actor AT, and therefore, when combined statistically with the plant
conditions uncertainty on AT, will actually decrease its effective value.

Finally with regard to the uncertainties on plant operation
conditions reported in Table 4.4-29, it must be noted that the power
level measurement / control dead band uncertainty (which is used for THDV
conditions) is not considered as a separate hot channel factor, since
it is already included in the Monte Carlo evaluation of plant operating
conditions uncertainties.

4.4.3.3.2 Linear Power

Linear power ratings over a 60 core sector (fuel, inner and
outer blanket assemblies) have been calculated at beginning and end of
each of the initial five years of operation. Complete results are re-
ported in Section 4 of Reference 3. As an example, core-wide linear
power mappings at beginning-of-cycle 1 (when the maximum fuel linear
power is attained - 15.8 kw/f t in assemblies 101 and 68) at end-of-cycle
4 (maximum value in inner blanket-20.6 kw/f t in assembly 99) are reported
in Figures 4.4-32 and 4.4-33, respectively.

Average, peak, 3a and 3e plus overpower linear ratings are re-
ported. To clarify the adopted nomenclature, " average" represents an
arithmetic average over the 217 (61) rods of the fuel (inner / outer blan-
ket) assembly. Therefore, it generally represents a fictitious rod not
exactly corresponding to any physical rod in the assembly. " Peak" re-
fers to the rod in the assembly having the highest power; i.e., no un-
certainty factors are applied in the evaluation of the peak power rat-
ing. "3c" power rating refers to the value resulting from applying to the
the peak rod both the uncertainties on the nuclear peaking factors
(radial and axial) and the engineering uncertainty factors, both at the
3a level of confidence. The "3a plus overpower" values are derived
from the 3a linear power ratings by applying an additional 15% over the
CRBR rated nominal full (975MWt) power.

4.4.3.3.3 Assemblies Mixed Mean Temperatures

Assemblies mixed mean temperatures were calculated for beginning
and end of each of the first four (five for second row radial blanket
assemblies) cycles. Typical examples are reported in Figure 4.4-34

51 (beginning-of-cycle 1) and 4.4-35 (end of cycle 4). Plant THDV condi-
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tions were adopted since calculated values of the mixed mean temperatures,
specifically maximum temperatures and temperature gradients between ad-
jacent assemblies, are an important input to the upper internals struc-
ture design.

Nominal (no uncertainty factors applied), Oo (only direct un-
certainty factors are applied), 20 and 3a (direct plus statistical un-
certainty factors at the 20 and 30 level of confidence are applied) are
reported in Figures 4.4-34 and 4.4-35.

First core conditions are the worst for the UIS from the point-

of-view of both maximum tempergtures and temperature gradients. The
maximum temperature (*) is 1123 F in assembly 45 at BOC1, with a maximum
gradient (273 F) between assembly 52 and 302. Mixed mean temperatures
follow the same lifetime pattern as the power generation, thus, inner
blanket assemblies which start very cold at beginning-of-life (s8500F
at BOC1) attain temperatures comparable with those of the fuel assem-
blies at E0C2. The same pattern repeats in the second core, cycles
3 and 4. The radial blanket assemblies start at approximately the
same temperature as the inner blanket at BOC1, but it is not until
cycle 4 or 5, which is the end of their life, that their temperatures
are comparable with those of other assemblies. The maximum mixed mean
temperature for the second core occurs at BOC3 in assembly 45 (1115oF).
While first and second cores are quite similar in terms of maximum
mixed mean temperature, they show a markedly different behavior as far
as maximum gradients are concerned. During the first core, the maximum
temperature difference between adjacent assemblies occurs at the fuel / radial
blanket interface: in cycle 1 between assemblies 52 and 302 (273 F at BOCl,
225FatEOCl),incycle2betweenassemblies24and202(227 F at BOC2,
1630F at EOC2). In the second core, the maximum gradient position moves to the
fuel / inner blanket interface: between assemblies 37 and 99 at BOC3 (239 F),
assemblies 2 and 128 at E0C3 (136 F), assemblies 4 and 62 at BOC4 (149 F).
At end-of-cycle 4, the mixed mean temperatures of fuel and inner blanket
assemblies are quite close, so that the maximum gradient occurs between
two radial blanket assemblies, i.e., assemblies 206 and 213 (96 F).

Mixed mean temperatures reported in this section are calculated
assuming adiabatic boundaries at the assemblies interface. Thus, the
beneficial effect of inter-assembly heat transfer in flattening the high
temperature gradients is not taken into account .

Mixed mean temperatures accounting for inter-assembly heat
transfer are calculated by TRITON. Core-wide TRITDN calculations were
perfonned BOC1 and E0C4, as reported in Section 4.4.3.3.5. A compari-
son of mixed mean temperatures under adiabatic conditions and more
realistically accounting for inter-assembly heat transfer (Figures
4.4-51 and 4.4-52) is discussed in that section.

51 (*) All temperature values reported in this discussion are nominal.
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4.4.3.3.4 Rod Lifetime Cladding Temperature / Pressure Histories

All fuel, inner blanket and outer blanket assemblies in a 60
core syninetry sector were followed during their lifetime (i.e. , first
and second cores for fuel and inner blanket assemblies; row 1 outer blan-
ket assemblies over cycles 1 through 4 and row 2 radial blanket assemblies
over cycles 1 through 5). The maximum cladding temperature and fission
gas pressure in the hot rod at the 2a level of confidence for plant
expected operating conditions were predicted for each assembly. Life-

time profiles for all the limiting assemblies are reported in Section 4
of Reference 3. Typical examples are shown here in Figures 4.4-36 through
4.4,44. The following combinations are possible in orificing zone 6,
where fuel and inner blanket assemblies are alternating: inner blanket
assembly remaining in the same location in the first two cycles (e.g.,
#98, Figure 4.4-40), inner blanket assembly in the odd cycle followed
by a fuel assembly in the even cycle (e.g., *62, cycles 3 and 4, Figure
4.4-41). As a general trend, fuel assemblies in the inner region of the
core tsee, e.g. , Figure 4.4-38), experience a cladding temperature jump
from the odd to the even cycle, while the fuel assemblies in the outer
region (see, e.g., Figure 4.4-39), experience a drop. The fuel cladding

temperature generally decreases during a given cycle. The cladding tem-
perature, however, increases during the even cycle (see, e.g. , 4.4-36)
in those fuel assemblies adjacent to the Row 7 corner control assemblies.
Blanket assemblies obviously have a continuously increasing temperature
during their lifetime, a direct consequence of the increase in power.
The lifetime behavior of a given assembly during the first and second
core is quite similar, both qualitatively and quantitatively. The only
major difference is that a higher fission gas pressure is attained in
the second core, due to the longer residence time and burnup.

As an overall summary, the highest cladding ID temperature at-
tained in each assembly in the first and second core is reported in
Figures 4.4-45 and 4.4-46, respectively, together with the time of oc-
curance. As shown in the figures, the maximum cladding temperature
varies significantly from assembly to assembly, a direct consequence
of the orificing philosophy, where assemblies were orificed to satisfy
burnup/ lifetime goals and transienc limitations, rather than equalizing
cladding temperature. It can be noted for example that fuel assemblies
in the inner core region, which are CDF limited, require lower tempera-
tures than assemblies in the outer region, which are transient limited.
Blanket assemblies, when starting from the same steady state temperature,
attain a higher transient temperature than fuel assemblies. Thus, the

steady state maximum cladding temperature in blanket assemblies is lower
than for the transient limited fuel assemblies, a direct reflection of
adoption of the same transient limit for all core assemblies.

Structural analyses performed utilizing the core assemblies
thermal performance data reported here verified that indeed the burnup/

51 lifetime goals are satisfied in all assemblies during the first and
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>second cores.

Similarly, transient analyses were performed for the worst
assemblies, starting from the steady state conditions reported here,
and the transient limitations are met.

4.4.3.3.5 Core Assemblies Duct Temperatures

Detailed three-dimensional duct temperature distributions (ax-
ially, radially and circumferentially) were predicted in support of the
core restraint design and related (duct bowing, <iilation, reactivity
coefficient) analyses. A 60 core symmetry rector was analyzed at plant
THDV conditions at BOC1 and EOC4, thus bracketing the entire lifetime
considered.

The current version of the TRITON code which models a cluster
of seven adjacent assemblies was used. The outer boundaries of the
cluster are assumed to be adiabatic, while heat is transferred across the
internal interfaces (i.e. , ducts and interstitial sodium flow gap). The
CRBRP core 60 symmetry sector, plus one row of assemblies at each of the
boundaries to provide the necessary boundary conditions to the assemblies
within the sector, was analyzed in groups of seven assemblies at one time
and changing each time to a different central assembly, which is " dumped"
to output. The TRITON model, based on the subchannel analysis code COTEC,
explicitly solves the thermal-hydraulics of wire wrapped assemblies (by
considering turbulent mixing, sweeping, pumping and swirl flow). In
addition, it accounts for the exchange of heat between adjacent assem-
blies. The code is able to model all types of core assemblies, includ-
ing the radial shield, which were analyzed to provide the proper boundary
to the second row radial blanket assemblies.

Gamma-heating in the ducts is considered in TRITON by includ-
ing the total assembly power. For the control assemblies case, the

gamma-heating is split between the absorber bundle and the bypass. There-
fore gamma-heating is accounted for in a global fashion when calculating
duct temperatures, rather than as a localized effect.

Typical results of duct temperatures (11culated by TRITON under
nominal conditions are reported in Figures 4.4-47 through 4.4-50. fiuch
more comprehensive results can be found in Section 4 of Reference 3.
Midwall duct temperatures reported for each face are the average over the
face of the detained temperature profile calculated by TRITON (TRITON
calculates local duct temperatures circumferentially along the face at
each peripheral subchannel). In addition, the direction (with arrow)
and magnitude of the maximum cross-duct (midwall) temperature gradient
in each assembly is shown. Generally, the largest gradients occur at
the fuel / radial blanket interface, which is therefore a very critical

51 region for the core restraint design. The typical mappings shown here
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are for two axial elevations; i.e. , 60" (approximately the above-core
load-pad location) and 112" (top of the cod bundle). TRITON calculates
core-wide duct temperatures at 0.5" intervals and all these data were
transmitted, via computer tapes, to the core restraint designers.

Calculations of assemblies mixed mean temperatures have also
been perfon.ed by TRITCN; the results are reported in Figures 4.4-51
and 4.4-52 for BOC1 and E0C4, respectively, which compare TRITON calcu-
lated temperatures with the corresponding temperatures obtained for
adiabatic conditions in Section 4.4.3.3.3 (and reported in Figures
4.4-34 and 4.4-35), thus showing the effect of inter-assembly heat
transfer. As expected at BOC1 where the fuel assemblies have the maxi-
mum power in life and the blanket assemblies the minimum, heat is trans-
ferred from the fuel to the blanket assemblies and mixed mean tempera-

tures are higher in the blanket and lower in the fuel than otherwiie
calculcted under adiabatic conditions. The maximum temperature differ-
ence between adjacent assemblies, which occured between assemblies 52
and 302 was 273"F under adiabatic conditions and is reduced to 261 F
when considering inter-assembly heat transfer, a reduction of s47. Re-
ductions in adjacent assemblies gradients are greatest at the core cen-
ter (where the power production in the fuel is maximum); for example,
between assemblies 34 and 59, the gradient of 227 F calculated under
adiabatic conditions, is reduced by N107 to 205"F when accounting for
inter -assembly heat transfer. It should also be pointed out that the
coolant does not exit from the assembly with a uniform temperature equal
to the mixed mean, but a radial temperature gradient exists within the
assembly exit. TRITON divides the assembly exit area into 6 sectors
and calculates the local temperature in each of these sectors; thus,
this detailed information is available to the structural designers for

refined analyses.

4.4.3.3.6 Power-to-Mel t Analyses

Analyses for the worst fuel and blanket assemblies were performed
to assure that the criterion of no-incipient melting at 115; rated power
and accounting for uncertainties at the 3clevel of confidence is actually
met. These are reported in Section 5 of Reference 3, while the princi-
pal results are summarized here. Fuel assemblies 101 and 14 were inves-
tigated using the LIFE-III code. Assembly 101 was selected as the one
with the maximum power rating at 30 overpower condition, while assembly
14 has the highest peak power pin (see Figure 4.4-32). The programmed
startup used in these studies is shown in Figure 4.4-53. Since BOL is
the time when the power is maximum, and since the power decreases with
life due to the depletion effects, power-to-melt analyses for the fuel
assemblies were not conducted beyond the programmed startup.

The LIFE-III code used in this study has been calibrated and
51 verified primarily against the HEDL P-19 (Ref. 37) and P-20 (Ref. 38)
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tests, in addition to a number of intennediate and high burnup pins.
In fact, P-19 and P-20 conditions are most representative of actual
CRBRP fuel operating conditions at beginning-of-life. Table 4.4-30
shows the very good agreement of LIFE-III predictions with P-19 and
P-20 data.

The results of these power-to-melt analyses are sunmarized in
Table 4.4-31. Satisfaction of the no-melting criterion requires that,
throughout life, the fuel linear power rating is at least three standard
deviations below melting power, when the reactor power is 151 above nom-
inal conditions, i.e..

K * REPOW(t)I REPOW (t)~ "g REPOW (t) (4.4.3.3-1)g

where REPOW(t) is the steady state reactor power as a function of time:

REPOW (t) is the mean reactor power-to-melt for the consideredg
pin (at nominal or Oo conditions) as a function of
time;

REPOW (t) is the standard deviation about the mean REPOW ,g g

K is the overpower factor.

If nominal conditions are used as the pin operating conditions in deter-
ming IfEPUT , it is K = 1.15. However, if the pin is analyzed at Oo,i.e.,

~

g
the uncertainty on reactor power level (1.03, see Table 4.4-18. A) is
already accounted for in the operating conditions representing the start-
ing point for power-to-melt analysis, as in the present case, K is then
equal to 1.15/1.03, in order not to consider the 1.03 factor twice.

As shown by Table 4.4-31, substantial margin exists. When
full power is first reached (108 hrs. ), greater than 61 m* min nccurs.
This is the time when the margin is the least; in fact, u. _ c-
formed at 158 hrs. indicated 20'; increase in power-to-melt margin over the
value at 108 hrs. A programmed startup for the fuel rods can thus be
identified which ensures that the no-melting criterion can be satisfied.
The programmed startup used was not an optimum one and further work will
be performed in this area for FSAR analyses. An experimental program
has been identified to characterize the startup procedure, namely dur-
ation of initial period during which power is held below the rated level
and magnitude of the hold power as percentage of the rcted full power,
as well as to determine the corresponding power-to-melt. This pro-

gram willhelp in defining the optimum startup procedure to be recom-
51 mended for CRBRP.
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For the blanket assemblies, inner blanket assembly 99 was inves-
tigated as the blanket assembly having the highest power in the first
five years of CRBRP operation. Assembly 99 reaches its maximum power
in the second core, at end-of-cycle 4 (see Figure 4.4-33). Inner
blanket assemblies envelope with respect to power-to-melt conditions
the longer residence time radial blanket assemblies.

Both the hot and the peak rods were investigated, since the peak
pin has the highest linear power, while the hot pin has the highest clad-
ding temperature. The cladding temperature has, in fact, a very signi-
ficant effect on cladding swelling, hence on fuel / cladding gap size,
hence gap conductance, fuel temperature and finally on power-to-melt.
Thus, both the hot pin and the peak pin need to be investigated. Analy-
sis of the hot pin was obviously not necessary for the fuel assemblies,
since their critical time in life is at beginning-of-life, rather than
end-of-life as for the blanket assemblies. Finally because the maximum
power in blanket assemblies occurs at end-of-life, the programmed start-
up cannot affect the power-to-melt in the blanket.

The axial positions where the cladding temperature and the lin-
ear power rating are maximum were investigated in addition to intermed-
iate positions between the two above. Also corisidered were: a) when
the blanket pins go through a full overpower factor of 1.15 at EOL; and
b) when the reactor power is increased to 115"; of rated power from the top
of the allowed variation, i.e. , with an overpower factor of 1.15/1.03.

It was found that the no-melting criterion is fully satisfied
in the worst case. The peak pin has 0.4% less margin than the hot pin.
When the overpower excursion is a full 15% the margin is 0.4% less than
for the case when the reactor power is ramped frnm 1.03 of the rated
power. Substantial conservatism was implicit in the analyses (e.g.,
in cladding swelling evaluation, adopting a direct combination of nuclear
uncertainties), thus, removal of the implicit conservatism and factor-
ing of experimental data when available, would substantially improve
the power-to-melt margin.

4.4.3.3.7 Control Assemblies Thermal-Hydraulic Performance

The CRBRP has two control systems: primary and secondary con-
trol rod system (PCRS and SCRS) with nine (9) and six (6) centrol assem-
blies each system respectively. Detailed design features of the systems
are provided in Section 4.2.3 (Reactivity Control Systems).

The bases and methodology of the thermal-hydraulic analysis of
the primary control assemblies followed that used in the homogeneous
core design, reported in Reference 13. A summary of the principal hy-
draulic analysis results for the primary and secondary control assem-

51 blies are presented in Table 4.4-32, while results of the peak perfor-
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mance analysis are presented in Table 4.4-33.

Key hydraulic perfonnance assessments relate to the assembly
flow margin to control rod flotation and control rod scram dyramics.
The PCA E-Spec. requires that the control assembly design shall assure
that the control rod cannot be lifted (or floated) from the fully in-
serted position, under maximum assembly pressure drop conditions, more
than the distance causing a reduction in shutdown reactivity margin equal
to the stuck rod margin. This requirement shall apply to all 9 rods,
either with the driveline connected to the control rod or to refueling
conditions for which the driveline is disconnected and withdrawn to its
refueling position. Table 4.4-32 reports a PCA flow margin to control
rod flotation of 1.14 assessed under the maximum pressure drop condi-
tion when assembly flow rate is at 51,493 lb/hr. The secondary control

rod system uses the concept of hydraulic scram-assist design with a net
hydraulic force of about 230 lbs. on the control rod when tully withdrawn
from the cores. The same magnitude of downward hydraulic force (in ad-
dition to the weight of the assembly) is also available under the above-
mentioned design conditions. Thus, it is concluded that the secondary
control rods do not float at 100% flow (even when disconnected).

Predicted control rod scram performance of the primary control
rod system is reported in Section 4.2.3 (Reactivity Control Systems).

Figures 4.4-54 and 4.4-55 show the maximum PCA absorber reaion
temperature distributions under the minimum withdrawal and full with-
drawal control rod conditions, respectively. On a conservative thermal
basis, the minimum control rod withdrawal condition is enveloped at the
BOC3 R7C with control rod parked at 10.5 inches (*), where the maximum
cladding temperature is 1146'F (see Figure 4.4-54). For the fully with-

drawn control rod conditions, the maximum temperature occurs at the EOC4
R4C with the control rod parked at 36 inches, where the maximum cladding
temperature is 834 F (see Figure 4.4-55).

4.4.3.3.8 Preliminary RRS Thermal-Hydraulic Analyses

The steady state duct temperatures at PE0V conditions were
calculated for a 30 sector of the RRS.

The region analyzed is partially shown in Figure 4.4-56. The

model consists of all 29 RRSA's in a 30osector plus a corresponding
section of fixed radial shielding (FRS), core barrel (CB) and core

(*) The actual minimum withdrawal is 13.4 inches (less 1.5 inches of
51 out-of-bank tolerance) as calculated from values in Table 4.3-32.
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barrel / reactor vessel annulus (CB/RVA). Radial blanket boundary temper-
atures were obtained from TRITON analyses summarized in Section 4.4.3.3.5.
Assembly interstitial flow was conservatively not modeled.

A preliminary version of three orificing zones in the RRS was
analyzed, with the zone arrangement and nominal flow rates shown in
figure 4.4-56. These are preliminary pending completion of structural
analyses to demonstrate that RRSA lifetime objectives are satisfied.
This zoning utilizes 0.647 of reactor flow for the RRS, which is con-
siderable less than the allocated amount shown in Figure 4.4-2. Thus,

a considerable amount of flow exists either to satisfy final RRS design
requirements or as additional flow to be diverted to the fuel and blanket
as sembl ies .

The analysis showed that the highest RRS duct temperatures and
cross duct temperature gradients occur when the outer row radial blanket
boundary is at end-of-life conditions with plus 2a uncertainties on radial
blanket temperatures.

Uncertainties in RRS temperatures are given in Table 4.4-34.
Results of the analysis at core midplane, ACLP and TLP at E0C5 with
+20 uncertainties applied to RRS input data are shown in Figures 4.4-57
through 4.4-59. The maximum RRS duct midwall temperature is 1054 F
and occurs at the TLP at a RRSA duct wall adjacent to a radial blanket
assembly.

Results of the analysis at EOCS with -2c uncertainties applied
to RRS input data are shown in Figures 4.4-60 through 4.4-62. The max-
imum RRS cross-duct AT is 181 and occurs at the TLP for a first row RRSA.

4.4.3.4 Analytical Techniques

The reactor design presented in this PSAR represents the latest
in a series of design iterations performed to optimize the CRBR design.
Computerized techniques have been developed to expeditiously supply
the information needs of design and analysis groups. The step-by-step
flow of core thermal-hydraulic information and the computer codes used
for the routine analyses in each step are outlined in Figures 4.4-63
and 4.4-64.

A brief description of the main features of the computer codes
used in thermal-hydraulic analyses is presented in Appendix A. A com-
prehensive discussion of the analytical techniques used in evaluating
the core thermal-hydraulics follows.

4.4.3.4.1 Fuel and Blanket Assemblies

The fuel and blanket assemblies thermal-hydraulic performance
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predictions begin with the determination of the optimum orificing scheme
using the OCTOPUS code, as discussed in Section 4.4.2.5.

The OCTOPL5 code determines the optimum flow distribution among
orificing zones in the core of a reactor. The optimization is based on
establishing the minimum possible flow rate in each orificing zone that
does not cause the maximum cladding temperature in that zone to exceed
a specifiea temperature limit (i.e. , the most restrictive of the tempera-
ture constraints: SELT, DELT, TELT, see Section 4.4.2.5.1) while simul-
taneously minimizing the gradient between the outlet mixed mean coolant
temperature of each flow zone. The first part of the solution is achieved
through characterizing each core assembly, for which imput is supplied by
a subchannel analysis code (e.g., CPTEC). By this means, the code can
handle the proper axial power distributions in the assemblies and also
indirectly account for the effects of interchannel heat and mass transfer
on the coolant and cladding temperatures. Minimization of the outlet
temperature gradients is obtained through the use of a least-squares
optimization method on the exit coolant temperature utilizing previously
calculated results. Grouping of the assemblies in a given number of
orificing zones is done by choosing among all the various possible
combinations the one yielding the mimimum value of total core flow,
thereby assuring optimum utilization of the allocated flow.

Using the required flow ratios among orificing zones deter-
mined through OCTOPUS as input condition to be satisfied, the CATFISH
code determines the individual assemblies flow by considering all the
parallei flow paths in the reactor and the pump head as boundary con-
dition. The effect of the LIM, which causes assemblies belonging to
the same orificing zone, but to different LIMs to have slightly differ-
ent flow rates, as discussed in Section 4.4.2.7.1, is properly accounted
for, CATFISH thus calculates the orificing resistance required to yield
the design flow rates in each orificing zone. Additionally, CATFISH
calculates the pressure drop in each component and each flow path of the
reactor. Individual flows and pressure drops are calculated under
nominal conditions or accounting for uncertainties (root-mean square,
at various levels of confidence; systematic superimposition of uncer-
tainties in selected flow paths, etc.).

Predictions of assembly flow rates and subchannel flow and
temperature distributions at flow rates less than full flow, including
natural circulation are performed with the FLDDISC and COBRA codes as
discussed in Section 4.4.2.6. The newly developed transient computer code
CORINTH (which is an extended version of DYNAMIC FLDDISC for CRBR) will
be used in lieu of the previously used steady state FLDDISC code to re-
vise the dynamic, low flow rate temperature and flow distr;bution calcu-
lations for the heterogeneous core. C6RNITH includes the capability
to model the branched network of the lower inlet modules, the different
transient power decay rates of fuel, blanket and structure and detailed

51 assembly component hydraulic characteristics. As a transient code, the
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particular transient event of interest may be analyzed, thus avoiding the
ambiguities inherent in the previous quasi-steady state analyses.

The total assembly flow rates calculated by CATFISH and hard-
ware and physics design information are input to the subchannel analyses
codes. The subchannel analysis codes are used to predict the coolant flow
and temperature distributions in the core assemblies. Of particular
interest are the peripheral subchannel temperatures and flow rates which
are used for duct temperature predictions and the peak subchannel cool-
ant temperature which is used for hot channel / spot temperature predic-
tions of the hot rod. The subchannel analysis codes all calculate solu-
tions to the mass, momentum and energy transport equations describing
heat and mass transfer in turbulent fluid flow. Since the governing
systems of equations are very complicated, each code makes simplifying
assumptions to expedite solutions.

The C0TEC and COBRA subchannel analysis codes were used for
fuel and blanket assemblies thermal-hydraulic performance predictions.
The COTEC code was routinely adopted for design since it features phen-
omenological models for sweeping (fluid following the wire under the pro-
jection of the wire wrap) and pumping (fluid forced from channel to
channel by subchannel area changes due to wire wrap rotation), thus
greatly simplifying the energy and momentum equations with very
substantial savings in required computation time. The axial
coolant flow distribution is calculated from either the equal
velocity or from the subchannel hydraulic diameter flow split op-
tion as specified by the user; turbulent mixing and thermal conduction
are included in the energy transport model. C0TEC assumes an adiabatic
duct and does not include a destiny body force term in the momentum equa-
tion. Comparison and calibration of COTEC with experimental data was
discussed in Section 4.4.3.2.1. The COBRA computer program computes
the flow and enthalpy in rod bundle subchannels during both steady
state and transient conditions. It uses a mathematical model that con-
siders both turbulent and diversion cross flow mixing between adjacent

subchannels. The equations of the mathematical model are solved using
a semi-explicit finite difference scheme which gives a boundary-value
flow solution for both steady state and transients where the boundary
conditions are the inlet enthalpy, inlet mass velocity and exit pressure.

For detailed rod temperature distribution, the FATH'Ai-360 code
is employed. A two-dimensional (radial and circumferential) analysis of
the heat transfer between the rod and surrounding coolant and within
the rod itself is performed, accounting for the proper boundary condi-
tions around the entire rod circumference (as provided by the subchannel
analysis codes). Performing these calculations at different axial levels
(subchannel analysis codes calculate rod o'undle lumped subchannel coolant
temperatures over the whole length) provides the designer with the desired
detailed three-dimensional mapping of rod temperatures throughout the core.

51 The code has the capability of analyzing wire wrapped as well as bare rods.
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Starting from the bulk velocity and temperature provided by the sub-
channel analysis codes as boundary conditions, FATHpt-360 solves the
momentum and energy equations to calculate in detail the coolant velo-
city and temperature distribution, radially and circumferentially, around
the rod. The fundamental equations are solved via the finite difference
technique through adoption of the Buleev (Ref. 48) formulation of the
momentum eddy diffusivity and of a fixed ratio between the eddy dif-
fusivities of heat and momentum, which is a function of channel geometry,
Prandtl and Reynolds numbers (Ref. 49). While FATfi@i-360 performs the
above calculation: for an inboard rod, the companion code FATiiT1-3605
analyzes side rods. FATilli-360 S adds to the features of FATHf;M-360
the capability of accounting for hea+ transfer across the duct wall into
or from the side channel, with boundary conditions provided by the TRITT1
code.

Following calculation of the detailed coolant temperature profile,
the rod temperature profile is calculated (with particular emphasis in
detailing the cladding temperature distribution) by solving the energy
conservation equations in the cladding, wire wrap, pellet / cladding gap
and pellet (Ref. 50). Comparison (Ref. 51) between FATii2M and bare
rod analyses performed by Nijsing and Eifler (Ref. 52) and by Dwyer and
Berry (Ref. 53) showed excellent agreement. A comparison between pr e-
dictions by FATiitM-360/360S and wire wrapped rods velocity distribution
obtained in the inboard (Ref. 54)/ side (Ref. 55) channels of a large
scale model of CRBRP fuel assembly showed good agreement, both qualita-
tively and quantitatively. A similar comparison against experimental
data recently obtained for the large scale model of CRBRP blanket assembly
(see Section 4.4.4.2) will also be performed.

Duct temperature calculations are performed using the TRIT $N
code which solves the thermal-hydraulics of a cluster of seven adjacent
assemblies. TRITdN uses as a basic block the subchannel analysis code
COTEC and simultaneously solves for the thermal-hydraulic field in the
seven individual assemblies and for the inter-assembly heat transfer
effect. Therefore, use cf TRIT (JN allows proper consideration of the
two most important physical phenomena affecting the duct temperatures,
..e. , wire wrapped assemblies hydraulics, especially at the periphery
where swirl flow occurs, and interassembly heat transfer. All types
of core assemblies, fuel, blanket, control and radial shield, are an-
alyzed in TRITdN. Effects of interstitial flow and gamma-heating
in the ducts can be included. Even though emphasis is on calculation
of duct temperatures, TRITON can provide assembly mixed mean tempera-
ture and individual subchannel/ rod temperatures as modified from adiabatic
conditions by the effect of inter-assembly heat transfer. TRIT)#1 has the
capability to calculate temperatures under nominal conditions and to
account for uncertaicties.

51

4.4-70
Amend. 51
Sept. 1979

c a: r m.
M O O. . Q ,g



It should be noted that effect of uncertainties is not superimposed on
calculations thus, TRITffl accounts simultaneously for uncertainties,

and interassembly heat transfer effects, providing the most realistic
calculation of assembly temperatures to be adopted in design.

The fuel and blanket rod temperatures and fission gas plenum
pressures are calculated in the t1ICER code. Uncertainties can be in-
cluded to calculate component temperature distributions at different
levels of confidence. NICER accepts input from BCTGPUS, CATFISH, CGTEC,
FATH6M-360 and FATH@i-360S and reproduces the results from these codes
to present a comprehensive picture of the axial and radial temperature
distributions in the fuel / blanket rod. The filCER calculations begin
with the axial coolant temperature distribution predicted for any rod
by the subchannel analysis codes. The code uses the assembly hardware
geometry to calculate the subchannel hydraulic parameters and the
resultant subchannel average flow rates and velocities by splitting
the total assembly flow rate calculated in dCTdPUS and CATFISH. The
circumferential average coolant to cladding film coefficient is calcu-

lated from the Ibsselt number correlation (discussed in Section 4.4.2.8.2)
using the subchannel geometric and hydraulic parameters calculated above.
Direct and statistical hot channel factors are input for off-normal
calculations. Local coolant and cladding temperatures under the wire
wrap are calculated on the basis of results obtained from FATHOM-360
and FATHOS 3605. A discussion of the analytical approach to rod temper-
ature calculations is reported in Section 4.4.2.2.

Fission gas plenum pressure calculations reported in Section
4.3.3,3.4 are perfcrmed by t4ICER on the basis of the correlations dis-
cussed in Section , 4.2.8.16 and accoui. ing for uncertainties as out-
lined in Section 4.4.3.2.4.

Rod bundle coolant pressure drops are estimated by NICER on
the basis of the Novendstern correlation (Ref 56). This provides a
q;ick, yet realistic estimate, quite valuable in scoping analyses.
fiore detailed calculations of the pressure drops in the rod bundle and
in every assembly component are performed by the CATFISH code, using
the cor~ elations reported in Section 4.4.2.7.2.

Transient core thermal-hydraulic performance predictions are
carried out by the FGRE-2i1 computer code. FGRE-2M calculates detailed,

transient, peak coolant, cladding and fuel temperatures using the same
hot spot and uncertainty factors used in NICER. In fact, one of the ver-
ifications of FGRE-2M predictions is corparison of initial conditions
with peak operating conditions predicteo by ilICER. FORE-2M uses addi-
tional transient input and uncertainties specified by Plant Performance
Analysis. Time varying coolant flow rates and reactor inlet tempera-

51 tures are specified from the DEM3 code for the transient being analyzed.
?
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The basic heat transfer model considers one-dimensional radial heat
conduction, convection and radiation through the fuel and cladding to
the coolant. Axial heat convection in the coolant is accounted for.
The nuclear feedback model is of the point-kinetics type. A single
fuel pin is divided into a maximum of seven axial nodes. Each axial
node is divided into radial rings consisting of coolant, cladding, gap
and fuel, with a maximum of ten fuel rings.

Finite difference te:hniques are used in FPRE-2M to calculate
the temperature profile in the cladding and fuel for both steady state
and transient predictions. A heat balance is set up for each node and
the new temperature at the end of a time step is solved for in terms of
the old temperature plus the energy tnge due to heat transfer and power
generation. All of the 1.emperature -dependent property values and tem-
perature differences which establish the heat transfer rate are based
on the known temperature profiles at the beginning of the time step.
Node by node the new temperatures for the first step are calculated by
using the property values and temperature differences that existed in
steady state until a completely new temperature distributian is deter-
mined, This process is reoeated for each time step using the property
valucs and temperature difference from the previous step.

Uncertainty limits on F@RE-2M are based upon comparison with
NICER steady state predictions and conservative evaluations.

4.4.3.4.2. Primary Control Assemblies

The steady state and transient T&H analyses for the Primary
Control Assemblies parallel that for the fuel and blanket assemblies,
particularly as regards the methods for assembly subchannel and uncer-
tainty analyses. The uniqueness of the control assemblies as compared
to the other core assemblies lies with their special design functions
(reactor reactivity control by neutron absorber) and their operational
capability (rate of inserting negative reactivity). These unique
characteristics call for special computer programs to account for such
design features as the presence of the bypass channels, withdrawn posi-
tion of the control rod bundle as well as the control rod scram dynamics
analysis. Discussions provided herein are for each of the nine P';A's
which as a group, is called the Primary Control Rod System. The six
control assemblies of the Secondary Control Rod System follow a similar
analytical procedure.

Figure 4.4-64 illustrates the flow diagram for the steady state
T&H analysis of the PCA. Compared to the flow diagram for the fuel and
blanket assemblies, the functions of DCTBPUS and NICER are replaced by
the CRSSA code, and the usual subchannel analysis codes are replaced by

51 a version of C013RA and THI-3D with bypass channels. THI-3D accounts
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for the conservation of mass, energy and momentum subject to pressure
drop boundary conditions and leads to a non-linear multi-point boundary
value problem. The turbulent interchange, radial thermal conduction
and forced flow due to the spacer system between the channels are ex-
plicitly taken into account. The computer program CRAB is used to pre-
dict the scram dynamics of a control rod from any parked position. The
CATFISH code is still used to provide the control assembly flow rate and
orificing pressure drop compatible with the reactor pump head and flow
rates in other reactor compone,ts.

The T&H conditions for each location of the primary control
system are different due to combinations of conditions such as B C4
enrichment, time in core life, control rod parked position, heat trans-
fer rate from the surrounding core assemblies, etc. Figure 4.4-64 il-
lustrates how a limiting analysis to determine the design assembly flow
rate is an iterative process as described in the following steps:

1. Based on initial assembly flow rate, the CRSSA code calcu-
lates the important nominal T&H conditions for the subse-
quent steps of the analytical process, e.g., bypass /
pin bundle flow split, pin bundle pressure drop, average
assembly coolant temperatures, etc.

2. Scram dynamics of the control rod as well as margin to
flotation of a control rod with disconnected driveline
is perfomed by the CRAB code. The subchannel flow and
temperature distribution is performed by COBRA or THI-3D.

3. Nominal bypass channel conditions are fed to TRIT 0N to cal-
culate the assembly outer duct temperatures considering
heat transfer with the adjacent fuel assemblies. COBRA
or THI-3D subchannel T&H data are used in FATHOM-360 and
FATH9M-360S for the determination of hot spot factors for
calculating absorber pin peak cladding temperatures due
to wire wrap.

4. The absorber pin temperatures and plenum pressures with and
without uncertainties are calculated by CRSSA.

5. The beginning of core cycle absorber pin cladding midwall tem-
perature (from step #4 based on 2 c hot channel / spot fac-
tors) are now compared to the maximum allowable to remain
within structural limitations. If the limiting temperature
exceeds the maximum allowable temperature, the assembly
flow rate must be increased in order to lower this limiting
T&H hot channel / spot temperature, and thus, resulting in
repeating steps 1 through 5 over again until acceptable flows

51 and temperatures are obtained.
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As discussed in Appendix A, the thermal section of the CRSSA
code is an adaption of the flICER thermal model, and hence, the discus-
sions on calculatins and uncertainties in NICER apply to CRSSA. Compar-
ison between CRAB predictions and experimental data for the FFTF control
assembly mockup showed very satisfactory agreement (References 57, 58).
Transient T&H predictions for the PCA are performed with FPRE-2f1 and DEM7
as discussed for fuel and blanket assemblies.

4.4.3.5 Hydraulic Instability Analysis

To have a situation where hydraulic instability could occur
generclly requires the phenomenon of two-phase flow. Since two-phase
flow is not permitted in CRBRP (sodium boiling is precluded, see Section
4.4.1) during normal operation or anticipated operating transients, hy-
draulic instability cannot be caused by this phenomenon. Therefore,

no further evaluation of two-phase hydraulic instability will be included
in this PSAR. A small hydraulic instability might be postulated to occur
under certain conditions in the laminar to turbulent transition range.
However, no instability was observed to exist in this transition region in
water tests on FFTF and CRBR fuel assemblies and in water and sodium tests
on the CRBRP blanket assembly (Ref. 9).

4.4.3.6 Temperature Transient Effects Analysis

The quantitative limit for evaluation of cladding integrity due
to the effect of normal operation and reactor transients is given in
Section 15.1.2. A discussion of the basis of these limits is also given
in Section 15.1.2.1. In determining the allowable transients, the vari-
ation in the cladding effective thickness with lifetime, the loading
mechanism acting on the cladding and the stress / strain properties are all
important parameters. With respect to the variation of the cladding
effective thickness, such effects as cladding defects, sodium corrosion
and depletion effects, fission product chemical attack, fretting wear
and manufacturing tolerances are all considered as discussed in Section
4.2.1.1. With respect to the various transient loading mechanisms and
irradiated material properties, experimental programs are being heavily
relied upon for information.

One of the principal loading components on the cladding is due
to the internal gas pressure that develops in the rods due to gaseous
fission products being released with irradiation exposure. This is dis-
cussed in Section 4.2.1.3.

The integrity limits specified in Table 15.1.2-2 represent the
best current estimate by which the cladding performance potential can

51 be evaluated and are largely based on data and/or extrapolations of data
that are currently available.

O
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The above discussion refers to demonstrating the ability of the
rods to meet their design requirements when subjected to the various
categories of design transients. Such topics as transient effects due to
rod failures and continued operations with failed rods are presented
in Section 15.4.

4.4.3.7 Potentially Damaging Temperature Effects During Transients

In generai, a single anticipated event is not damaging to the
reactor structures; it is the total sum of all the occurrences (in this
event classification) over the particular lifetime that may cause the
structure to approach its design limit. As mentioned in Section 4.4.2.9,

the current cladding requirement for fuel pins is that considering all
normal and anticipated events, the cumulative cladding damage must not
preclude the capability to survive at least one of the worst unlikely
events without loss of cladding integrity.

Maximum 30 fuel and blanket hot rod temperatures during various
limiting core design events of the plant duty cycle which are described
in Appendix B have been analyzed. Detailed temperatures for various
axial and radial positions along the rods have been evaluated in deter-
mining the core design adequacy as described in Section 4.2.1. Con-
servative assumptions used in calculating these temperatures are described
in Section 15.1.4. These assumptions include: full power operation, hot
rod analyzed in highest power and temperature fuel assembly of all core
conditions, worst case Doppler coefficient with uncertainties included, a
200 milisecond delay between trip signal and the start of control rod
insertion, 3a het channel factors, the single most reactive control rod
assumed to be stuck in the withdrawn position for both sets of control
rods, highest core pressure drop, and the most rapid flow coastdown of
the primary pumps following pump trip. In addition, Section 15.1.4 shows

that of the safety related events, both of the overpower and undercooling
type, the F-1 event (60c step reactivity insertion occurring under SSE
conditions) results in the highest core temperatures. The conclusion of
the Chapter 15.0 safety evaluations and the Section 4.2.1 design evalua-
tions is that the design changes incurred in going from the homogeneous
to the heterogeneous scheme are not expected to significantly change the
design or safety capability of the core.

4.4.3.8 Thermal Description of the Direct Heat Removal Service (DHRS)

The thermal description of the Direct Heat Removal Service will
be found in Section 5.6.2.

4.4.4 Testing Verification

At the present state-of-the -art in reactor design, scale model
51 tests of reactor flow systems provide the most useful tool for studying

reactor hydraulics. Pressure drop through complicated flow paths, thermal
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striping, gas entrainment and flow induced vibration of reactor compo-
nents are not amenable to analytical solution, and must be studied ex-
perimentally using scale models. Analytical methods are being developed
to study mixing and transport time in plena; these methods require ex-
perimental verification.

In general, there are usually three types of model flow studies.
The simplest tests are two-dimensional water table model tests. These
types of tests are generally qualitative screening studies that look for
potential problems and possible solutions, and are useful for the plan-
ning of three-dimensional tests. The second type of test deals with
specific regions of the reactor, and are called feature model tests.
These tests are three-dimensional, and provide qualitative design data.
The third type of model is more comprehensive, and includes a hydraulic
simulation of the entire reactor. This type of model is more complex,
and provides more quantitative information useful in the reactor design.
This type of model also provides information on the interaction of dif-
ferent regions of the reactor.

In each of the model studies, careful attention must be given

to satisfying similitude requirements. A comprehensive study of the
effects of geometric scale, fluid parameters, etc. , was conducted in
the FFTF program, and is directly applicable to CRBRP. The results
of this study are presented in Reference 59.

4.4.4.1 Feature Model Tests

The following pro / ides a listing of the major tests planned or
completed in the CRBRP reactor development program, and the purpose of
each test.

Inlet Plenum Feature Model Test (1/4 Scale)

This test determined the hydraulic characteristics of a water
flow model, which simulates the inlet ple nim. The major areas that were
investigated using the model included: 1) mixing; 2) core flow distri-
bution; 3) pressure drop; 4) inlet plenum transport time; 5) inlet plenum
flow patterns; 6) particle mobility in the plenum; and 7) inlet plenum
gas dispersion. Geometric parameters varies were: 1) plenum height;
2) inlet nozzle angle; and 3) location of the elevation of the nozzles
relative to the core support structure.

Inlet Plenum Model Flow Test (1/21 Scale)

A 1/21-scale Inlet Plenum Model (IPM) flow test simulating
various plenum geometry and inlet nozzle concepts has been completed.
The purpose of the IPM test was to visually observe and obtain qual-

51 itative information of the flow patterns and mixing of fluid in the
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inlet plenum as a function of the plenum height, inlet nozzle discharge
angle, and the elevation of the nozzles relative to the Core Support
Structure. The test served a scoping purpose for use in designing
the 1/4-scale IPFM test previously described.

The gross flow patterns were predictable and produced no un-
usual or unexpected results.

Intregal Reactor Flow tiodel, Phase I Testing - Outlet Plenum Feature
~

Flow and Vibration Test

This te st: 1) measured the velocity pattern in the outlet plen-
um and in the vicinity of the major outlet plenum structures; 2) deter-
mined the pressure drc,_ characteristics of the outlet plenum and major
outlet plenum structures; 3) determined the mixing characteristics and
transport times in the outlet plenum and at locations of probable hot /
cold interfaces; 4) evaluated flow induced vibration characteristics
of selected outlet plenum structures; and 5) evaluated the gas entrain-
ment characteristics of the suppressor plate.

Intregal Reactor Flow Model, Phase II Testing

The purpose of this test which has been init 3ted is to verify4

the final design for hydraulic and vibration perform, ce using the integral
reactor flow model. Those components used in the P ase I testing, whose
design has changed to the extent that hydraulic and vibration performance
is influenced, will be modified in a subsequent Phase II.

Outlet Plenum Flow Stratification Test

The Outlet Plenum Flow Stratification Test was performed in
0a model of 0.55 scale simulating a 120 sector of the CRBRP reactor

vessel outlet plenum, containing a portion of the UIS, and an outlet
main coolant pipe.

Some important conclusions and observations derived fronrthe
evaluation of the test data (Ref. 60) are:

1) The transient temperature res7onse at the outlet nozzle is
less severe than that predicted by the plant simulation
model in the DEf10 code, thus demonstrating that this UIS
design goal is satisfied.

2) The standard height VIS chimneys resulted in less severe
transient temperature ramp rates at the outlet nozzle than
shorter chimneys.

51 3) The nominal prototypic gap beneath the UIS skirt of 1.0 inch

Amend. 51
4.4-77 Sept. 1979

y .* *n )Jf.edsjs u



resulted in less severe outlet nozzle transient temperatures

than either larger or smaller gaps.

4) Stratification definitely occurs in the outlet plenum fol-
lowing a reactor trip but does not cause significant design
problems.

5) Large amplitude, low frequency oscillations were observed
during the reactor trip transients at the hot / cold fluid
interface, which is established above the UIS. These oscil-
lations do not cause a fatigue problem due to the low range
of temperature change and moderate number of total cycles.

ANL 1/10 Scale Outlet Plenum Tests

These tests have investigated conditions in the outlet plenum
during steady state and transient operation. The steady state tests
(Refs. 61 and 62) measured the mixed mean temperatures and temperature
fluctuations throughout the plenum. The transient tests (Refs, 63 and
64) measurements include the temperature response in the plenum to re-
actor transients and the temperature fluctations as the hot / cold inter-
face advanced following flow stratification.

ANL 1/15 Scale Outlet Plenum Tests

These tests (Ref. 65) investigated the transient behavior in
the outlet plenum and compared results obtained using both water and
sodium. Using both FFTF and CRBRP geometries, it was shown that water
and sodium transients were in fairly good agreement, thus, water can be
used to adequately simulate sodium.

Orifice Feature Tests

The purpose of this test is to calibrate all types of orifices
to be used in the CRBRP reactor. These may include orificing required
for the module, fuel assembly, control assembly, radial shield assembly
and blanket assembly.

4.4.4.2 Reactor Assemblies T & H Testing

Several experiments have been conducted to characterize the
thermal-hydraulic bahavior of wire wrapped assemblies; the results of
these tests have been used in calibrating the suSchannnel analysis codes.
For example, tests performed at ORNL (19-pin bundle), ANL (91-pin bundle),
HEDL (217-pin bundle) and WRL (11:1 scaled sector of a 217-pin bundle)
were reviewed and the C.0TEC code was calibrated accordingly. A similar
analysis and calibration was performed by PNL and ANL for the COBRA and

51 THI-3D codes, respectively. Tests on a 5:1 scaled sector of a 61-pin
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blanket assembly have been very recently concluded at WRL and will be
factored into subchannel analysis codes calibration.

_

Further inforntion on temperature distribution in wire wrapped
assemblies will be obtained from in-sodium tests on the fuel failure
mockup at ORNL, which are also intended to gather data for selected
transient conditions, including initiation of boiling.

Low flow heat transfer tests in sodium have been completed at
HEDL in a full 217-pin fuel assembly (Ref.66). The results from these
tests have been used to calibrate analytical codes and to verify perfor-
mance predictions in the natural circulation range of flow rates.

Blanket heat transfer tests using sodium on a full scale 61-rod
assembly are being conducted at ARD to investigate the thermal-hydraulic
behavior of blanket assemblies, with particular emphasis on conditions
unique to blanket assemblies, such as low flow, high power skew, reduced
pitch / diameter, large rod diameter, etc. About one-third of the scheduled
tests have been completed, covering uniform and 3:1 power skew across the
assembly and power and flow ranges between 3 and 33?; of prototypic radial
blanket values.

Extensive prototypic testing of components pressure drops in
fuel, blanket and control assemblies have been concluded, are currently
underway or are planned for the near future. Available results from these
tests have been factored into a re-evaluation of assembly components pres-
sure drops as discussed in Section 4.4.2.7.2.

The fuel pellet power-to-melt and thermal parameters (restructuring)
characteristics, gap conductance and corresponding uncertainties) were
determined at BOL conditions on the basis of the P-19 (Ref. 37) and
P-20 (Ref. 38) irradiation tests in EBR-II.

The analytical correlation between fission gas release fuel
pin operating parameters (burnup, power rating, temperature) utilized
in the NICER code for calculating the fission gas pressure has been com-
pared with favorable results against a large amount of experimental data
from mixed oxide irradiation tests in EBR-II (Refs. 39,40,41).

Steady state hydraulic and scram dynamics behavior of control
assemblies are predicted using the CRAB code. CRAB predictions were
found in excellent agreement, both with HEDL steady state tests (Ref. 57)
and ARD scram dynamics tests (Ref. 58) performed for the FFTF control
assembly. Tests are underway to cnaracterize the CRBRP primary control
rod scram performance. Hydraulic tests of the CRBRP primary control
assembly with particular emphasis on orificing characterization, are also

51 being conducted.
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A natural Circulation Verification Program is underway to de-
velop and validate computer codes capable of core-wide T&H transient
analysis through the descent and during natural circulation operation.
Validation will be accomplished by comparison to low flow steady state
and transient test data, including the EBR-II natural circulation and
FFTF Acceptance Test Phase startup testing.

A test of the performance of the fuel transfer and storage
assembly is underway to verify the performance of the component.

As more data from the experimental efforts become available, the
analytical techniques and computer codes (see Section 4.4.3.4) will be
calibrated accordingly and the uncertainty analyses (see Section 4.4.3.2)
revised to reflect such additional information.

4.4.5 Core Exit Instrumentation Requirements

The design and development of the in-core instrumentation
(thermocouples) is in progress. It s anticipated that the total number
of thermocouples will be increased a to 20% over the homogeneous core
requirements. The details of thi' design information will be provided

51 as they become available.

O
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TABLE 4.4-1

CRBRP CORE LOADING DURING CYCLES 1 THROUGH 5

CYCLE TOTAL flu GER
NUMBER ASSEMBLY TYPE OF ASSEMCLIES REMARKS

._

Fuel 156 All Fresh Assemblics

1 Inner Blanket 82

Radial Blanket 132

Fuel 159 3 Fresh Fuel Assemblies

2 Inner Blanket 79

Radial Blanket 132

Fuel 156 All Fresh Fuel and Inc.or
Blanket Assemblies

3 Inner Blanket 82

Radial Blanket 132

Fuel 162 6 Fresh Fuel Asse:r.blics

4 Inner Blanket 76-

Radial Blanket 132

uel 156 All Fresh Fuel and Inner~

Blanket Asse.mblies plus
5 Inner Blanket 82 60 Fresh Rcu 1 Radial

Radial Blanket 132 Blanket Assemblics

51
- - - - - -
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TABLE 4.4-2 g
SUMMARY OF STRAIN EOUIVALENT LIMITIflG TEMPERATURE

CALCULATIONS FOR SECOND CORE FUEL ASSEMBLIES

ASSEMBLY EOL STRAIN (%) E0L PRESSURE (psi) SELT ("F) SET ( F)
2 .003 816 1264 1180
3 .007 845 1260 1192

-13 .068 875 1258 1232
15 . 031 8 91 1254 1211
24 .037 781 1270 1227
25 .039 8 61 1258 1220
26 .025 725 1281 1235
27 .057 748 1277 1247
28 .13 7 71 1272 1264
29 .003 815 1265 1181
30 .004 828 1262 1184
33 .001 855 1259 1194
34 .0086 862 1258 1193
37 .096 921 1249 1233
43 .01 5 892 1254 1197
44 .18 930 1248 1247
45 .034 876 1256 1217
47 .13 91 4 1251 124148 .12 773 1272 1261
49 .06 750 1276 1249
50 .023 726 1281 1232
51 .04 862 1258 1221
10 .19 920 1250 1250
11 .34 941 1247 125914 .36 928 1249 126''
36 .33 943 1247 125)68 1.37 966 1243 ~1295

1 01 1.43 970 1242 s1295
51 62 .029 529 not a limit

S8 . 01 8 488 not a limit
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TABLE 4.4-3

COOLANT LIMITING TEMPERATURES FOR TELT CALCULATI0hs

(TEPPERATURES IN *F)

STEADY STATE TEMP.
HETEROGENEOUS CORRESPONDING .T0 - STEADY STATE TEMP.
CORE MAXIMUM llETEROGENEOUS CORE CORRESPONDING TO
TRANSIENT TD4P. MAXIMUM TRANSIENT 1550*F MAXIMUM

I
* ASSEMBt.Y TYPE (FORE-2M CALCULATED) TEMP. (FORE-2H) TRANSIENT TEMP. M
.

7
$ Fuel Assembly 1571 1331 1316 1252 First Core

(F/A#46000Cl) 1261 Second Core

Inner Blanket Assembly 1498 1247 1282 1193 First Core
(IB/A #100 0 E0C4) 1207 Second Core

Radial Blanket Assembly 1580 1331 1310 1232

(RB/A #212 0 EOCS)

CO
y
C.- 51 > tt
p;, vv

b $$ Temperatures at T10V, 3a, 750*F Inlet Temperatures for
y{

'

PE0V, 2a
*
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TA8LE 4.4-4

CORE ORIFICING ZONES FLOW ALLOCATION

FLOW (lb/hr)
NO. AS$YS/ CYCLES CYCLE CYCLES

' ZONE TYPE 20NE 1,3,5.... 2 4.6,8,...

I Fuel 39 189,990 201,900 188,520 (200,340 187,050 198,780)
2 Fuel 54 176,790 187,870 175,420 (186,420 174,060 184,970)
3 Fuel 21 166,900 177,360 165,610 (175,990 164,320 ii4,620 1

4 Fuel 18 153,400 (163,020) 152,220 '161,760) 151,030 (160,500)1
5 fuel 24 149,400 (158,850) 140,330 157,630) 147,170 (156,400,

* fuel 0,3 or 6
.

178,590 189,780) 177,190 (188,3001
. 6p Inner Blanket 6,3 or 0 68,790 (73,100 69,330 (73,680)
e 7 Inner Blanket 57 88.790 (94,360 88,110 (93,630) 87,420 (92,9001

8 Inner Blanket 19 78,030 (82,920 77,420 (82,270) 76,810 (81,620)
9 Radial Blanket 12 62,300 66,210 61 ,820 65,700) 61 ,340 (65,190 1

10 Radial Blanket 36 48,300 51 ,3'0 47,930 50,930) 47,550 (50,530)
11 Radial Blanket 48 35,090 37,290 34,820 37,000) 34,540 (36,710'l
12 Radial Blanket 36 25.740 27,350 25,540 (27,140) 25,330 (26,920)

-

HOTE: Flcws are for Til0V (PEOC) conditions.

CORE RECION FLOW FRACTIONS

CYCLES CYCLE CYCLES

pg REGION 1,3,5... 2 4.6,8...

,e

Fi Fuel 0.65 0.66 0.66
Inner B1anket 0.17 0.16 0.16-

m
- e cn 51 Radial Blanket 0.12 0.12 0.12

'c}SU" Total 0.94 0.94 0.94

C:'
N

O O O



TABLE 4.4-5

FUEL ASSEMBLY COMPONENT PRESSURE DROP DATA LINEAR REGRESSION ANALYSIS

STANDARD STANDARD STANDARD

NO. OF MEAN DEV I ATION MEAN DEVIATION ERROR
DATA 0F ABOUT MEAN OF ABOUT MEAN OF

COMP 0.1ENT LINEAR REGRESSION FUNCTION P0INTS In(Re) 0 fin (Re) In(D) 0F In(D)" ESTIMATE

Inlet flozzle in(K) = 0.9177 .05289 in(Re) 222 1 3.64 0.3560 0.0841

Inlet flozzle-
Orifice-Shield:

-- 1 Plate in(K)=2.352 .092111o(Re -1.4521n(D 41 13.95 0.3763 .1845 0.1256 0.0170
3

-- 2 Pla tes in(K)=1.708 .050221n(Re -3.2931n(D 73 13.73 0.3684 .3528 0.1057 0.0472-

? -- 3 Pla tes i n(K)=2.240 .082261 n(Re -3.8911n(D 60 13.61 0.3560 .4064 0.1165 0.0207
* -- 4 l'l a tes In(K)=2.293.071411n(Re)-4.0321n(D) 43 13.52 0.2982 .4454 0.1040 0.0136_.

-- 5 Pla tes in(K)=2.225 .030721n (Re)-3.6511n(D ) 42 13.45 0.2589 .4484 0.0997 0.0165

Shield in(K)=0.3,988 .038791n(Re) 17 13.82 0.3768 0.0966

Rod Cundle: I)0.2-- Inlet K = 0. 370 --

-- Ron Friction see Table 4.4-6 161 entire range 0.0524
46 full flow +0.0312.-0.0262

0.2(*)-- Outlat K = 0.178 --

Outlet Nozzle in(K) = .00495 .04902 in(Re) 16 13.67 0.7483 0.0450g
M
UT
N (*IA 20% uncertainty was selected as a bounding value (not standard error), since no test data are
A available. This uncertainty is much greater than the values determined for other components, but

~

(fl the effect on flow rate caldulations is negligible since the untested components account for only
1 to 2 psi of the 100 psi total assembly pressure drop,

en n
*

$ $ 51 D is the hydraulic diameter of the plate flow area.
p.-

a

e



TABLE 4,4-6

FUEL ASSEMBLY COMPONENT HYDRAULIC CORRELATIONS

REFERENCE

REFERENCE HYDRAULIC
COMPONENT CORRELATION AREA (INZ) DIAMETER (IN) REFERENCES

Inlet Nozzle K = 2.504 Re-0.0529 3.976 2.250 7

Inlet flozzle-Orf fice-Shield:
-- 1 Plate K = 10.50 Re-0.0921 D-1.452 3.976 2.250 7

- .2 Plates K = 5.519 Re-0.0502 D-3.293
-0.0823 D-3.891*

-- 3 Plates K = 9.396 Re.

? -- 4 Plates K = 9.909 Re-0.0714 D-4.032
-0.0307 D-3.651-- 5 Plates K = 9.253 Re

Shield K = 1.490 Re-0.0388 3.976 2.250 7

Rod Bundle:

-- Inlet K = 0.370 6.724 0.1281 11

-- Rod Friction f = 84/Re for Re < 1000 6.724 0.1281 4-6_

h] f = [1.080+0.0927*(1000/Re)2+.1694 *

[! (1000/Re)4] fc
where ff*) = 4 Log 10(2.51/(req)

WFa - Outiet x = 0.178 6.724 0.1281 11

hk Outlet flozzle K = 1.005. Re-0.0490 5.899 2.116 7
~

51-

N is the Colebrook friction factor correlation [12] for a smooth tube.}$ fc

O O O



TABLE 4.4-7

BLAliKET ASSEMBLIES COMPONENT HYDRAULIC CORRELATIONS

REFERENCE

REFERENCg)(*)HYDRAULICDIAMETER (IN)(*) REFERENCESAREA (INCOMPONENT CORRELATION

Inlet Nozzle * = 2.504 Re-0.0529 3'.976 (1.767) 2.250 (1.500) 7

-0.05Inlet Nozzle Orifice Shield K = C Re 3.976 (1.767) 2.250 (1.500) 7.8

e
" Shield K = 2.0 2.405 1.750 11

Rod Dundle:

-- Inlet K = 0.427 3.956 0.1338 11

-- Rod Friction f = 110/Re for Re < 400 3.956 0.1338 9

f = (110/Re)G + (.55/Re.25)g
-

IO where 4 = (Re-400)/4600 for 400 < Re < 5000
f = .55/Re.25 for Re > 5000

-- Outlet K = 0.290 3.956 0.1338 11

Outlet flozzle K = 1.005 Re-0.0490 3.976 2.250 7'

$$
Ne

a
.- 51 (slitumber outside parentheses refers to inner blanket assemblies; inside parenthesis refers to radial blanket.
$$
e



TABLE 4.4-8

BASES FOR REACTOR INTERNALS PRESSURE DROPS

NOMINAL
PRESSURE LOSS LOSS ' FLOW FLOWgREA6

COMPONENT (psi) COEFFICIENT (1b/hr)l0 (ft) BASIS - LIMITATIONS

1) Reactor 4.25 K=1.19 41.446 8.655 Loss coefficient obtained from the
Vessel inlet plenum feature model test.
Inlet ~+9% uncertainty used in design.

2(aP = K U2/2gnAg }Plenum

(K+h)=2.132) Lower 8.66 1.096 0.214 Calculated; to be confirmed by radialu
, Inlet blanket orificing test. +20% uncer-
i Module tainty used in d ign

2 2$ (aP = (K+ ) U /2gpAg}

3) Reactor VessS Outlet Plenum:
I*)

(Kh)=2.01a) UIS 1.78 14.51 Loss coefficient obtained from the33.986
integral reactor feature model test.
+3% uncertainty used in design.

(AP = (K+-h) U /2 pA7)2
9

b) Exit 0.43 K=0.29 41.446 13.77 Loss coefficient obtained from the
Nozzle integral reactor feature model test.

+7% uncertainty used in design.
2

(aP = K 9 /29pAf)

c-

-

*$ (0 based on a total reactor flow of 41.446 x 106 lb/hr with 82% flowing up the UIS chimneys.y
*

{f Af = flow area
f = friction factor

= density (k)51 p

O O O



TABLE 4.4-9

DETAILED PRESSURE DROP BREAKDOMN FOR PLANT THDV
D

CONDITIONS (41.446 x 10 lb/hr) AND MAXIMUM UNCERTAINTIES

Orificing Zone 1 2 3 4 5 6 F/A 6 IB/A 7 8 9 10C 10P 11 12

Average Zone Flow 187130 174130 164400 151090 147240 177270 69070 87450 76850 61360 47570 47570 34560 25360
C_crpopnent AP (psi)o

Inlet flozzle 8.7 7.6 6.8 5.8 5.5 7.9 1.3 2.0 1.6 4.9 3.0 3.0 1.6 0.9
Assembly Orffice 40.0 48.6 55.3 63.5 66.9 46.5 69.9 44.9 60.5 69.6 42.2 42.2 22.5 12.2

Shield 6.4 5.5 5.0 4.2 4.0 5.7 5.6 8.9 6.9 4.4 2.6 2.6 1.4 0.7
Rod Bundle Inlet 1.1 1.0 0.9 0.7 0.7 1.0 0.5 0.8 0.6 0.4 0.2 0.2 0.1 0.1

Rod Dundle 51.5 45.3 40.8 35.1 33.6 46.7 35.9 54.3 43.3 29.3 18.7 18.7 10.7 6.2

Rod Bundle Outlet 0.6 0.5 0.4 0.4 0.3 0.5 0.4 0.6 0.4 0.3 0.2 0.2 0.1 0.1
* Outlet flozzle 1.6 1.4 1.3 1.1 1.0 1.5 0.5 0.8 0.6 0.4 0.2 0.2 0.1 0.1
.

? Total Assembly 109.9 109.9 110.5 110.8 112.0 109.8 114.1 112.3 113.9 109.3 67.1 67.1 36.5 20.3
$ LIM, Upper Portion

and Orifice 2.9 2.5 2.3 1.9 1.8 2.6 0.4 0.6 0.5 5.7 47.3 48.8 79.6 95.5

LIM, Lower Portion 5.6 6.0 5.6 5.7 4.6 6.0 48 5.5 4.0 3.4 4.0 2.5 2.3 2.6

Inlet Plenum 5.8
Outlet Plenum 2.2
Vessel flozzle-to-

ticzzle 126.4
Priuary Loop 37.1
Pump Ilead 163.5

[k fiOTES :
ea

""

-- All (Icus for cycle 4, except zone 6 IB/A which is for cycle 2;.

L CO l
-- All flow resistance uncertainties at +3a or maximum bounding value, whichever appropriate;

y' (f:3 -- Minimun pump head curve;
C. -- 7coe 1 through 8 and 10C are fed by central modules, zones 9.10P,11 and 12 by pert *pheral modules.
N
;>
Q



O

TABLE 4.4-10

MELTIflG TEMPERATURES FOR

UNIRRADIATED MIXED URANIA-PLUT0NIA

(from Nuclear Systems Paterials Handbook)

Hole Fraction Solidus Liquiduspug 9 *C *C

0.0 2875 2875
0.2 2787 2855
0.4 2685 2745
0.6 2580 2627
0.8 2505 2545

51 1.0 2445 2445

3502fs0

4.4-96

Amend. 51
Sept. 1979



TABLE 4.4-11

EFFECT OF BURfiUP Oft MELTIf1G POIf1T CF MIXED URAtlIUM-PLUT0tlIA(*)

(from Nuclear Systems Materials Handbook)

Decrease in
Observed

Burnup Melting Point
WD/MTM 'C

15,000 62

25,000 64

50,000 69

75,000 74

100,000 80

51 * Applicable in the composition range of 20 to 25% Pu02

4.4-97
Amend. 51
Sept.1979
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TABLE 4.4-12

PRINCIPAL PARAMETERS OF EBR-II IRRADIATED PINS

USED TO CALIBRATE FISSION GAS RELEASE MODEL

PEAX
PEAK LlfiEAR TUEL COLD DIA!1ETRAL 'ERCENT GAS RELEASE
DURNUP POWER PELLET DENSITY GAP THICKNESS

PIN (a/o) (kw/ft) (%Tl:EORETICAL) (mils) 11EASURED PREDICTED

a CE-F2-A 4.9 15.6 95.6 2.2 76.2 73.6

't CE-F2-8 5.0 16.0 95.2 2.2 75.0 75.1

$ GE-F2-U 5.3 15.9 89.6 3.8 06.0 02.0

PNL-t-3 0.90 10.7 93.0 5.0 14.6 13.1

PNt.-1-6 0.87 10.5 89.5 5.0 13.5 14.0

PNL-1-14 0.07 10.3 90.0 5.0 8.6 11.0

PHL-1-19 0.98 10.7 90.1 7.0 30.8 21.9

PNL-4-1 5.07 10.0 95.1 6.0 63.1 58.7

P1L-4-26 4.93 9.4 92.4 6.0 66.4 56.1

PNL-4-34 4.77 8.9 91.3 8.0 68.7 51.1

rnt-5-31 5.8 13.95 92.7 5.9 86.7 78.7

FUL-8-33 3.4 12.7 93.5 5.6 57.5 60.1

{M' 51 Pat-17-6 3.89 11.5 94.2 6.0 60.5 58.1

ra - -

-

-

c to
C?,

C:-
T3
y*
N
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TABLE 4.4-13

PRINCIPAL PARAMETERS OF EBR-II IRRADIATED HIGH-BURNUP PINS

USED TO VERIFY FISSION GAS RELEASE H0 DEL

'

BOL . [ . PELLET COLD Difd4ETRAL PERCENT CAS RELEASED
A PEAX BURNUP L!!;EARiQWER DEtiSITY GAP Til!CKNE55

) PIN (a/o) (kw/ft) (1T.D.) (mils) MEASURED PREDICTED

$
GE-FZ-C 7.2 16.2 94.7 3.2 18.0 84.2

GE-F2-R 7.1 16.2 95.4 1.5 70.1 82.6

GE-F2-il 7.3 16.9 96.1 3.3 80.7 85.4

GE-F2-T 7.4 17.0 96.1 3.0 70.0 84.6

GE-F2-G 12.7 16.3 95.6 3.5 100 91.4
51

UN
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TABLE 4.4-15

ENDF/B-IV FISSION YIELDS (GASEOUS Xe + Kr)
(Hunber cf rare gas atoms per 100 fissions)

U-235 Fission U-238 Fission Pu-239 Fission

Kr 3.791 2.486 1.879
Xe 21.732 21.351 23.165

51 Total 25.523 23.837 25.044

4.4-101 Amend. 51
Sept. 1979
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TABLE 4.4-16

EVENT CLASSIFICATION AND CLA DING CAMAGE SE'!ERITY LIMIT

MEvent Classification Severity t.evel
ASME Code Secticn III
(Article NR-3113) RDT Standard C-16-1 RDT Star.dard C-16-1

Itsrmal : hormal C:eration: No Carage;

My c or.d t t f on o f s ys tene s ta r t up. ;3orral ageration includes No daNge is cef feed as !) no
design range operations, not steady pc.er c:eraticas and stqnificant loss of ef fettive

those cc:artw es frcm steacy fuel lifetire. 2) acc medattsasrstandby, or shutocwn other tPan
an upset. emergency, f aulted or operatic.n nice are espe:ted 6 t t't in tee f el .n3 olant crer-
testing coeditions, freqwently or regularly in atieg Nrgins ite:st re: wiring

the co ese of ccmer c: era tions. autcu tic or aissal crotective
refwel ta g. ra te tenance, ce action arc 3) no clarres release
ssaneuvering of the plant of radioactivity.

Upset: Anticipated Fasited: Operattoaal incident:

Any abnorwal incident not An of f-norral cenditten nten An egeraticaal incident is def fned

causing a fore!d outage or individ. ally Ny te es:ected as an occurrence =nich reswits in
causing a forced outage for to occar once or er:re carie; l) ro rec.ctica of ef fe:tne fuel
witch the currective action the plant Ilfetime. 11fett'e tet:. tre :esign val.es;

does not incIwde any repair 2) accc u sation =itt. at mcst, a

of rechantcal damage. reactor trip that ass.res t*e plant
will te ca:able of reta n'rg tor

operation af ter correctue action
to clear tre trip casse; arc /or 3)
plant radtoa:tt<1ty releases test
may a;proach tre 1 CF220 gsicelices.

Emergency: tailikely Fawlted: Minor Incident:

Infrequent 'ncident retutring An off-norN1 condition =nic*i A mincr Incident is defined as an
sfiutdown for correctice of indiviGally is not es:ected cccurrence .aica ress1ts in 1) a
the conditten or repair of to occur csring tre plaat It f e. general ressett-- In ae f.el tw n.e

dassage in t=e sys te i. No tire; he.ever. =ren integrates up cacat tlity a- d. at rest, a snall~

loss of strsctural integrity. over all plant con c:reets, fracti:n of Gel re: clade r; vail.
events in this cate;ory Ny te ures t 2) suf ficieat plaa t er fuel
espected to occur a nue:er of red caN;e tsat c:Ja cre:! wee re-
times. suration of c: era tion for a consid-

erable time ard/cr 3) slant ra:lo-
activity releases tnat may escees
ICCF720 gws:elines, but cres e.et
resalt in teterro:ticn or restrie-
tico of cwblic use :f areas teyoed
the esclusion bosneary.

Fa ulted: Estrecely tylikely rasited: Major lacident:

Postulated event and conse. An o f f-cormal con di ti on o f A aejor f acident is defined as an
qwnces where integetty and s,.c h e n t r evl y l ew p oss- occ 4rrewe =nic's re wl ts in 1)
operad t i t ty say be te:a t red bility t*at no events in t'iis suestantial f.el arstor cla: ding
to the entent taa t cons td. category are espected to cccur e-I ting or cis tort ien in irsivic.al
erettons of pwelic Pealth during tv plant lifeti*e. 3.' fuel reds, ht t*e c:nf t;u ationr

a.nd safety are involved, watch nevertPeless re: resents reNins coolable; 2) ;1 ant f a a;e
estrere or Itntting cases of tPat ray pre!!.je ress sti:n ;Iant
failures which are 1:entifie3 C;cratt:ns, tut ro 1:ss of safe j
45 design bases. furctions necessary t 3 c c;e wi t'i

(Pe occurrea:e ; 4"0 / 3r 3) "J0ic-

activity re!fese (Sat *Jy esceed
tre ICCFC0 pitelines %t are
well ut tnin t*e 10U 2100 ga taellees ,

51 b ASME code and RDT Standard pien belou define events rcwet
differently. Equivalen event classifications are shcun here.

r n
D' !C D Amend. 51

cJ b j} 4.4-102 Sept. 1979
n ,_ _ _

Di n.>-- . , ,< g .w .
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TABLE 4.4-17

A OUMMARY OF PRELIMIfiARY DESIGil LIMITS

Event Classification Severity Level Limit

Emergency Minor Incident The total cumulative damage
function is to be less than 1.0.

(Unlikely Faults) The accumulated plastic and
thermal creep strain is to be

less than 0.3%.
,

Faulted Major Incident No cladding melting (temperature
less than 2475 F) and

(Extremely Unlikely *Ilo sodium boiling (temperature
Faults) less than saturation temperature

at the existing pressure)

51
* Sodium boiling temperature is quoted as a limit to establish
that no cladding melting can occur.

c . . . . . , ,
J .J a: , . 2 i

Amend. 51
4.4-103 Sept. 1979



TABLE 4.4-18.A

CRBR FUEL ASSEMBLIES ROD TEllPERATURE ENGINEERING UNCERTAINTY FACTOR $

COOLANT FILM CLADDING GAP FUEL llEAT FLUX

ICIDIRECT

Power Level Measurement and
Control System Dead Band 1.03(1.0) 1.03

Inlet flow Maldistribution 1.05
Flow Distribution Calculational -------1.022

Uncertainty (Simulation Dias) 1.03
Cladding Circuniferential Tem- It) II)perature Variation 1.0 y,7(*) 1.0

STAllSTICAL (3a) 0A

.L Reactor I.T Variation 1.0(1.144)
2 Wire Wrap Orleatation 1.01

Subchannel fim Area 1.028 1.0
f.lm iteat Trara t er Coefficient 1.12
Pellet-Cladding a centricity 1.15 1.15
Cladding Thickness und Conductivity 1.12

1.48{guap Conductance
fuel conductivity 1.10
Coolant Properties 1.01
Flow Cistribution Calculational
Uocertainty (Calibration) 1.054--------1.015

(*) for cladding midsall temperature calculations. Applies to the nominal temperature drop
between cladding midwall and bulk coolant.

(t) for fuel temperature (.alculations.

m3 (4) Applies to Lt0L conditions.
@$ (o) Nuclear Uncertainty Factors are given on Table 4. 4 -18. B .
I o- (O NOTE: Same values of suhfactors apply to both Plant T&ll and Expected Operating conditions

(.1 except when two values are given; in this case, the parenthesized values apply toa

$S c- 51 Plant Lxpected operating conditions wnlle the non-parenthesized values apply to
p; 101 Operating conditions.'*

[Je
CD

O O O



TABLE 4.4-18.B

CRDR FUEL A55U1BLIES R00 TEMPERATURE NUCLEAR UNCERTA!NTY FACTORS

'WITH A'4D WITHOUT CONTROL ASSEMBLY INFLUENCE

COOLANT HEAT FLUX
0! RECT (0)

III (*)l .02. (1.10)(1)Physics ;4odeling 1.02
Control Rod Banking 1.02 (2) 1.02.(2)
ZPPR-7 Flux Tilt 1.0 (4) 1.0 (4)
STATISTICAL (3o)IDI

Nuclear Oata 1.07 1.07
I3) I3)Criticality 1.01 1.01

Fissile fuel Halcistribution 1.03 1.03

If assembly is influenced by adjacent centro 1_ rod, replace with:
,

f* COOLANT l(EAT FLUX~

o
" PEAK POWER POSITION" " TOP OF CORE"*

DOL EOL BOL COL Bat EOL

Adj acent 1.04 1.02 l.03 1.02 1.15 1.151) Physics Modeling
Far Side 1.01 1.02 .95 1.02 1.30 1.15
Adjacent 1.04 1.02 1.04 1.02 1.01 1.022) Control Rod Banking
far Side 1.02 1.02 1.02 1.02 1.01 1.02'

Adjacent 1.04 1.04 1.04 1.04 1.0 1.013) Criticality

w$ Far Side 1.01 1.01 1.01 1.01 1.03 1.01
~

cv

A$ 4) ZPPR-7 Flux Tilt - Assy's. 9,10 13. 14, 15, 16, 17, 23, 25, 37, 38, 41, 42, 43, 44, 45, 51, 53 (0.97 0P*

98(0.99000L,1.00E0L}19,36,39,47,65,68,101,104(0.990BOL,1.00E0L).Assys.62,Bot, 1.0 0 EOL). Assy's. 8,11gm (,1
.

- r., (.3
[: ' Non-parenthesized value applies at the peak power position (i.e., ccre midplane). Parenthesized value

C

51 applies at the c re 1 wer/ upper .:xial blanket interface except as superseded by note (1).,

. I } Engineering Uncertainty Factors are given on Table 4.4-18. A.
2



TABLE 4.4-19.A

CRBR FUEL ASSEMBLIES MIXED MEAft EXIT TEMPERATURE

ENGIllEERIf1G Uf1CERTAlflTY FACTORS

ASSEMBLY EXIT

DIRECT (0)

Power Level Measurement and Control
System Dead Band 1.03(1.0)

* Inlet Flow Maldistribution 1.05
.

?

STATISTICAL (3a)( )

Reactor AT Variation 1.0(1.144)
Coolant Properties 1.01

(0)fluclear Uncertainty Factors are given on Table 4.4-19.B.

NOTE: Same values of subfactors apply to both plant T&H and expected operatingm,

gM conditions except when two values are given; in this case, the parenthesized
I* i 51 values apply to plant expected operating conditions while the non-parenthesized
_,' I values apply to T&H operating conditions.
$$
e

h

Cri
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TABLE 4.4-19.8

CRBR FUEL ASSEMBLIES MIXED MEAN EXIT TEMPERATURE NUCLEAR UNCERTAINTY FACTORS

ASSEMBLY EXIT

IO)DIRECT

Physics Modeling (*)1.01(1.02 0 BOL,1.01 0 E0L)
Control Rod Banking (*)l.02(1.03 0 BOL, 1.02 0 E0L),

b 2PPR-7 Flux Tilt 1.0 I4)

STATISTICAL (3a)I )

Nuclear Data .l.07
Criticality (*)l.01(1.02)

C',5 Fissile fuel Maldistribution 1.03
C,

N (4) ZPPR-7 Flux Tilt - Assy's. 9, 10, 13.- 14, 15, 16, 17, 23, 25, 37, 38, 41, 42, 43, 44,O'
45, 51, 53 (0.97 0 BOL, 1.0 0 E0L). Assy's. 8,11,19,36,39,47,65,68,101.104 (0.99 0 BOL,c* 1.0 0 E0L). Assy's. 62,98 (0.99 0 BOL; 1.0 0 EOL).

kU
kon-parenthesized values are applied for assemblies not adjacent to
control a.semblies. Parenthesized values are applied for the control

{{ assembly effect for assemblies adjacent to control assemblies.

9" " 9 "" ""# " "0 " " *^'51 '*$ '

e



TABLE 4.4-20.A

CRBR FUEL ASSEMBLIES PLENUM PRESSURE

ErlGINEERING UNCERTAINTY FACTORS

PLEtlUM TEMPERA 10RE BURNUP

DIRECT (0)

Power Level Measurement end Control
System Dead Band 1.03(1.0) 1.02

Inlet Flow Maldistribution 1.05

Flow Distribution Calculational
Uncertainty (Simulation Bias) 1.03

,

b

h STATISTICAL (30)(D)

Reactor AT Variation 1.0(1.144)

Wire Wrap Orientation 1.01

Coolant Properties 1.01

Flow Distribution Calculational
Uncertainty (Calibration) 1.085

(^fj (Ifluclear Uncertainty Factors are given on Table 4.4-20.B.{,E
I5 I?.

NOTE: Same values of subfactors apply t6 both plant T&ll and expected operating conditions exceptGm (j
M" w n w va u am 9 n; n s ca pamn es z valu s apply to plant e@ecW' .

51 operating conditions while the non-parenthesized values apply to T&li operating conditions.

O O O



TABLE 4.4-20B

CRBRP FUEL ASSEMBLIES PLENUM PRESSURE NUCLEAR UNCERTAINTY FACTORS
WITH AND WITHOUT CONTROL ASSEMBLY INFLUENCE

- .E N.UH__T_L.M._P E.RA_T_UR_EPL -. - .U_R N.U PD

III IIIPhysics flodeling 1.02 1.02

Control Rod Dankins 1.02(2) 1.02(2)
'I4IZPI'H-7 Flux Tilt 1.0 (4) ;0

51 AT I.ST.(C,A.L, ,(,3d

Nuclear Data 1.07 1.07
II I}Criticality 1.01 l.01

fissile fuel italdistribution 1.03 1.03

If assembly is influenced by adjacent control rod, replace with

DOL [0L

Adjacent 1.04 1.02
1) Physics Nodeling

Far Side 1.01 1.02

Adjacent 1.04 1.02
c' Control Rod Danking

rar side 1.02 1.02

Adjacent 1.04 1.04
3) Criticality

far Side 1.01 1.01

(4)ZPPR-7 Flux Tilt - Assy's. 9, 10, 13. 14, 15. 16, 17, 23, 25, 37, 38, 41, 42. 43. 44
45, 51, 53 0.97 9 00L. 1.0 9 EOL). Assy's. 8,11,19,36,39,47,65,68,101.104(d.99.0BOL,
1.0 0 EOL)(. Assy's. 62,98 (0.49 0 BOL; 1.0 0 EOL)

51
lo) Engineering Uncertainty f actors are given on Table 4.4-20. A.

4.4-109
Amend. 51

S L.'..U:!. Sept.1979



O
TABLE 4.4-21.A

CRBR 1NNER/PADI AL BLANKET A55EliBL Es R00 TEMPERATURES ENGINEERING UNCERTAINTY FACTORS

COOLANT FILM CLADDING CAP FUEL !!f AT FLUX

IO)DIRECT

Pcwer Level Measurement and
Control System Dead Band 1.03(1.0) 1.03

Inlet flow rtaldistribution 1.07
fics Distribution Calculational --------1.03

lincertainty (Simulation Dias) ' 03.

CladJing Circunjferential Tem-
perature Variation 1.0 g 2.2(*) 1.0g)

STAl!511 CAL (33)I )

Reac tor t.T Va riation 1.0(1.144)
Wire .frap Orientation 1.01
Sut.coannel flu Area 1.035 1.0
film Heat Transfer Coefficient 1.21
Pellet-Cladding Eccentrici ty. 1.15 1.15
Cladding Thickness and Con-

ductivity 1.12
Gap Conductance 1,4g(4)
fuel Conductivity 1.10
Coolant Properties 1.01
f lo., Dis t ritaution Calculational

uncertainty (Calibration) 1.199/l.1 g 1.056

(*) f ur cladding midwall temperature calculations. Applies to the nominal temperature drop
bets.cen cladding midsall and bulk coolant.

(t) for fuel teuperature calculations
(;) Applies to UCL conditions.

(o) Nuclear Uncertainty f actors are given on Table 4.4-21.B.
(4) Inner / radial blanket.
N O I E_: Some values of subf actors apply to both Plant Tall and Expected Operating conditions

except when two values are given; in this case, the parenthesized values apply to Plant
51 E spected Operating conditions while ti e non-parenthesized values apply to T&ll

Operating conditions.

9
3..m:6w w:=

4.4-110
Amend. 51
Sept. 1979
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TABLE 4.4-22.A

CRBR INNER / RADIAL BLANKET ASSEMBLIES MIXED MEAN EXIT TEMPERATURE

ENGINEERING UNCERTAINTY FACTORS

ASSEMBLY EXIT
DIRECT (o)

Power Level ficasurement and Control
System Dead Band 1.03(1.0)

Inlet Flow Maldistribution 1.07

STATISTICAL (30)(0)

Reactor AT Variation 1.0(1.144) g
Coolant Properties 1.01

( ) Nuclear Uncertainty Factors are given on Table 4.4-22.B.

NOTE: Same values of subfactors apply to both plant T&H and expected operating
conditions except when two va;ues are given; in this case, the paren-

51 thesized values apply to plant expected operating conditions while the
non-parenthesized values apply to T&H operatin9 conditions.

3!3U2hb

4.4-112 I- "

Sept. iv/9



TABLE 4.4-22.B

CRBR INNER / RADIAL BLANKET ASSEMBLIES MIXE0 MEAN EXIT TEMPERATURE NUCLEAR UNCERTAINTY FACTORS

INNER BLANKET RADIAL BLANKET

Row 1 Row 2

ASSEMBLY EXIT ASSEMBLY EXIT ASSEftBLY EXIT

DIRECT (B0L)(0)

Physics Modeling 1.01. 1.02 1.02.- Control Rod Banking 1.~02 1.02 1.02
*

? Nuclear Data 1.12 1.13 1.27-t Criticality 1.02 ---- ----

tieavy Metal 1.01 1.01 1.01
"

0-235 1.01 1.01 1.01

DIRECT (EOL)IO}
L:s
c,:; Physics Modeling 1.01 1.02 1.02( Control Rod Banking 1.02 1.02 1.02
il Nuclear Data 1.03 1.05 1.15
C ', Criticality 1.01 ----
'S ----

Ileavy Melal 1.01 1.01 1.01U-235 ---- ---- ----

$N
N2
* CL

@g (o) Engineering uncertainty factors are given on Table 4.4-22.A.51

e



TABLE 4.4-23.A

CRBR IflNER/ RADIAL BLANKET ASSEMBLIES PLEfiUM PRESSURE

ENGINEERING UNCERTAINTY FACTORS

[g) PLENUM TEMPERATURE BURNUP

Power Level Measuremant and Control
System Dead Band 1.03(1.0) 1.02

Inlet Flow tia1 distribution 1.07
Flow Dutribution Calculational

Uncertainty (Simulation Blas) 1.'03

STATISTICAL (3a)(U)
a

Reactor AT Variation 1.0(1.144)
Wire Wrap Orientation 1.01
Coolant Properties 1.01

Flow Distribution Calculational
Uncertainty (Calibration) 1.299/1.1 [,)

to w

05l IINuclear Uncertainty Factors are given on Table 4.4-23.B.
I S- (0) Inner / radial blanket
g, NOTE: Same values of subfactors apply to both plant Tall and expected operatin'g conditions except

cc g-
51 wh n two values are given; in this case, the parenthesized values apply to plant expected

c; operating conditions while the non-parenthesized values apply to T&H operating conditions.
9:
IN
C.I '
.0

e O @



TABLE 4.4-23.B

CRBR INNER / RADIAL BLANKET ASSEMBLIES PLENUM PRESSURE NUCLEAR UNCERTAINTY FACTORS

INNER BLANKET RADIAL BLANKET

Row 1 Row 2
PLENUM TEMPERATURE BURNUP PLENUM TEMPERATURE BURNUP PLENUM !2r4PERATURE BURflVP

DIRECT (BOL)(0)

Fiys ics l' ode 1ing 1.06 1.06 1.03 1.03 1.03 1.03control Rod Banking 1.02 1.02 1.02 1.02 1.02 1.02Nuclear Data 1.12 1.12 1.13 1.13 1.27 1.27,

, Criticality 1.02 1.02 ---- ---- ---- ----

L lie. ivy iletal 1.01 1.01 1.01 1.01 1.01 1.01g U-235 1.01 1.01 1.01 1.01 1.01 1.01

DIRECT (E0L)(0)

riiysics Modeling 1.02 1.02 1.01 1.01 1.01 1.01Control Rod Banking 1.02 1.02 1.02 1.02 1.02 1.02|iuclear Oata 1.03 1.03 1.05 1.05 1.15 1.15Cri ti cal i ty 1.01 1.01m
@k lleavy Metal 1.01 1.01 1.01 1.01 1.01 1.01

---- ---- ---- ----

+R U-235 ---- ---- ---- ----~ ----(n ----
~

G *$
(' o

e ' .I

b ( } Engineering uncertainty far. tors are given on Table 4.4-23.A.



TABLE 4,4-24

CRBRP PRIMARY CONTROL ASSEMBLIES PIN TEMPERATURES HOT CHANNEL /SPUT FACTORS

Heat Centratica
(tolant F11st (164Jfag g Absorber Absorber (laoJeag Coolant

OfittCT 'II

Fever level P4asurew nt and
Control system Cead Band 1.03 1.03 1.03 1.03

Inlet flew Paldtstributten 1.0
se :sse 1y flow Paldtstribution ---4 - -- 1.0752

C a lc ula t 6 r,nal unc erta tot t es 1.03
f.n Jt e/b> pass f low 5pitt 1.10
Clacfing (t r(umferential 1.00I 1.0@I
te:cerature variation (Note]}

statistirt.t p j 'u _

In):t it: perature Variation 1.02 1.0
E.attor eT vartation 1.04 1.0 -s

At u.rter flalJlstributton"

a ..t (r n Au t I v i t y 1.02 1.13 1.03*

ute r was. Le tentation 1.01
izct. nnel Ilo Area 1.09 1.0 1.0

1.21(,) 1.39(,).fitn Feat irsnsfer Coefficient
1.37Feltet.CladJing [ccentricity

Cladding II.unness and
Canhctivity 1.01 1.10 1.04

cap thictness and Conductivity 1.13
Coolant Prcperties 1.01

1.404f hl.23h' 'l.23h' 'l.07h.27f.) 1.091.07 '.051 1.057 1.03lu1At 28 1.413
1.30 l.53 l.10 1.40 l.13 1.10 '

.0 61 1.071 1.033' l.458 'l.445 '

(a) Uncertainties due to physics analysts calculationa. methods (15% on coolant enthalpy rise and cet absorber, clat.dtng and
coolant heat generation) are applied directly on nuclear radial peaking factors,

g,
gg (*)for local cladding temperature calculations,

(0) For average cladding, absorber temperature calculations.f+ R (a) In adJttion. the assembly inlet tmperature will t,e increased by 16'F. to account for primary loop tevperature coolant-

uncertainties.--''

** (a) Appites to Plant Espected Operating Conditions.a
(t) Applies to Plant Tf.'t Cesign CcnJitions(O o

51
7 (Note 1) Under the wire wrap local hot spot factors are 3.17, 1.40 and 1.20, for the claddiny CD,-

raidwall and ID, respectively.r,
um

$
Q

O O e



TABLE 4.4-25

CRBRP PRIMARY CONTROL ASSEM3 LIES MIXE0 MEAN EXIT TEftPERATURE HOT
CHANNEL FACTORS

Assembly Exit Chimney Exi.

DIRECT (+)

Power Level iteasurer.ent and
Control System Dead Band 1.03 1.02

Inlet Flow Maldistribution 1.08 1.07

STATISTICAL (3c)(0)

Inlet Temperature Variation 1.03(4)l.0(*)

1.04(4)1.0(*)Reactor aT Variation

Absorber Maldistributien 1.02 1.02

Cladding Thickness 1.01 1.01

Coolant Properties 1. 01

1.154 (t }1.130 (t) 1.111,
TOTAL 2o 1.175 (?)l .140 (t) 1.1163o

(+) Uncertainties due to physics analysis calculational methods (15% for both
assembly and chimney exit) are applied directly on nuclear radial peaking
factors.

(4) Applies to Plant Expected Conditions.
(t) Applies to Plant T&H Design Conditions.
(o) In addition, the assembly inlet tercerature will be increased by 16*F

(assembly exit) or 10"F (chimney exit), to account for primary loop tem-
51 perature control uncertainties.

Sb57*
4.4-117

Amenu. 51
Sept. 1979



TABLE 4.4-26

CRBRP PRIMARY CCNTROL ASSEf1SLIES PLENUM PRESSURE
HOT CH1aMEL F4CTORS

Plenum Temperature Burnuo

pIRECT(*}

Power Level Measurement 1.02 1.02

Inlet Flow Maldistribution 1.08

Subassembly Flow Maldistribution
Calculational Uncertainties 1.08

Bundle / Bypass Flow Split 1.10

STATISTICAL (3a)(U)

Inlet Temperature Variation 1.02(*)1.0(t)

Reactor ai Variation 1.04(#)l.0(i)

Absorber Maldistribution 1.02 1.0?

Cladding Thickness 1.01

Wire Wrap Or.ientation _1.01

Coolant Properties l'.01

TOTAL 2e 1.354(#}l.332 d) 1.034
3o 1.376(*)l.356 II) 1.040

(+) Uncertainties due to physics analysis cair.ulational methods (15t or; botn
plenum temperature and burnup) are applied directly on nuclear peaking
factors.

(+) Applies to Plant Expected Operating Conditions.
(t) Applies to Plant T&H Design Conditions.

51 (o) In addition, the assembly inlet temperature will be increased by 16 F
to account for primary loop temperature control uncertairties.

b.
n,. ''4.4-118 Ov-

Amend. 51
Sept.1979



TABLE 4.4-27

CRDRP SECONDARY CONTROL ASSEMBLIES PIfl TEf1PERATURES IIOT CilAftNEL/ SPOT FACTORS

Ifcat Generation
Coolant Film Cladding C a,p, Absorber Absorber CladdiR ' CoolanE

DIRECT *II

Power Level Measurement and
Control System Dead Band 1.03 1.03 1.03 1.03

Inlet flow Haldistribution 1.05 i
Sut, assembly Flow Haldistribution ' * -1.12
Calcula tional Uncertainties 1.10 |

Dundle/Dypass flow Split 1.06 j
Cladding Circumferential I.)Iec.;> era ture Variat ion 1.58 2.53

--.TISilCAL ( h)(OISTA

'

A At, sort >cr Haldistribution and

i Coriductivity 1.02 1.10 1.03
G 5 tctiannel flow Area 1.08 1.0

f ilc. licat Transfer
Cuef f icient 1.40 j*37(*) 'j * 33(*)

Fellet-Cladding Eccentricity
Cla jeing Thickness and
Cenductivity 1.01 1.10 1.13 1.04

G2p Tr ic6 ness and Conductivity
Ccolant Properties 1.01

10TAL 20 1.54 2.25 3.85(. 1.07 1.26 .) 1.05 1.06 1.03
3o 1.58 2.48 4.36(. 1.10 1.39

g
1.13 1.10 1.06 1.07 1.03

$NC
o n> r
Pi [; (*) Uncertainties due to physics analysis calculational methods (15" on coolant enthalpy rise and on absorber cladding

.j and coolant heat generation) are applied directly on nuclear radial peaking factors,-

m

og j (o) *n aJdition.,the assembly inlet temperature will be increased by 16*f. to account for primary loop tieperature con--
e 51 trol uncertainties.

(*) for roxirnem local cladding midwall temperature calculations only.



TABLE 4.4-28

CRBR EXPECTED OPERATING CONDITIONS DURING PLANT LIFETIME

*
.

?
C

~o

Clean & Unplugged Heat Fouled & Plug ,ed Heat
ExchancersExchangers

Parameter (New Plant) Estimated (2 Year Fouling) (30 Year Foulirq)

Nominal lacan a T N minal Mean o T Nominal Mean a T
97.7 g7,7 97,7

Primary l!ot leg 943 9 f,6 13 968 950 934 13 976 960 964 13 ?37

Tenperature (*F)

Frinry Celd Lcg 698 697 13 722 705 704 11 725 714 714 12 735

Te'perature (*F)

Pri.a ry AT (*F) 245 249 12 273 245 250 12 274 246 250 12 275

Pcwer (Mt!t) 975 975 1004 975 975 1004 975 975 1004

51

NE
N2
* C1.

[

E.S
C
C

$

si e e e''



TABLE 4.4-29'

PLANT EXPECTED C0t:DITIO:45 AttD ASSOCIATED UflCERTAI'lTIES

C0!1SIDERED Oil CR2RP CORE THERM 0 FLUIDS AtiALYSES

First Core Second Core

gominal Inlet Tc.r.perature (*F) 704 711

Hominal Reactor 6T (*F) 250 250

Reactor AT Uncertainty Factor (3a)I*) 1.144 1.144

Inlet Temperature Un:crtainty (3o) (*F) 33 36

Loop-to-Loop Imbalance (3o) (*F) 4.6 4.6

Ccm1bined Uncertainty on Inlet Temperature

(2u) (*F) - (Additive to flaminal} 22.2 24.6

(*}TobeccmbinedwithotherunccrtaintiesenF3g

t!OTE: Power Level t'cas'irement/ Control Dead Band Uncertainty is
51 Already Included in Above Uncertainties

4.4-121 Amend. 51
Sept. 1979
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h
TABLE 4.4-30

CENTER TEMPEIATURES A?;D PC'JERS-TO-MELT OF I':CIPIENT

MELT SECTIONS AS COM?UTED BY LIFE-3

Calculated Observed
Calculated T Power-to-Melt Power-to-Melt

Pin l'o. *F ( * C) mar' kW/ft (kw/m) kW/ft (kw/m)

P19-35 5009 (2765) 16.62 (54.5) 16.69 (54.6)

P19-02 4978 (2748) 16.04 (52.6) 15.89 '(52.1)
P19-24R 5024 (2773) 15.44 (50.6) 15.59 (51.1)

P19-27R 4990 (2754) 19.23 (63.1) 19.16 (62.8)
P19-28 4966 (2741) 19.02 (62.4) 18.82-(61.8)
P19-30 5070 (2799) 17.22 (56.5) 17.79 (58.3)

P19-08 5006 (2763) 15.36 (50.4) 15.40 (50.5)
P20-07 5']Q4 (2762) 15.72 (51.7) 15.75 (51.7)
P20-30 4985 (2752) 16'.82 (55.2) 16.70 (54.8) @
P20-33 4982 (2750) 19.07. (62.5) 18.98 (62.2)

Average T = 5001 1 28'F r.m.s error
'

(2761 1 16*C) = 0.21 kw/ft (.69 kw/m)
*

std. dev.
=0.24kw/ft(.77kw/m)

51 *
Two degrees of freedom lost in calibrating LIFE-III parameters.

%viG6
'

4.4-122
Amend. 51
Sept. 1979
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TABLE 4.4-31

COMPARIS0N OF 3a MINIMUM POWER-TO-MELT TO POWER AT 15% OVERPOWER

Q= ""
POWER AT

1.15START OF JUMP 1.15 00 "0 ~0 04 Eb1 1ASSEMBl.Y t(hrs) tir P* TR 1 0"N 0 " 3'REPOWg
- 0 2 M 4 2 33-

?
1. F/A 101 8 0.70 0.782 1.111 0.234 0.877 0.095

F/A 101 58 0.90 1.005 1.315 0.180 1.135 0.130

F/A 101 108 1.00 1.117 1.390 0.210 1.100 0.063

f/A 14 8 0.70 0.782 1.1/2 0.234 0.933 0.155

F/A 14 58 0.90 1.005 1.350 0.180 1.170 0.165

F/A 14 108 1.00 1.117 1.442 0.210 1.232 0.115

51
NFP = Nominal full power.

$N
EB
* Q.

(*
7]
~1
'd
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TABLE 4.4-32

CONTROL ROD SYSTEMS HYORAULIC DATA

Secondary Control
Basis Primary Control Assembly Assembly

,

e C/A location Row 4 Corner, or Row 7 Corner Row 7 Flat

e Assembly ficw rate (lb/hr) - 47,000' } (THDV) 71,500 (16,900) )
J. I4

49,947 PE0V)
51,493 Max t.P)

e Flow Split - 0.61 (parked); 0.51(+)(Bundle /Assy.) 0.65 (fully inserted C/R, 20C);
n.70 (fully inserted C/R, E0C)

e Parked Control Red
PressureDrop,PE0V,(psi)- 6.0 1.16

e Flow Margin to Control Rod
Flotation - 1.14 Not applicable

e Bundle Average Flow
Velocity (fps) - 7.18 3.23

e Bundle Average
Reynold's No. - 34,600

11,880

* Net upward ficw around latch seal, not including ficw to low pressure pienum.
51 *This is a conservative design value used in TAH Analysis.

cy,p 54 '

4.4-124 Amend. 51
Sept. 1979
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TABLE 4.4-33

CONTROL ASSEMBLY PEAK THERMAL PERFORMAfiCE

(Note: Temperatures for the PCA are based on 47,000 lb/hr ' low rate
at THDV conditions with 2a hot channel / spot factors)

Rod Withdrawal Absorber (36") Maximum Cladding
Typical C/A Position (in) Power (kw) Midwall Temoerature ( F)

P

Row 4 Corner (primary)(*) 36 74 834

Row 7 Corner (primary)(**) 10.5 506 1146

Row 7 Flat ' secondary) 36 950--

* At E0C4

[k **At BOC3
ea
Gm
r w

C'
c'
N

i

*



TABLE 4.4-34

REMOVABLE RADI AL SHIELD ASSEMBLIES TEMPERATURE UtlCERTAINTIES

HFAT GErlERATI0tl UtlCERTAirlTIES

Di rect

Bias (*) 1/l.15(d)
flon-S ta tis tical 1.08
SOC-to-E0C and Assem(bl)y-to-Assembly 1.02
Cycle-to-Cycle Bias e (b)

Statis tical (3a) 1.12

EllGillEERIrlG UllCERTAINTIES

Di rect
.

? Pc ser Level Measurement and Control System Dead Band 1.03(1.0)y inlet Flow !!a1 distribution 1.02
.

Statistical (3a)

Heactor AT and Inlet Temperature Variation 1.0(1.156)(a)
Inle t Flow flaldistribution:

DPFil Leakage 1.171(c)
Remaining Uncertainties

1.122 (a)t cop Temperature Imbalance 1.030
Coolant Properties 1.017

__

(a) - for AT = 250 F;
(b) - Cycle-to-cycle bias for AFMS-M is 0.88 at SOC 1 and 1.05 for E0C5;@g (c) - Does not apply to RRSA's in LIM's;

y,

m

FE (d - /pplies tc stainless steel heat ~ generation but not to sodium heat generation;
~

(e) - lhe biases are always applied as shown. The remaining factors are +,-

$$ -

CS *
C;1 51

- Same values of subfactors apply to both plant TUI and expected operating conditions except whenf;(,11 :

two values are given; in this case, the parenthesized values apply to plant expected operating5, conditions, while the non-parenthesized values aroly to TMl operating conditions.
is

e 9 9
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5.3.3.1.7 Operation of Active Valves Under Transient Loadings

There are no Active valves in the PHTS.

I 19
44 |' c., .n s,-,

J Oo-/ r i

5.3.3.1.8 Analytical Method for Component Supports (Vessels, Piping, Pumps
and Valves)

In accordance with the ASME Code, component supports will have the
same code classification as the components they support. Design of each
component support will comply with the ASME Section III, paragraph NF, design
rules corresponding to the component support classification. In order to
provide assurance that the component support stresses comply with limits
specified in paragraph 5.3.3.1.2, analysis of each component support will
be performed. The analytical techniques and applicable computer codes
discussed in paragraph 5.3.3.1.5 and the loading combinations prescribed in
Section 3.7 v;ill apply to detailed analysis of support components. The stress
limits on the supports for the normal, upset, emergency and faulted conditions
shall be as those listed in Fig. NF-3221-1 of section NF of ASME Code Section
III. If the component support design temperatures exceed those for which
allowable stress values are given by Section III, the rules covered in Code 37
Case 1592 and RDT F9-41 will be satisfied. By design, the check valve free

standing disc-seat assembly is isolated from the body and supports so that
valve function would not be impaired even by gross deflections of the piping
and valve support system. 13
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5.3.3.2 lutural Circulation

Althouhh the llTS normally transfers rei.ctor decay heat to the
steem generator system with forced sodium circulation in at least one of
the three main hea t transport loops using pony motor drives on the main
sodium pumps, the PitTS, lHIS and SGS have been designed to assure adequate

24 dccay heat remm1 by natural circulation.
'

5.3.3.2.1 Preliminary Assessment. |25

A preliminary asessment of the CRBRP natural circulation decay
heat removal capability has been made for several cases incluo1ng: heat
removal through thrce loops following three loop rated power operation,
two loops followinc; three loop rated power operation, and two ano one

51 [] loops follcaing 2/3 rated po.-zer operation on tuo leops. (Sec Reference 371
The principal case is the first of these cases (3 to 3). It has been
analyzed on the basis of the following event description.

From initial conditions of three loop full power operation,
44 | complete loss of all electrical power to the main motors and pony motors

is assumed, initiating a PPS trip in 0.5 seconds. Immediately upon loss
44 , of electrical power, the sodium pumps coast down and stop (in approximately'

55 seconds) when the normalized speed has decreased to approximately 1
and cannot overcome intern 61 friction. Flow in all sodium loops is then
maintained by the natural circulation thermal driving heads. Auxiliary
feedwater flow at 700F is available from the auxiliary feedwater portion of
the SGAHRS in approximately 30 seconds. The turbine driven auxiliary feed
pump takes suction from the protected water storage tank to maintain drum
levels during the transient. Final decay heat rejection is through SGAHRS-
via the superheater outlet and steam drum vent valves and the exhaust from
the auxiliary feed pua:p turbine.

The reactor temperatures during the period of concern (the initial
two minutes of the transient) are relatively insensitive to the particular
ll!TS i.nd SGS recirculation flow transient s. The emphasis of the assersment
was placed, thereicre, on f actors which directly affect the primcry flow
transient, the temaeratures resulting from this flow transicnt and the thermal

51| hydraulic behavior in the fuel and blanket regions. To assure that the
natural circulation transients predicted by the analysis were conservative,
" worst case" conditions were used for those factors which would affect the

51 1 maximum cladding temperature in the blanket and fuel assemblies. These
temperatures are maximized by a combination of minimum flow (following the
trip), maximum reactor inlet temperatures, maximum decay power and conser-
vative calculational assumptions.

Selected parameters for the three to three loop case are shown in
U| Figures 5.3-18P and Q. Figure 5.3-18P shows HTS cold leg temperatures as

noted to illustrate the transport delays characteristic of the plant's
operation on natural circulation. The fluctuations in cold leg temperatures
and the movement of the cold sodium through the piping system results in the
flow fluctuations seen in Figure E 1-18Q which in turn yield the fluctuations
seen in the temperature transients between 600 and 850 seconds after scram.
Results of preliminary transient analyslis for the heterogeneous core scheme
show that the peak core temperatures for the 3 to 3 loop natural circulation

51 24 event will not exceed allowable design values.

cp"'7 ~p, Amend. 51
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Table 5.3-18n has been intentionally deleted.

O

.

5.3-116n

Sb[ Ui>O

Amend. 51
Sept. 1979



PRIMARY SECONDARY

m m m

SE NSORS

__

TRANSMITTERS

COMPARATORS ( ) ( ) ( )

/

// M
2/3 2/3 2/3

' 30 III0 III "LOGIC
1 If I11 I I I Ill 11 p ui s

""

si ii

1/24 1/24 1/24

3c

I

I L J._- '
-- LJ LJ LJ LJ L.

- 2/3 2/3 2/3 2/3

'
BREAKERS 6 SECONDARY RODS

]~ ~

n u

| TO HTS BRE AKERS

POWER T0 9 PRIMARY RODS

c - o4

J a u..:_ . 2

Figure 7.2-1. Reactor Shutdown Systeni
Amend. 51

1614-2 Sept. 1979

7.2-69



. . . . ..____ _
_ _ _ _ _

=
u o

-

o = =
= =- x=

2_ ::-
- = a==

== =. ==
m._,

.. =, . _

.a a
- -

a- . - .
-= :. = - e
es ea e t :!
5: : : er

. r= =
.

L E

E ! T- o o
--

__
.n. A

-_

e 1 1-

;4 =
' T T _

i e a
5: A A 5. ,=- => .o? E a o'

: : 5-

e ._
o
* .

O
O
-

-

-
- 2

O

OI O
e
-n

-

e.

1 2,e u: e
x
.

.uo
E CE)
- -

.3
m.

o
* l= nO O g

6

m
C.
G
=
.r
m
H- _

, : :. -
-_ .. =>

oE anY Y :- '

-i i -

_L .L N
- c C d
-

_. . &* *

o
6

=

.o. (.x, -- --

.

A

its . (bE

.,-
mgo

a=/u

a
~
N
-

.T . .-
k

.%
K- - ,

= . -
O~ /\ 2 /\ . <> .

' = - 3,y v .:,; ._ a v
a

' 7683-26
''

-

OAmend. 36

7.2-70
_

w

-

mi-summme--u--in--m------m---. .----m-ium . -- ie i e i



_.

E
P
v.

C
-

2 ^

3 9 Qas0 7 vs0
ST ARTUP NurLE AR -

OR(SEE FIGURE T 2 2C)
.V

gayCH ISO TO R00 2
FLUX TO TOT AL FLOW y3

]H 150 TO ROD 3
R0 CONTROL

H 110 TO ROD 4

s00iuu n ATE R RE ACTiO=
q ,,, ,,,,,,

ISO hT0 HT5 8RE AKERS

PRIMARY T0 15 0 TOMO 6 p

14TE RME 0l ATE F LOW g
R ATIO ' 7 q

b '
SCRAM SEC040 ARY R001y

,N STE AM O RUM LATCH H ISO TOR 002 VALVE CONTROL

LEVEL
7 H 150 TOR 003

i

y

-5 ' '{ y~i
"

TOA004
EV APOR ATOR OUTLE T OR

SOCIUM TEMPER ATURE H ISO TOA005 '
A TR8P OUTPUT:

T0HT58AEAKERS ISO p 50 50LE 4010 0 RIVE R
H ISO TO R00 6

M00lflED buCLE AR RATE @ MANU AL ACTUATION

h , iso @ @ FY Ll40E R
*

V SCRAMs

L CH 13 0 TO R00 2 @ AIR VE NTOI AGR AM OF A TYPtCAL S 040ARY
14STRUME NT CH ANNE L ) -

$
H ISO YO R0rl 3 @ AIR PRESSURE SUPPLY

-| eso @ TO R00 4 g ,,3,7

15 0 MW5
15 0 ISOL ATION DEvtCE

TO HTS SRE AKERS hd ISO h
H 150 10 ROD 6w>

03 (O
ra c:

-

C.- -

@ !$
e Figure 7.2-2D. Secondary PPS Logic Diagram



,

Channel Test input
$ 4 Channel Test Output-
g I logic

4 ogic TestL
;, Test Output

Input1-

E%u , r /
Sensor Transmitter Calc.

"
-

_

Sensor Unit
_ To Scram

-
, _ _

m Comparator
~

p Breaker
u - Logic Driver

Transmitter Buffer 4 _ ,- :- tf24

Optical 2/3 Logic

O Buller , CouplingTransmitter
n }b~h .v
u

bensor Calc.
~

-y hr Unit 4M __ _ _ _. To Scram
-

N Lomparator -. Breaker
Nm u Logic R .ser-

Transmitter
Buffer

3 4 ,-
-

1/24

Optical 2/3 Logic
Buffer Coupling

Transmitter ,m yQ .

J
Sensor Calc.

Sonsor Unit 1 - To Scram
m Comparator 3E b _j f, Breaker

M
(0 Transnuner

- Logic Driver
Buffer 1/24C 3E b

{ Optical 2/3 Logic;;. Coupling

ria
Figure 7.2-3. Typical Primary Subsystem



W CHANNEL TEST OUTPUT
E
L CHANNEL TEST INPUT

TRANSMITTER

) BUFFER
-

SENSOR

_

CALC.
-

COMPARATORUNIT

]SENSOR \ SOLE N010 0 RIVER 'rs
1/16 (CHANNE L A) . . _ .

T R A NSMIT T E R
BUFFER

BUFFER
T R ANSMITTE R

t 2/3 8) eN SENSOR BUFFER
e.

27
COMPARATOR ,

S

>
_.

o
SE NSO R \ - SDLE N010 ORIVER

u

h/ 1/16 (CHANNE L B) 2/3
T R ANSMIT T E R

BUFFER

BUFFER
T R ANSMIT T E R

2/3SENSOR ) BUFFER
_

_

CALC
- COMPAR ATOR

-

UNIT
u> -

co a Z SOLEN 010 ORIVE RK@ SENSOR )
1/16 (CHANNE L C) ,)

T R ANSMIT T E R*

BUFFER
e tn

E[ 7
c:
'.'i .

Figure 7.2-4. Typical Secondary Subsystem
.

,
.. .

O O e



7.5.4.1 Design Description

The following subsystems make up the FFM system.

1. Cover Gas fionitoring

This subsystem continuously samples the cover gas and
34 determines, through ganma analysis:

- the concentration of selected radioactive fission
gases to inform the plant operations staff upon

|34 e ch instance of fuel or blanket pin cladding failure.
51

4
- the concentration of radioactive fission gases to
characterize the failed pins as to burnup and other
information.

2. Reactor Delayed Neutron Monitoring

34 This subsystem continuously monitors for the presence
of fission products in the sodium coolant which decay
with the enission of neutrons. A predetermined
increase in the neutron signal from the Primary Heat
Transport System sodium, above the normal background

34 level, is taken as an indication of fuel contact

with sodium.

The Impurity Monitoring and Analysis System provides
verification of fuel exposure to the sodium by removing
sodium with a grab sampler and by subsequent laboratory
analysis for fuel and fission product material.

3. Failed Fuel Location

Stable (non-radioactive) xenon and krypton isotopes
(that are not fission products) are placed in each
fuel and blanket assembly pin. Each assembly has a
unique ratio of isotopes which will be released to
the cover gas upon failure of a pin in the assembly.
Analysis of a processed sample of the cover gas,
using a mass spectrometer, is used to identify the

34
assembly containing the failed pin.

The FtM subsystems are described in greater detail in the
following sections. A block diagram of the FFM system is provided
in Figure 7.5-3. ca-m- .

v.Jud J >

7.5.4.1.1 Cover Gas Monitoring Subsystem

The Cover Gas Monitoring Subsystem receives sample gas
from the Inert Gas Receiving and Processing System. The sampling
control system is located in a shielded cell in the Reactor Service
Building. The cover gas passes through a sodium vapor trap and into

charcoal delay bed.
34 Amend. 51

Sept. 1979
7.5-15



O
The purpose of the delay bed is to increase the concentration of gas (primarily
xenon and krypton) isotopes of interest, and allow the argon cover gas to
pass through without delay, thus enhancing signal-to-signal background ratio.
A fixed-channel analyzer, located in the reactor service building, analyzes
the cover gas sample for radioactive xenon and krypton fission products. If
a leak in a fuel pin occurs, an increase in activity will occur. This indicationof a leak will be annunciated by the Plant Annunciator. A mul ti-channel34 analyzer, including a mini-computer, analyses the signal from the detector
to display the entire gamma spectrum, thus providing burnup and other information
characterizing the failed fuel pins to supplement the failure location subsystem
through correlation with core and blanket history.

7. 5. 4.1. 2 Reactor Delayed Neutron Monitoring Subsystem

The Reactor Delayed Neutron Monitoring Subsystem includes a Delayed34| Neutron Monitor consisting of an assembly of three BF -filled gas proportional3
neutron detectors, mounted in a shielded moderator assembly adiacent to each
of the three primary Heat T ansport System hot leg pipes.

Coolant sodium transported past the detector assembly, is contin-
uously monitored for delayed neutrons emitted by decay of radioactive
precursors in the sodium. The system sensitivity is dependent on the signal-
to-background ratio of the system. Signal is defined as detected delayed
neutrons produced by recoil of precursors from fuel exposed by cladding fail-
ure, or from fission of fuel washed out into the sodium through a failure.
Background is defined as detected neutrons from known sources which are not
initially related to failed fuel (fuel pin contamination, fissionable impuri-
ties in core structural materials, fissionable materials in the sodium, and
neutrons from the reactor).

The shielding and moderator assembly provides 1) reduction of gamma
interference from Na-24, 2) moderation of neutrons, 3) capability for remote
insertion of a calibrated neutron source, 4) capability for insertion and
removal of the detector assemblies from the reactor containment building
operating floor without deinerting the PHTS cells.

Sf nois n um the three BF9 3 detectors are routed to individual inputsof a preamplifier. Each input of the preamplifier provides individual
electronic discrimination against gamma-caused counts from each detector. Afterdiscrimination, the neutron-caused counts from the three BF 3 detectors, 1 per
coolant loop, are combined in a summing circuit, and routed to a local control
panel located in the Reactor Containment Building. The local control panel

34 ,

provides controls for remote adjustment of the preamplifier discrt,inators,
a low voltage power supply, a detector-bias high-voltage supply, a comparatori

for low detector bias voltage alarn and a front panel function switch to select
TEST, CALIBRATE or OPERATE nodes. These signals are routed to a panel in the
main control room displaying the output on three five decade logarithmic count34: rate meters and a three pen five decade logarithmic strip chart recorder.

. ca m
Sbw# '

Amend. 34
7.5-16 Feb. 1977



TABLE 7.5-1 (Continued)

i Measured
Sy_ stem Parameters Instrument Measured Location Purpose

|'SteamGenerator
feedwater Temp.* RTD Steam drum inlet (feedwater) PPS, display & steam generator(cont'd)

performance evaluation

Recirc. Water Temp. Thermocouple Recirculation pump discharge Performance evaluation
header

Steam Temp. Thermoccuple Outlet header from steam drum Performance evaluation
(steam)

Superheat Steam RTD Superheater outlet line (steam) PPS and DisplayTemp.*

Evap. & Superheater RTD Inlet & outlet nozzles for I Display & performance evaluation
j Inlet-Outlet Temp. evaporator & superheater (1 loop)

Blowdown Temp. Thermccouple Blowdown line for each steam drum Performance evaluation
s Feedwater Dressure Pressure elewnt Inlet line to each steam drum Display and steam generator*

g performance

Steam Drum Pressure * Pressure eierent Appendage from steam drum PPS and display
Recirc. Pump Out- Pressure element Appendage frcm recirculation

Performance evaluationlet & Inlet pres. pump discharge and suction
sure. header.

pgSuperheat Steam * Pressure element Loop output steam line PPS and displayPressure

Evaporator and Pressure element Inlet nozzle for 1 evaporator Performance evaluationSuperheater Inlet and superheater (1 loop)
Pressure

Evaporator and Prer .,re element Outlet nozzle for evaporator SWRPS and performance evaluation
Superbeater Outlet and superheater in each loop
Pressure

Steam Drum level * Differential Differential pressure across PPS and display
Pressurt Element steam drum

ON
_

g

c+ x
3*

C
a.

@
NN
@Q ( ,$P

e

Y*
*

.

(*
,

Mw



TABLE 7.5-1 (Continued)

{Measured
System Parameters Instrument Measured Location _ Purpose ,

Reactor and Core Sodium Exit Thermocouples Selected fuel and blanket Display and cor. trol - core out-
51 vessel Instru- Temperature assemites. iet temperature

menta ti on
Core Peripheral Thernocouples Core periphery - 2 locations Display - Design verification
Temperature

Upper Internals Thermocouples Parts of upper internal structure Display - design vecification,
40Temperature 6 locations predict stress on various

| components

Sodium Level above Level Prot.e Reactor vessel plenum PPS and Control, Display
Core *

N
40-

m
O Closure Head Thert"ocouples Closure head - 24 locations Surveillance
N Temperature

41 Upper Internals Vibration Element 4 Biaxial on parts of Display - measure vibrations
Movement appropriate structure induced by sodium ficw

,

fuel failure I Cover Gas Gama Ga r"o Spec t rcre t e r Sampling in RSB Detect each instance of fuel
Monitoring | Activity clad failure and characterize

failure

Celayed Neutron EF Counter Shielded moderator assembly adjacent Detect fuel in PHTS
3Monitoring to each of the PHTS hot leg pipes

Tag Gas Isotopic Mass Spectrometer Gas tag sa pling traps in RSB Locate failed fuel
Composition

[f . . _ _

u n> Leak Detection Lic uf d stal Contact detectors In various locations in sodium Identify locatic, of liquid

." 1 to Cn teaks cable detectors circuits retal to cas leaks for
contiruw nrve111er.ce c<aerosol monitors-
licuid retal system t,oundaries~

- - - - - - - - - - . - - - _ k
e i

Y
C-
4

g
.

'9 9 9



TABLE 7.5-1 (Continued)

Measured
System Parameters Instrument Measurement Location Purpose

Leak Detection Intermediate to Level probe IHTS expansion tank Detect leak in IHX
(cont'd) Primary Leak

Steam Generator Hydrogen und 0xygen Sodiua exiting either or both
Leaks detectors sucerheater outlets

f

Steam Generator Hydrogen e c 0xygen, Sodiu- filled vent line from Detect small water-sodium and
Leaks detectors - superheater steam-sodium leak in steam

Sodium filled vent lires frot. generat r, identify leaking
Steam Generator Hydrogen and Oxygen either co :bined evacorator * d"I'' P' #id* Si9"dl # # -

Leaks detectors operator action
|vents or evaporator A vent

Sodium exiting ccmbiredSteam Generator Hydrogen and
Q Leaks Oxygen Detectors evaporator outlets or evap-

orator A outlet.
_ _ _

Sodium-Water Rupture discs Sensors Downstream of rupture discs- PPS and SWRPS initiation
Reaction Pressure Operation * before reaction products

y Pelief separation tank

Pupture discs I, unstrean,of rupture discs - $11RPRS initiation
M 43 operation 50"5 'S ''C f "'C 5 d ' '' d""P t ' '' '

Rupture discs Pressure Element Gas space between rupture discs Surveillance of discs
integrity

SWRPS equipment Thermocouples Surface temperatures of reactor Surveillance
Temperature products separation tank,

centrifugal separator, drain
tank and hydrogen igniter

29
Separation Tank Pressure Reactor products separation tank Surveillance

Pressure Elements

S$ Evaporator Water Level, Pressure, Evaporator water and sodium dump Surveillance
- 3 and sodium dump Temperature tanks2 tanks level, Elements
$ pressure and
my temperature

en
k* Safety Related.
C, ,

c. '
C.;
V
O ,



TABLE 7.5-2

REACTOR AND VESSEL INSTRUMENTATION

Measured
Instrument Pa rameter Location Purpose

Thermocouple Core Exit Sodium One at each of 27 Control and surveil-
Temperature selected fuel lance - Core outlet

assemblies temp.

Approximately 311 Surveillance -
additional locations Distribution of
at selected fuel temperature across
and blanket assem- the core
blies.

51

Thermocouple Core Peripheral Two spaced loca- Design Verification -
Temperature tions on the core Distribution temp.

periphery around the core

O
40 Upper Internals Six on parts Design Verification -

Temperature of the upper Distribution of temp.
internal structure to predict stress on

various components

Sodium Level Sodium Level Four short units Protection and Con-
Detector above the core distributed trol - Measures the

equally around operating level of
periphery the sodium in the

reactor

One lorig unit Monitoring - Measure
near one of the the sodium level from
four short ones operating level down

to minimum safe level

41 I Vibration Upper Internals Four biaxial on Design Verification -

Detector Vibration parts of appro- Measure vibrations
priate structure induced by sodium

flow

gLOdi

Amend. 51
Sept. 1979
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9.1.2 Spent Fuel Storage

Spent fuel is stored within the Reactor Se,vice Building (RSB) in
two areas; namely, the ex-vessel storage tank (EVST) and, on a temporary

44 basis, the fuel handling cell (F:lC).

The ex-vessel storage tank (EVST) provides safe and controlled stor-
age under sodium for both new and spent fuel. Nev' fuel is stored in the EVST
under sodium, after an initial preheating in an argon gas environment in one
of the EVST's 24 preheat positions. Temporary storage of spent fuel occurs

44 in a small transfer station in the fuel handling cell (FHC). The FHC is a
sub-floor hot cell in which spent fuel assemblies are removed from Core Com-
ponent Pots (CCP), inspected and measured, if desired, and transferred into
the Spant Fuel Shipping Cask (SFSC).

This section covers the safety aspects of new and spent fuel stored
in the EVST and spent fuel stored in the FHC. The SFSC itself will be

44 licensed separately. (Reference 3)

The design bases, description, and safety evaluation of the spent
fuel storage will cover the following safety items: prevention of criti-
cality, provision for adequate shielding protection against radioactivity
release, prevention of mechanical damage, and fuel storage monitoring. Spent
fuel decay heat removal is discussed in Section 9.1.3.

9.1.2.1 Safety Aspects of New and Spent Fuel Stcrage in the EVST

The EVST performs the functions of preparing new core assemblies for
insertion into the reactor, and providing safe, controlled storage for irradi-
ated and new core assemblies.

The EVST capabilities required to implement its functions are as
follows:

1) Preheating of new fuel assemblies

2) Radiation shielding

3) Storing new and sper.t fuel assemblies under sodium

4) Cooling spent fuel assemblies (See Section 9.1.3)

5) Containing cover gas

6) Providing structural support and physical separation of fuel
assemblies to maintain their subcriticality

26 .9:3iiOO3

Amend. 44
9.1-5 April 1978



O
The EVST is a sodium-filled storage facility with a two-tier

rotating turntable and a fixed head with fuel transfer ports (seeFigure 9.1-6). One EVST is provided, and is located in the RSB between44
the EVTM gantry rails in a nitrogen-filled concrete vault. The majorEVST components are: (1) storage vessel, (2) guard tank, (3) closure
head assembly (4) rotating turntable, (5) support structure, and
(6) drive and controls.

The design of the EVST is similar to the FFTF intermediate
decay storage facicility (IDS). The storage vessel is supported at its
upper flange, suspended into the surrounding guard tank. The guardtank is bottom supported. The turntable is supported by a bearing and
seal configuration above the storage vessel flange. It. holds storage
tubes which provide approximately 650 storage positions in two tiers.

20 The entire turntable with the storage tubes is under sodium.

9.1.2.1.1. Design es

Critically of new and spent fuel assemblies stored in the
EVST is prevented by physical separation. The center-to-center spacing
between fuel assemblies in storage positions in combination with several

51 permanently installed neutron absorber assemblies is sufficient to
maintain the array, when fully loaded with new fuel of the highest

44 anticipated enrichment and immersed under sodium, in a subcritical con-
dition with the K less than 0.95. The EVST design considers all
normalloadings18y[ombinationwiththeloadsfromasafeshutdown
earthquake (SSE) in maintaining the necessary physical separation.
The EVST head is designed to absorb the load of the heaviest piece of
equipment handled by the RSB bridge crane over the EVST: (a) for the

-

main ,~vk, icwered at the maximum crane speed (5 fpm), and (b) for the
auxiliary hook, accidentally. dropping from the maximum handling height
to which it is raised, onto the center cf the striker plate without
affecting the integrity of the fuel separation lattice. The EVST is44
located such that heavy equipment not belonging to the fuel handling20 and storage system is not carried over it.

Shielding is."provided in the EVST and in its containment
vault for radiation protection to meet the radiation protection require-
ments specified in 10CFR20, to ensure that the integrated dose is below
125 mrem / quarter, and to meet the radiation zone criteria of Section 12.1.

'

The EVST is designed for containment of radioactive fission
gases. Radiation doses due to leakage and diffusion through seals and
penetration are limited to well below those of the guidelines of 10 CFR
100 when the entire fission gas inventory of one fuel assembly is

44 released into the EVST cover gas.

The EVST is so designed that movement of the rotating turn-
table will not occur while a core component pot is being withdrawr, or
inserted. This design condition prevents mechanical damage to the
CCP or its contents.

Amend. 51 NEOM
Sept. 1979
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Monitoring instrumentation will be provided for the EVST and
its associated areas for conditions that might result in a loss of the
capability to remove decay heat and to detect excessive radiation levels.

9.1.2.1.2 Design Description

The EVST is shown in Figure 9.1-6. The fuel assemblies are
separated from each other by the storage positions which are part of

20 the turntable. The storage positions within the EVST are cylindrical
tubes restrained and supported by a substantial steel gridwork. Each
storage tube is held in place such that all fuel assemMies have a
center-to-center distance of 9 in. or more. Each storage tube holds
two core component rots containing either new or spent fuel assemblies
in a vertical array, i.e., one above the other in any order. A maxi-

44 mum of 650 new and spent fuel asssemblies can be stored in the EVST in
nine circular rows, although under typical refueling conditions, thora

44| 20 will be 162 fuel assemblies and fewer than 150 ri"ial blanket anemblies,
all stored in the upper tier. Nine storage pos' in vc Lus rows
of the upper tier, and nine corresponding positions in the lower tier
contain B,C-filled neutron absorber assemblies and are inaccessible
for fuel storage. The purpose of the absorber assemblies is to limit

51 the value of K f r the EVST to < 0.95
eff

The closure head hssembly consists of a 6.5 inch-thick steel
striker plate, a 12-inch thick steel closure head, and a multi-sheet
steel reflective thermal insulation. The closure head seals the upper
end of the storage vessel and provides containment for the EVST cover gas.
Striker plate and closure head are designed to support normal structural

44 loads as well as the accidental impact loads given in the design bases.

The E\ST is contained in a 26 ft square by 57 ft deep nitrogen-
filled concrete vault located in the Reactor Ser vice Building (RSB),
as shown in Figure 9.1-1. The EVST vessel is 'illed with sodium,
topped by argon cover gas. A guard tank, which precludes the loss of

20 sodium, surrounds the storage vessel. The design and construction of
the EVST is in accordance with applicable coc'es, standards, and speci-
fications listed in Section 3.8 for Seismic Category I structures.

The top of the EVST is located at the operating floor level
of the RSB, as shown in Figure 9.1-2. Sufficient axial shielding must
therefore be provided so that the radiation level at the top of the
EVST does not exceed 0.2 mrem /hr, (see plant radiation zone criteria
presented in Section 12.1). This shielding is provided by 22 in. of
steel in the closure head assembly and 87 in. of sodium above the fuel.
Nine fuel transfer ports penetrate the head, as shown in Figure 9.1-6.
Each fuel transfer port is provided with a shielded cooling sleeve
(see Section 9.1.4.7) which extends from the closure head to a point
between the thermal insulation and the sodium level. Lead shdelded
collars around the ports are located in the space between the head and

20
striker plate. A floor valve adaptor is inserted into the fuel transfer

Amend. 51
9.1-7 Sept. 1979
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port before a floor valvt is mated to the EVST, ar.d extends from the
striker plate top to the cooling insert. The cooling sleeve, shield
collar, and floor valve adaptor reduce the transient dose rate from a
spent fuel assembly being transferred into the EVST from the EVTM to

20|less than 200 mrem /hr at the surface. The port penetrations through the
closure head are stepped to limit radiation streaming through the gaps
In order to allow sufficient time for inspection and maintenance of the
main bearings and seals, shielding is provided to attenuate the direct

20 and scattered radiation levels to less than 125 mrem /qtr.

201 The EVST internals, storage vessel, and guard tank thicknesses
are based on structural considerations, but also attenuate radiation in

the radial and downward directions. However, the bulk of shielding to
reduce radiation levels in adjacent vaults is provided by the concrete

vault walls which are discussed in Sections 3.8 and 12.1.

The fuel transfer port plugs in the EVST head have double seals
with capability for convenient periodic leak testing. Large diame @
seals are between the storage vessel and the closure head. The opera-
ting ficor striker plate has a seal at its mating surface with the side
wall vault lining. In general, all seals in the EVST are double with

20 capability for convenient leak testing.

The EVST will be designed with sensors and interlocks to prevent
20lany unscheduled movement of the turntable while the EVTM is mounted on

the EVST. The interlock allows the turntable to rotato nly when the
EVTM grapple is in the full up position. The EVST is asigned to prevent

44 20 excessive rnlative motion between the head and turntable during an SSE.

Temperature instrumentation and sodium level sensing probes will
monitor cooling capability. High EVST sodium outlet temperature, and
high or low sodium levels will sound an alarm. Other monitors will be

20 provided in the EVST cooling system (see Section 9.1.3). Sodium leak
detectors will monitor the spac^ between the storage vessel and the
guard tank. An argon cover gas activity menitor will be provided. An
area monitor of '.ne gamma scintillation type will measure the gamma
radiation on i.ne RSB operating floor above the EVST.

9.1.2.1.3 Safety Evaluation

The minimum center-to-center separation distance between storage
20 tubes and the 9 storage positions permanently filled with B C will keep4

the storage array subcritical even if the EVST were completely loaaed
with new fuel assemblies of the highest reactivity, The B C neutron

51 absorbers are designed such that they cannot be removed inkdvertently,
i.e. cannot be removed with the normal refueling equipment, but requires
a special removal tool. Based on the calculations reported below the
K of this array, either with sodium or void of sodium, will be less

il 27 t b 0.95, as required.
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Critically calculations using a three-dimensional multigroup Monte
Carlo method (KENO-IV Code, see Appendix A) yielded a K = v.322 =
0.025fortheupperlimitEVSTloadingof650freshcor$fuelassembliesf

with the highest enrichment. Previously performed K calculations
fwithfuelofiowerfissileplooniumenrichmentinaNkVSTlatticewith-

out absorbers yielded close agreement between the two-dimensional,
multioroup diffusion method (DOT Code, see Appendix A) and the

51 44 KENO-1/ Code.

9
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core assembly in a sodium filled core component pot (CCP) from the ex-vessel
44 storage tank, while the IVTM removes a spent core assembly from the core and

deposits it in a CCP located in a transfer position outside the core, but
still within the reactor vessel. The EVTM then places the CCP containing the

44| new core assembly in the second transfer position inside 'he vessel, the
rotating guide tuba rotates to the first transfer position, and the EVTM

44l removes the CCP containing the spent core assembly from the first transfer
position. During this time, while the EVTM is at the reactor, the IVTM and
rotating plugs must remain stationary. The EVTM then moves away from the

44l reactor to deposit the cCP with the spent core assembly in the EVST, while
the IVTM, operating in conjunction with the rotating plugs, installs the new

44l core assembly in the open core lattice position. These operations are
repeated until the refueling is completed.

51
20|

Spent control assemblies are exchanged first to increase core nega-
44| tive reactivity. Then spent blanket assembliea are exchanged, followed by

51 spent fuel assemblies in inverse order of decay power. As a consequence of
this refueling sequence, time is permitted for decay, thus reducing the
decay heat which must be removed by the EVTM during fuel handling. This
sequence reduces the maximum spent fuel assembly decay power handled by the
fuel handling equipment to sl5 kw compared to the 20 kw capability.

Core assembly operations are repeated 325 or less times for even
years (including 162 fuel assemblies) except for one even year when 385 core
assemblies are exchanged. During odd yrars, up to 93 core assemblies, but

51 14 no fuel assemblies, are exchanged.

After refueling is completed, the IVTM is removed from the reactor
and stored in the RCB. The fuel transfer and IVTM port plugs are reinstalled
in the reactor head and both floor valves and adapters removed to their
respective stcrage areas in the RCB. The reactor upper internals are
lowered, and CRDL's are reconnected to the control assemblies. Finally, the
hatch between the RCB and RSB is closed and leak checked, the RCB and RSB
HVAC systems are returned to the normal operating mode, and the reactor is
ready for startup.

After spent fuel has decayed for %100 days in the EVST, it may be
loaded into the spent fuel shipping cask. Control, radial shield, and some

low-power blanket assemblies can be shipped offsite before the 100-day
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O
' cooling period, but fuel and high-power blanket assemblies are held until
they decay to n4 kW or less.

20
44 Spent assemblies to be loaded into the spent fuel shipping cask

are transferrtd in sodium-filled CCP's from the EVST to the fuel handling
cell by the ex-vessel transfer machine. In the FHC, they are stored

temporarily in a three-position spent fuel transfer station. The assem-
44 blies are removed, one at a time, from the transfer station by a gas

cooling grapple, the exterior is dimensionally and visually examined if
desired, and residual sodium is drained prior to loading.

The spent fuel shipping cask (SFSC) is brought onsite by a special
rail road car. The cask is removed from the railroad car, lowered down a

shaft onto a transport dolly by the Reactor Service Building crane, and the
outer containment shipping cover removed. The dolly moves the cask under the
fuel handling cell floor, where it is sealed to the bottom of the cell. An
access plug in the floor of the cell is removed by an in-cell crane, and up
to nine assemblies are loaded into the cask. The cask is then decoupled from
the FHC, the shipping cover is reinstalled, the cask is removed from the FHC
shaft, loaded onto the rail car and checked for radioactive contamination
prior to shipment. The cask is then shipped to ie reprocessor.

The reprocessed fuel material is provided to the fuel fabricator,
who eventually returns new fuel assemblies to the CRBRP, thus completing the
fuel cycle.

44 51| There are 385 core special assemblies provided in the CRBRP. They
are used for:

1) Initial reactor core loading,

2) Reactor core unloading,

g| 3) Lower inlet module replacemant (see PSAR Section
4.2.2.1.1.2),and

4) Removing jamed fuel assemblies (see PSAR Section 9.1.4.4.3).

44 | Prior to the first reactor startup, the core special assemblies are
replaced on a one-for-one basis by new fuel, blanket and control assemblies.

44 | If'the core is unloaded, the core special assemblies are inserted for spent
core assemblies on a one-for-one basis. During initial core loading the new

,

44 | nd clean core special assemblies can be installed using the RCB polar crane
since the reactor core is open to the RCB air atmosphere and does not contain
sodium at this time. At any other time, they must be handled by the reactor

25refueling system equipment.
44
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After removal from the reactor core, the sodium wetted core special
assemblies are first brought to the EVST, and are later transferred into the

44 51 | FHC. 162 of these core special assemblies simulate fuel assemblies in the
core and have full-flow filters. These assemblies are partially disassembled

| in the FHC, inspected, equipped with new filters, and reassembled. All other
4 41 core special assemblies are only inspected.

44| Whenever core sr :ial assemblies are handled by refueling equip-
ment, they are accounted .ar using the same inventory control system as
"real" core assemblies. Before entering and after leaving the reactor core
lattice they are electromechanically identified by the IVTM using identifica-

44| tion notches (see 9.1.4.4.2). In the FHC, speciai and real core assemblies
are identified and differentiated both visually and electromechanically. The

44 core special assemblies leave the FHC in special inerted containers or bags.
The outer surface of these containers or bags is checked for radioactivity

44| immediately after leaving the FHC port. The core special assemblies are
transferred from the FHC to the Large Component Cleaning Vessel (LCCV)

44| located in the RCB for sodium removal . Cleaned core special assemblies are
packaged in polyethylene bags, loaded into holriing transfer racks, and trans-
ferred to a storage area in the RSB or warehouse.

44| The physical difference of identification marks between special and
real core assemblies, the positive identification of core assemblies at two

44| locations, and the radiological monitoring of core special assemblies before
cleaning them are regarded as sufficient safeguards to insure that no real

4 41 fuel assemblies are mistaken as special ones, and stored in a storage facil-
ity not designed to receive them. 25

44| 9.1.4.2 Deleted

9.1.4.3 Safety Aspects of the Ex-Vessel Transfer Machine 'EVTM)

The primary function of the EVTM is to transfer core assemblies
between the reactor, EVST, new fuel unloading station, and FHC. The EVTM is
designed to handle both new and irradiated core assemblies in sodium-filledU CCP's and bare new core assemblies. The EVTM has the following capabilities:

! 1) Grapple and release core assemblies, CCP's, and port plugs20
44 2) Raise and lower core assemblies, CCP's and port plugs

3) Provide containment of radioactive cover gas
4) Maintain an argon environment
5) Maintain preheat temperature for new core assemblies
6) Provide ip to 20 kw cooling for spent fuel assemblies

44 7) Provide .adiation shielding

49 | machine. The EVTM is a shielded, inerted, single-barrel fuel handlingThe EVTM is mounted on a trolly, which, in turn, is positioned
on rails on top of the gantry. The gantry moves on crane rails between
the Reactor Containment Building (RCB) and the Reactor Service Building
(RSB). Tne trolley rails are perpendicular to the gantry rails, allowing

14 complete indexing of the EVTM. The EVTM mounted on its gantry is depicted
in Figure 9.1-13.
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OA perspective cutaway view of the EVTM is shown in Figure 9.1-14. The EVTM
is similar in concept to the FFTF Closed Loop Ex-Vessel Machine (CLEM). but

44| is considerably shorter. The EVTM is 35 ft high and weighs 240 tons, insd-
ing the gantry. The span of the gantry is 30 ft between the rails.

The EVTM is modular in construction to limit the size and weight of
the subassemblies for better maintainability and fabricability. Major subas-
semblies are: grapple drive system, several cask body modules which provide
structural s'upport and shielding, service platforms, a view port assembly to
permi't visual inspection of CCP's, port plugs, or drip pans, a drip pan
assembly to collect sodi um drippage, an extender which raises and lowers the
closure valve, a closure valve which mates with the floor valve and provides

44 the gas tight seal, the cold wall assembly and electrical, instrumentation,
and control equipment.

Irradiated core assemblies are handled by the EVTM only in s Mium-
filled CCP's. New core assemblies are handled both in CCP's (between the
reactor and the EVST) and bare (between the new fuel unicading stations and
the preheat statiens in the EVST and between the preheat stations and the

44 storage stations in the EVST). Different grapples are re'1uired for the bare
assembly and CCP. Grapple changing is fairly straightforward, and is done in
the FHC using the designs and techniques developed for the FFTF CLEM. The
CLEM, in turn, is similar to fuel handling machines used successfully at
Hallam Nuclear Power Facility and at Fermi-1 (the replacement machine).

The EVTM is connected at each fuel transfer port by lowering the
closure valve and mating with the floor valve. The sealing at this inter-
face is accomplished by double seals on the top of the floor valve. The
space between the seals is then pressurized with argon buffer gas. The air
trapped within the sealed interface space between the valves is purged by
pressure-vacuum cycling. First, vacuum is drawn by the plant radioactive
vent system, then pressure is applied from the argon supply system. This
cycling is repeated a sufficient number of times to reduce the oxygen con-

44 centration to an acceptable level. The closure valve and flocr valve are
then opene, and the drip pan pot is rotated out of the way. The grapple
is then dri,en down to pick up a CCP or a bare core assembly.

The grapple is driven down into the handling socket of the CCF by
the chain drive system. The grapple fingers are actuated, engaging the lip
on the handling socket. The CCP containing the new or irradiated core assem-

44 bly is then raised into the EVTM cold-wall assembly. After the CCP is fully
raised, the drip pan is closed to prevent sodium drippage on the closure
valve or floor valve. The closure valve and floor valve are then shut, and

4e r dioactive gas trapped between the valve interface seals is purged by the
vacuum-pressure cycling described previously. The extender is then retracted,
permitting the EVTM to move to another location. The closure valve and drip
pan module are based on the same design and operating concept as the floor

20 valve denribed in Section 9.1.4.6.

The safety aspects of the EVTM that will be covered in this section
radiation shielding, prevention of radioactive releases, cooling ofare:

spent fuel, and prevention of mecnanical damage.

9* S iO 1 1 Amend. 449.1.38 April 1978



TABLE OF CONTENTS

Page

15.0 ACCIDENT ANALYSIS 15.1-1

L INTRODUCTION 15.1-1

15.'.1 Design Approach to Safety 15.1-1

15.1.1.1 Fi st Lecel of Design-Inherent and Basic Design 15.1-3
Characteristics

15.1.1.2 Second Level of Design-Protection Acainst 15.1-4
Anticipated and Unlikel" Faults

15.1.1.3 Third Level of De:ign 15.1-6

15.1.3.1 Dynamic Mechanical Loading Requirements 15.1-7

15.1.3.1.1 Overall Approach 15.1-7
15.1.1.3.1.2 Past Trends 15.1-9

. c .1.1. 3.1. 3 General Consideratier.: 15.1-10

15.1.1.3.1.4 Dynamic Loadir.g Design Requirements 15.1-12

15.1.1.3.4.1. Accomodation of Third Level Desiga
34 I Requirements (Dynamic Loads) 15.1-14

/ 15.1.1.3.2 Geometric Requirements for Primary Coolant Boundary
Components 15.1-17

15.1.1.3.2.1 Rationale and Basis for Requirements 15.1-17

15.1.1.3.2.2 Specification of Geometric Requirements 15.1-17

15.1.1.3.2.2.1 Accomodation of Third Level Design Requirements
Requirements (Geometric Requirements) 15.1-lM

15.1.1.3.3 Thermal Requirements for the Core Support and Vessel
Boundary Structures 15.1-20

15.1.1.3.3.1 Rationale and Basis for Requirements 15.1-20

15.1.1.3.3.2 Specification of Thernal Requirements 1 5.1 -21

15.1.l.3.3.2.1 Accomodation of Third Level Design
Requirements (Thermal Requirements) 15.1-21

15.1.1.3.4 Other Third Level Design Requirements 1 5.1 -21

34 15.1.1.3.4.1 Accomodation of Third Level Design
Requirements (Other Requirements) 15.1-24

9 Amend 39
15-i 3,'J(j(),Q Nay 1^77



TABLE OF CONTENTS (Continued)
PAGE N0.

15.1.2 Fuel, Blanket and Control Assembly Pin Integrity
Limits and Control Rod Shutdown Rate 15.1-50

15.1.2.1 The Cumulative Mechanical Damage Function
and Related Design Criteria 15.1-50b

2

15.1.2.2 Cladding Strain Limits 15.1-65

39 15.1.2.3 Limits for Extremely Unlikely Events 15.1-67

15.1.2.4 Criteria for Preliminary Evaluation of Upset
and Emergency Events 15.1-69

15.1.3 Plant Protection System Trip Levels, Design
dvents and Duty Cycles 15.1-93

'15.1.4 Effect of Design Changes on Analyses of Accident
51 Events 15.1-105

15.1.4.1 Reactivity Insertion Cesign Events 15.1-105

39 15.1.4.2 Undercooling Design Events 15.1-107

15.1.4.3 Effect of Design Chnges on Local Failure Events 15.1-111

51 15.1.4.4 Effect of Design Changes on Radiological N.1-111b
Conseauences

15.1.4.5 Reactor Assembly Bowing Reactivity Considerations 15.1-111d

15.1.4.5.1 Reactor Startup Transient (0-40% Power) 15.1-111d

51 15.1.4.5.2 Reactor Power Range Transient (0-100% Power) 15.1-111d

15.2 REACTIVITY INSERTION DESIGN EVENTS - INTRODUCTION 15.2-1

15.2.1 Anticipated Events 15.2-5

15.2.1.1 Control Assembly Withdrawal at Startup 15.2-5

15.2.1.1.1 Identification of Causes and Accident
Description 15.2-5

15.2.1.1.2 Analysis of Effects and Consequences 15.2-5

15.2.1.1.3 Conclusion 15.2-6

15.2.1.2 Control Assembly Withdrawal At Power 15.2-12

15.2.1.2.1 Identification of Causes and Accident
Description 15.2-12

Amend. 51 ,g g A*3,
"J U

15-11 Sept. 1979



LIST OF FIGURES (Continued)

Figure No. Page

15.1.1-17 Third Level Design loading Requirement 15.1-45
IHX Tube Region

15.1.1-18 Third Level Design Loading Requirement 15.1-46
IHX Outlet

15.1.1-19 Third Level Desi ioading Requirement 15.1-47
IHX Upper Shell

15.1.1-20 Third Level Design I.oading Requirenent 15.1-48
Check Valve Inlet

15.1.1-21 Third Level Design Loading Reauirement 15.1-49
for the Overflow Heat Removal System

15.1.1-22 Dose Rate (R/Hr) vs Distance (Ft.) from the
Reactor Containment Building at Zero Days after
the Control Room Design Source Term Release 15.1-49a

15.1.1-23 Dose Rate (R/Hr) vs Distance (Ft.) from the
Reactor Containment Building at One Day af ter
the Control Room Design Source Term Release 15.1-49b

15.1.1-24 Dose Rate (R/Hr) vs Distance (Ft.) from the
Reactor Containment Building at Four Days after
the Control Room Design Source Term Release 15.1-49c

9 15.1.1-25 Dose Rate (R/Hr) vs Distance (Ft.) from the
Reactor Containment Building at Twenty Days after
the Control Room Design Source Term Release 15.1-49d 25

15.1.2-1 Design Stress Rupture of Irradiatei, 20% Cold- 15.1-79
51 Worked 316 Stainless Steel Clad Tubing

15.1.2-2 Isochronous Rupture Strength of 316 15.1-80
Stainless Steel Relative to an Inter-
stitial Content of 0.06 w/o

15.1.2-3 Deleted 15.1-81
51

15.1.2-4 Proportionel Elastic Limit 20% Cold- 15.1-82
Worked 316 Stainless Steel Un-Irradiated
and Irradiated

15.1.2-5 Ocsign True Stress at Maximum Load 20% Cold- 15.1-83
51 Worked Type 316 Stainless Steel, Un-Irradiated

and Irradiated g.gg
15 l.2-6 The Effect of Prior Creep on Tru7 Stress 15.1-84

at Maximum Load at 1200 F. 20% Cold-
Worked 316 m inless Steel, Un-Irradiated

Amend. - 51
Sept. 1979

15-xy



LIST OF FIGURES (Continued )

Figure No. Page

15.1.2-7 Sodium Corrosion Rate of Type 316 Stainless Steel 15.1-85
as a Function of Temperature (Normalized with
Respect to Oxygen)

15.1.2-8 In-Pile Reaction Rate - (U,Pu)0 - Stainless Steel 15.1-86
2

15.1.2 9 Opcration Diffusion Coefficient for the Formation 15.1-87
of the Depleted Substrate in 316 Stainless Steel

15.1.2-10 The Effect of Sodium on the Volumetric Mean Inter- 15.1-88
stitial Contact of 316 Stainless Steel

15.1.2-11 Equilibrium Carbon Content at Liquid-Solid Inter- 15.1-89
faces for 316 Stainless Steel in Sodium

15.1.2-lla Hot Fuel Rod, Core Assembly 6: X/L = 1.0 Distribu- 15.' 39a
tion in CDF Values after 540 EFPD of Operation

15.1.2-llb Hot Fuel Rod, Core Assembly 6: X/L = 1.0 Cumulative 15.1-89b
Frequency Distribution in CDF Values after various
periods of Operation

15.1.2-llc Hot Fuel Rod, Core Assembly 6: X/L = 1.0 Comparison 15.1-89c
of the probability that CDF< and the Corresponding

44 CDF Values at the Design and Nominal Levels

15.1.2-12 Stress Rupture of 20% Cold-Worked, 316 Stainless 15.1-90
Steel, Un-Irradiated

015.1.2-13 Multi-Stage Stress Rupture Tests at 1200 F Comparison 15.1-91
of C.D.F. Predictions and HEDL Results

15.1.2-14 Distribution of Experimental Failures in Multi- 15.1-92b
Stage Stress-Rupture Tests over the Range of
Analytic Uncertainty (1 F q)inC.D.F.

15_.l.2-15 Tests Involving Bi-Axial Creep at 1200 F with 15.1-92c
=29KSIFollowegbyaUni-AxialTensileoraa

Burst Test at 1200 F Comparison of CDF Predictions
and HEDL Results

U15.1.2-16 Tests Involving Bi-Axial Creep at 1200 F with 15.1-92d
=34KSIFollowegbyaUni-AvialTensileoraa

Burst Test at 1200 F Compar, son of CDF Predictions
and HEDL Results

15.1.2-17 Tests' Involving Bi-Axial Creep at 1200 F with 15.1-92e
= 37.5 & 38KSI Followed by a Uni-Axial Tensil

e 2
or a Burst Test at 1200 F Comnarison of C.D.F.
Predictions with HEDL Results OS;()]3

15-xvi Amend. 44
April 1978



LIST OF FIGURES (Continued)

Figure No. Page

15.1.2-18 Tests Involving B! Axial Creep Followed by 15.1-92f
a Uni-Axial Tencile or Burst Test. Distribu-
tion of Experimental Failures over the Range

44 of Analytical Uncertainty in the C.D.F.

15.1.2-19 Transient Limit Curves for Tests Involving 15.1-929
Bi-Axial Creep at 12000F with ce = 37.5
KSI Followed by Rapid Pressurization at
12000F

15.1.2-20 Thermal Tr ansient Tests with Un-Irradiated 15.1-92h
Material and with Material
Irradiated Non-Adjacent to Active Fuel .
Comparison of C.D.F. Predictions and Test
Results

15.1.2-21 Comparison of Burst Test and Thermal 15.1-92i
Transient Test Data for Un-Irradiated, 20%
Cold Worked 316 Stainless Steel

2

15.1.2-21a
Furfan simula!. ion of FCTT Tests with IrradfatedMaterial and with T = 0.1, 1.0, 10 and 200 F/sec 15.1-92j

15.1.2-22 Bilinear Stress-Strain Relationship for 15.1 -92k
Cladding Strain Criterion

44 15.1.2-23 Comparison of Assumed Values to Experimental 15.1 -92L
Ultimate Stress for Dynamic Cladding Loading 2

15.1.4-1 Variation of F/A Hot Chanr.el Maximum
Fuel Temperature For a 60c SSE Transient 15.1-115

15.1.4-2 Variation of F/A Hot Channel Maximum Cladding
Temperature for a 60c SSE Transient 15.1-116

51 15.1.4-3 Variation of F/A Hot Channel Maximum Coolant
Temperature for a 60d SSE Transient 15.1-117

15.1.4-4 Deleted

' 15.1.4-5 Deleted

39 006016

Amend. 51
Sept. 1979

15-xvia



LIST OF FIGURES (Continued)

Figure No. Page No.

15.1.4-6 Deleted

15.1.4-7 Deleted

15.1.4-8 Comparison of Heterogeneous and Homogeneous
Scheme Fuel Assembly Hot Channel Maximum
Cladding Temperature for a Loss of Off-Site
Electrical Power, Secondary Shutdown System
Trip (Pump Bus Low Voltage Trip) 15.1-119

51

15.1.4-9 Deleted

39
15.2.1.1-1 Variation in Reactor Power for Control

Assembly Withdrawal at Startup 15.2-8

15.2.1.1-2 Variation in F/A Hot Channel Muximum Fuel
Temperature for Control Assembly Withdrawal
at Startup 15.2-9

15.1.1.1-3 Variation in F/A Hot Channel Maximum Cladding
Temperature for Control Assembly Withdrawal
at Startup 15.2-10

15.2.1.1-4 Variation in F/A Hot Channel Maximum
Coolant Temperatures for Control Assembly
Withdrawal at Startup 15.2-11

15.2.1.2-1 Variatica in Reactor Power for Control
Assembly Withdrawal at Power 15.2-14

.

*

...

Amend. 51
Sept. 1979

15-xvib

95601.7



LIST OF TABLES

TAB'.E NO. TITLE PALE N0.

15.1.1-1 Comparison of HCDA Primary System Loadings 15.1-28

15.1.1-2 Comparison of Third Level Control Room
Shielding Design Source Term With Extremely
Unlikely Event Source Terms 15.1-28a

15.1.2-1 Event Classification and Cladding Damage
Severity Limits 15.1-72

15.1.2-2 Sumary of Preliminary Design Limits 15.1-73

y15.1.2-3 Deleted

15.1.2-4 Summary of HEDL Tests Used to Examine CDF
Procedures 15.1-75

15.1.2-5 Characterization of Mixed 0xide Fuel Types 15.1-76

15.1.2-6 Response of Fresh Fuel to Transients 15.1-76

15.1.2-7 Primary Response of High Burnup Fuel Pins
to Transients 15.1-77

15.1.3-1 PPS Subsystem Trip Levels or Trip Equations 15.1-94

15.1.3-2 Accident Events 15.1-96

34|15.1.3-3
Systems Assumed Operable to Mitigate the
Consequences Following the Occurence of
Each Accident Event 15.1-98

15.1.4-1 Comparison of Current Heterogeneous and
Homogeneous Core Hot Rod Temperatures For
60c Step Reactivity Inserticq Under SSE 15.1-112

15.1.4-2 Deleted

51 15.1.4-3 Deleted
39

0.3\iOIS

Amend. 51
Sept. 1979

15-xxv



LIST OF TABLES

TABLE N0. PAGE NO.

15.2-1 tieactivity Effect of the Axial Motion of a Fuel
Assembly 15.2-3

15.2.2.1-1 Reactivity Effect of the Axial Motion of a Fuel

44 Assembly 15.2-39

15.2.3.2-1
Ak/k/cm[quiligriumCycleSodiumVoidingRea'.tivity,
End of

x 10 15.2-62

15.2.3.2-2 Maximum Cladding Temnerature Increase due to Various
Size Large Bubbles Passing through Core 15.2-63

15.3-1 Undercooling Events 5.3-4

15.3.1.4-1 Inadvertent Closure of One Evaporator or Superheater
Module - Potential Events 15.3-16

O

GbtiOl3

O
Amend. 44

15-xxva April 1978



15.1.2 Fuel, Blanket and Control Assembly Integrity Limits and
Control Rod Shutdown Rate

51| To assure that the CRBRP fuel rods, blanket rods and control
assembly absorber pins will operate safely over their respective design
lives, the qualitative requirements of Table 15.1.2-1 have been applied.
Specifically, the preliminary quantitative performance 'imits of Table
15.1.2-2 have been established to satisfy the qualitative s,.ormance
objectives which are identified in Table 15.1.2-1. For a minor incident,
the ASME Code Section III cequires that there be no loss of structural
integrity while the dange severity limits the breach of cladding integrity
to a small number of fuel rods. For a major incident, the public health
and safety must be considered and coolable geometry must be maintained.

The basis for the integrity limits of Table 15.1.2-2 as well as
a brief description of the corresponding criteria is given in the following
subsections. In general, the integrity limits must consider a variety of
factors. Environmental conditions, operating temperatures, types of
transients expected, stress loadings and material properties all contri-
bute significantly to the allowable conditions to which the cladding can
safely be subjected. The primary objective in establishing the integrity

511 limits for the fuel and blanket and control assemblies, therefore, was to
define the realistic limits which are based upon the capability of the
cladding material considering the factors enumerated above.

The preliminary quantitative limits of Table 15.1.2-2 are
currently being evaluated thrc;gh an extensive LMFBR and FFTF fuel irradia-
tion program which will define the capability of the cladding under simu-
lated transient conditions. This on-going program which is summarized in
Section 4.2.1.3.1.3 is being supplemented by an out-of-pile testing
program on prototype cladding material in both the unirradiated and irradi-
ated state. As more data becomes available and the effects of various
parameters are better understcod, the magnitudes of limits that have
been set through analyses and data interpretation could change or perhaps
even the method of evaluating performance could change. Therefore, the
limits established in the following subsections are conservative esti-
mates for evaluating the cladding performance potential. Ultimately,
there may be a single criteria developed for the FSAR based on best
correlation or experimental data. Actual CRBRP fuel, blanket and control
assemblies will be subjected to post-irradiation testing to establish
design limits for CRBRP reload core design and future LMFBRs.

The-conservatism in the defined transient performance capability
of the fuel' rods has been described in the example problem presented in
Section 4.2.1. In-that section, it has been shown that conservative worst

51 fuel rod conditions and assumptions have been chosen during steady-state
and upset operation prior to the assumed emergency event. In addition,
the transient emergency event defines end of life and is therefore
assumed to occur at the end of life. It is further noted that the
failure of a rod or a small number of rods during an emergency

2
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event does not indicate that there is a concurrent loss of safety,
Nevertheless, it has been pointed out that using the preliminary criterion
and umbrella transients, the PPS will protect against fuel rod integrity
limits being violated.

If further analytical and experimental results indicate that the
criterion of failure must be changed in order to establish a safe plant
condition, the most obvious way of accomplishing this is to reduce the
allowable fuel burnup. Small decreases in burnup will allow one to
tolerate the same transient temperature if, for example, the Cumulative
Damage Function or strain limit values must be decreased. As an example,
decreasing the Figure 4.2-23 allowable burnup from 485 days to 400 days
would change the Cumulative Damage Functton to N1/3, assuming 2c Plant,
2a Hot Spot and maximum uncetcainty in properties. In addition, small
decreases in clad steady-state operating temperature will also increase
the allowable transient temperature, or for the same transient tempera-
ture, increase the allowable burnup. As an example, it is estimated

0by Cumulative Damage Function technique that a 50 F decrease in clad
steady-state temperature will increase the allowable Effective Full Power
Days by s24% assuming the same transient temperature, Potential presently
exists for lowering the clad steady-state temperature by decreasing
reactor power or by lowering inlet temperature but maintaining core AT.
It is estimated that 1500F is the maxim' m one could reduce the temperature
by the latter technique.

It is therefore concluded that adequate safety margins can be
obtained by aecreasing either the allowable burnup or decreasing the
steady-state clad temperature. On this bas:s, if the preliminary fuel
pin integrity limits eventually indicate that they are not conservative,
options exist, by invoking the aforementioned actions, to provide
sufficient safety margin within established PPS performance limits,

2
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In addition, it should be noted that new models, describing
the strain rate dependence of the tensile properties, are currently under
development. These models will be incorporated into the CDF related com-
puter programs and thereby enhance their sensitivity to heating rate and
i nprove the predicted failure curves.

Also, very slow rates of power and cladding temperature increases
are covered in the CRBRP fuel cesign t;,roup he use of steady state creep

rupture data. Figure 15.2.1.2-3 shows that the cladding temperature ramp
rate for the 2c/sec reactivity insertion svent is s 100F/sec. This figure

also shows that the plant protection system (PPS) terminates this tran-
sient at a maximum cladding tenperature of m14700F. Due to power over-
shoot effects, the maximum cladding temperature achieved before transient
termination by the PPS increases as the reactivity insertion rate (and

i cladding temperature ramp rate) decreases for small reactivity inserticn
| events. However, Figure 15.2.1.2-6 illustrates that the maximum claddir

temperature allowed by the PPS is s 15100F for infinitely slow power and
temperature ramp rates (i .e, Oc/sec). Thus, when the action of tS PPS i:
considered, the effect of very slow transients on fuel rods are covered by
creep rupture tests (1.e. 00F/sec temperature ramp) on the cladding
material at 15100F.;

As the size of the reactivity ramp rate increases beyond that
shewn in Figure 15.2.1.2-6, the maximum cladding temperature during-

the transient will also increase. For example, at a reactivity ramp

51 | trip. rate of $2/sec, the maximum cladding temperature is 14770F for primaryThe reason for this inc.rease is that the control system response
time, which controls the maxinum power achieved during the transient,
becomes longer relative to the time for a given power increase. The
time for a given power increase decreases with increasing high reactivity

38 insertion rates.

Impo r ta n t ly , the FrTT results to date have shown that c' adding which
had been irradiated adjacent to fuel, fails at significantly 'ower tem-
peratures than material irradiated in the absence of fuel (i.e., clad
sections from the plenum region and unfueled tubing).

It is uncertain as to whether this fuel-adjacency effect is the
manifestation of an advanced degradation of the cladding mechanical
properties or if it is an artifact of the FCTT test itself. A
resolution of this question is imperative since the cause of the adjacency
effect can have considerable impact on design procedures and the future
direction of the post-irradiation mechanical testing progrem. ,]g
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The ongoing experimental / analytical programs will define the cause
of the fuel adjacency effect. If the effect is, in fact, a manifestation
of advanced degradation of mechanical properties then future mechanical
properties testing programs to generate the CDF supportive correlations
listed above will be expanded to include cladding sections which have been
irradiated adjacent to fuel.

B. Environmental Behavior

The CDF technique incorporates three environmental factors which
either degrade the strength of the cladding or serve to effectively thin
the cladding. These includei

(a) the chemical reaction between the cladhng and fission products
and/or fuel,

(b) the formation of the ferrite layer (i .e. , a substrate
devoid of substitutional elements);

(c) the change in the bulk interstitial content of the cladding.

Items (a) and (b) above, serve to define the effective load
bearing cross sections of +he cladding whereas the change in bulk interstitial
content is taken to affect che cladding's -echanical pronerties.

The model describing the reaction rate between the clad and fission
products is an empirical correlation dependent on temperature and burnup.
Its data base lies within 0.2 - 14.9 x 104 MWD /MTM and 960-1400 F.0

However, these data are from various types of stainless steel, including
type 316.

The depth of the ferrite layer is computed by use of a diffusion
equation which incorporates a diffusion coefficient based only on a
;ery limited number of data points.

Sinilarly, the bulk interstitial content is computed by a
diffusion equation and in this case the diffusion coefficient and the
boundary conditions are defined in terms of data from solution annealed,
316 stair.less steel. The effect of a change in interstitial content on the
mechanical properties s treated by a separate correlation which relatesi

the residual strength to the ccmputed interstitial content. This correlation
is based on data f rom literature summarized in Reference 3 of Section 1.6.

In each of the above cases, considerably more data is required
from prototypic cladding which has been irradiated under prototypic con-
di tions . These data would either confirm the current models and/or pro-
cedures or they would be used to formulate new versions.

With the possible exception of the interaction between the inter-
stitial content and mechanical properties, all required data will be available
from post-irradiation destructive examination of fuel pins in the tteady
state irradiation program; the requirements for this progrt.m are discussed

51 | in Section 4.2.1. 19
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The relationship between interstitial content and mechanical pro-
perties require.s additional data and study. The initial intent of this
study is to confirm the current correlation. However, if confirmation is
not obtained the scope of this study will be expanded to develop a revised
correlation.

C. Low Cycle Fatigue

As noted previously in this section, the greatest potential for
cladding fatigue and creep-fatigue damage occurs due to load follow,
rather than due to the umbrella normal, upset and emergency events of
the CRBR duty cycle. Since load following capability is not a design
requirement for the first core fuel assembly, it is anticipated that
fatigue damage and creep Tatigue damage effects on the fuel od due to
the design duty cycle will be negligible. Appropriate testing require-

ments will be defined, and tests will be performed before load following
or any other operation is initiated, which will cause significant fatigue
or creep fatigue damage to the fuel rods.

Current plans vis-a-vis the experimental verification of she CDF
involve four distince phases which may proceed concurrently. The phases
of the verification program are as follows:

1. The examination of the major features of the CDF on a first-
principle basis. This employs carefully controlled laboratory
tests utilizing un-irt diated material. The purpose of this
phase is to determine, in a general sense, if the CDF procedure
is a viable analytical technique.

2. An extension of the first phase, above, to the irradiated
condition.

3. An examination of the CDF as a fuel-pin design tool. This will
involve CDF analyses of experimental fuel-pins which may or may
not have failed during steady state irradiation in EBR-II. The
intent of this phase will be to demonstrate the viability of the
CDF as a steady state fuel-pin design technique.

4. An extension of the third phase, above, to include fuel-pins
which have been transie. tested in TREAT.

The first phase of the verification study has been successfully
completcJ and is reported in Reference 3 of Secticn 1.6.

The second phase will involve specimens to be irradiated and tested
within the Reference Clad and Duct (RCD) program. Specificqincludes ^170 specimens (irradiated to 1.34 x 10c{ly, tge RCDtest plan n/c m )
to be used exclusively for CDF verification. The testing _ program for
these specimens will be comparable to that used in the first phase; e.g., multi-
phase stress rupture testing and tests involving interrupted creep followed
by tensile testing or burst testing. 79

h
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O
In addition to the abose, the PCD plan also includes %310

specimens for FCTT testing. Many of these specimens will be subjected
to multi-transients and/or transier;ts followed by programmed holds at
temperature. The results from these tests will also be included in the
second phase of the verification study.

The third phase of the CDF verification will invc1ve the analysis
of fuel-pins irradiated within the steady-state irradiatie, program;

51| this program is discussed in Section 4.2.1. Tentative plans for this
phase call for the analyses to be conducted on two levels. The first
level of analysis would be predictive in nature and would incorporate
the best estimates of the actual operating parameters. In this case, the
intent would be to predict (within the limits of uncertainty) the results
obtained experimentally.

The second level of analysis would incorporate those conservative
design features which are typically utilized in standard CRBRP analyses.
The intent in this case would be to ascertain, on a realistic basis, the
design margins associated with the CRBRP procedures.

The fourth phz.se of the verification study will extend the
51) third into the transient testing program discussed in Section 4.2.1. As

above, the analyses of the transient results will be conducted at the
predictive and design levels. It is important to note that these
analyses will utilize all aspects of the fue-pins steady-state irradia-
tion histories prior to the transient test. In the case of the PTO
series, the pre-transient history as well as the transient cond: ions
themselves will be factored into the analysis of the final steady-state
operating stage.

The dates for the test programs which will provide the data for
the CDF procedure verification are given in the program plan summaries,

51k9| provided to NRC in May 1976 (References 162 and 168, Section 4.2). The
actual verification of the CDF will be proved concurrently with these test
programs, progressing in steps a: Aufficient data become available. 19
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A preliminary minimum primary system scram insertion rate req irement
has been developed to assure an acceptable minimum rate that provides adequate
snutdown capability against design basis transients. This requirement han
been developed as a result of iterative sensitivity evaluations comparins fuel
damage resulting from various scram insertion rates. It must be satisfied
under " worst case" conditions including minimum available shutdown margin
(see Section 4.3.2); worst case rod positions within rod banking uncertainties
for the initial scram insertion rate (see Section 4.2.3); and mir~. mum
rod worths (see Section 4.3.2). The minimum scram insertion recuirements are
given in Section 4.2.3 and compared with expected insert :n rates in
Section 4.2.3. Results of unalysis for worst case undercooling and
overpower transients, utilizing these minimum insertion rate requirements, are
presented in this chapter and compared to results obtained by using the
expected insertior. rate. These transients include a loss of off-site
electrical power (Section 15.3.1) and a wide parametric range of step
reactivity insertions occurring due to the Safe Shutdown Earthquake
(Section 15.2.3.3) and loss of hydraulic holddown (Section 15.2.2.1). Other
transients in this chapter are not sensitive to the minimum insertion rates
and have been evaluated using the expected insertion rate to provide the most
realistiu assessment of the events.

Since the secondary shutdown system control rods are always fully
withdrawn under operating conditions, the scram insertion rates do not vary
significantly over the operating cycle. A preliminary minimum insertion rate
requirement has also been developed for the secondary system and is given in
Section 4.2.3. This requirenent must be 5.atisfied for mininun rod worths
(see Section 4.3.2) and maximum withdrawal limite on control rod positions
(see Section 4.2.3). The expected insertion rates exceed this minimum
as shown in Section 4.2.3. The ninimum inserticn rate requirement has
been used for all secondary system results reported in this chapter. It has
been reduced appropriately to account for the highest worth rod assumed to
be " stuck" in its withdrawn posi tion.

'
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15.1.2.4 Criteria for Preliminary Evaluation of Upset and Emergency

Events

As shown in Chapter 4, Rction 4.2.1, the cladding design limits
51 specified in Table 15.1.2-2 are satisfied by the fuel and blanket

assemblies for specific worst case umbrella transients. In general, if
the non-faulted transients reporte:d in the balance of this chapter fall
within the time and temperature confines of the corresponding umbrella
transients,the design life a.1d safety objectives of the fuel and blanket
assembly rods are satisfied. The umbrella transients to be used as the

51 comparative' criterion are summarized in Table 4.2-59.

The preceding subsections which describe the cumulative mech-
anical damage function (CDI), the transient limit curves (TLC), and
ductility limited strain show that the performance capability during a
minor incident is dependent on the transient duration, the temperature
and the fuel-clad contact pressure. In addition, the performance capa-
bility is dependent on the prior operating history includ operational
incidents. Therefore, the fuel and blanket rod transient limit curves
(Figures 4.2-26A, 268, 28A and 28B)can be used to evaluate any mirsr
incident having a '.ime envelope within the transient type representative
of the incident referenced in Table 4.2-59. Minor variations ir the

51 umbrella operational incident conditions are not expected to significantly
effect the transient limit curves.

As noted in Table 4.2-35, the next higher level of damage is
51 allowed for secondary control system event terminatirn. The rationale

is that failure to actuate the primary control system is a low probability
event so that tha combined probability of the event occurring and secondary
control system activation being required is much lower than the probability
of the event occurring. Therefore, the severity limit can be increased
in accordance with this lowered probability.

Obif927
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51 | Table 15.1.2-3 has been intentionally deleted.
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TABLE 15.1.2-4 SUMMARY ' EXPERIMENTAL VERIFICATION OF THE CDF PROCEDURE

liEDL Tests Used to Examine Various Aspects of the CDF

(a) Multi-phase stress rupture tests

(b) Interrupted biaxial creep followed by a tensile test

(c) Interrupted blaxial creep followed by a rapid pressurizatien to burst

(d) Themal Transient (FCTT) Tests (e) Burst Tests

Aspect of the CDF Procedure to be Examined, Applicable Tests, Applicable

Equations and Figures Showing Results

Applicable Applicable Figures
Aspect of CDF to be Examined Tests Equations Showing Res alts

Linearly Additive Cumulative Mechanical a,b,c 3,4 15.1.2-13
Damage

G Correctness of function foms used in a,b,c,d 8,23 15.1.2-13.-15
CDF in conjunction with models shown -16,-17.-19,m

.e in Figures 15.1.2-1, -3, -4, -5, -6 and -20
M and -12.

. .y .

'Q, CDF dependent residual strength a,b,c 10,23 15.1.2-13.-15,
-16,-17, and

-19

Extension of CDF to Transient Limit Curves b,c,d 24,26 15.1.2-15.-16.
-17 -19 and

-20

C
CQ The distribution of experimental failures a,b,c 3,22,23 15.1.2-14 -18;

within the CDF uncertainty bandsw.

O
M
Q yy The assumption of equivalence between transients d,e 15.1.2-21

ee in stress at constant temperature and transients 2

]5 in temperature at constant stress
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15.1.4 Effect of Design Changes on Analyses of Accident Events

The design of the CRBRP has made significant progress since the
consequences of design basis events reported in the remainder of this

51 | chapter were first analyzed. A review of approved design changes to
determine which may affect the reported results and a qualitative evalua-
tion of the effects of these changes has been made. A primary example is
the change in core design from a homogeneous to a heterogeneous configur-

51 ation. The results of this effort are discussed in the following sections.

15.1.4.1 Reactivity Insertion Design Events

51 Section 15.2 covers the analyses of reactivity insertion design
events. The format progresses from anticipated up through faulted design
transients with each accident scenario providing:

e identification of causes and accident description;

e analysis of effects and consequences;

e conclusions.

With regard to accident scenarios, there have been no changes
to Section 15.2 since the original PSAR submittal. Howe"er, various
pieces of design data have changed and have subsequently been incorporated
into the appropriate design sections of the PSAR. Modifications to the
nuclear and thermal-hydraulic information affect the maximum temperatures
attained and the temperature / time traces shown. The purpose of this
section is to indicate the effect of these various changes to the Section
15.2 results.

Reactivity insertion accidents typically result in overpower
transients that are characterized by an increase in power se a that a
proportionately larger increase in fuel temperature than in cladding tem-
perature occurs. This is opposed to undercooling design events which have
a very small fuel temperature increase as compared to that of the cladding.
Worst case overpower conditions commonly have a rapid increase in power
which in::titutes scram of the Plant Protection System (PPS). For events
having a rapid power burst, the period v the overpower conditions is
typically less than one second (see Figure 15.2.3.3-3, for example).
Although the shutdown occurs quickly, effects such as fuel melting and
the potential for fuel / cladding interaction are of prime importance in
the fuel pin performance evaluations.

To demonstrate the temperatures that are representative of
overpower events with current data applied, a worst case event was re-
analyzed and the results are herein described relative to 'che former
values. This worst case selected was the Seismic Reactivity Insertion

51 (SSE)(see Section 15.2.3.3.1) with primary control sys?.em shutdown (which
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is an extremely unlikely event). As with the past analyses, the following
conservative assumptions were made:

1) All full power cases are for the reactor operating at thermal
hydraulic design conditions with a power generation of 975
MWt at three-loop operation. (Power uncertainties are
discussed in Section 4.4.3.2.)

2) Since the smallest Doppler coefficient occurs at the
beginning-of-equilibrium cycle, the transient reactor
power calculation was made for this particular phase in
core life. This results in the his, hest possible reactor
power changes being calculated. For overpower transients,
the smallest Doppler coefficient of all core cycles is used

(see Section 4.3.2.3) and this value is reduced 30% to51 account for 30 uncertainties.

3) The highest cladding and fuel temperature hot rod occurs
at the beginning of the first cycle of operation (in F/A

51 | 52 and 101). The conservative reactor power calculation
from Item 2 above was applied to this particular rod. With
burnup, the power generation and steady-state temperatures

51 I decrease (flows are constant) " the hottest fuel assemblies,
and consequently, the temperato/as, due tc the transients,
would decrease after beginning of cycle.

4) As described in Chapter 7.0 and Section 4.2, the maximum
allowable time delays for PPS logic and electrical / mechanical
delays have been conservatively enveloped by using a 200
millisecond delay between the physical conditions causing
scram (e.g., P/Po = 1.15) and the start of control rod
insertion.

5) Three sigma (30) hot channel factors were used for all the
analyses and the cladding temperatures shown are the inner
surface of the hot pin cladding at the highest temperature
position, both axially and c h amferentially on the fuel
rods. (Position is under the aire wrap.)

6) The most rapid flow decay after de-energizing the primary
'

pumps was used. (See Figure 5.3-22.)

7) Maximum decay heits were used for the hot rods considering
3a uncertainties.

Results from FORE 2M analysis are given by Figures 15.1.4-1, 2
and 3 andrTable 15.1.4-1 for a 60c step reactivity insertion occuring at
the worst time during the SSE (see Section 15.2.3.3.1). Comparisons of

51 the heterogeneous core results are made with data for a homogenecas core
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previ. =1v reported in this section. This previously reported data updated
n rliei .a for the homocaneous cot = analyzed in Section 15.2.3.3. The
figure shew the maximum not rod ten., ratures for F/A #52 and 101 in the
heterogeneous core as compared to similar data for F/A #6 and #8 in the
homogeneous core. In the homogeneous core, F/A #8 had the maximum
cladding temperature hot rod and F/A #6 had the maximum fuel temperature
hot rod. In the heterogeneous core, F/A #101 has the maximum fuel
temperature and t/A #52 has the maximum cladding temperature. A compari-
son of pertinent parameters is given by Table 15.1.4-1. Although the tem-
peratures for the heterogeneous core are somewhat higher, the results are
well within the limits given by Table 15.1.2-2 Do sodium boiling) for
extremely unlikelv faults. In addition, the maximum coolant temperature

Dis less than 1600 F. This provides considerable margin to the coolant
saturation temperature which is greater than 18000F when this maximum is

51 attained.

One important note with regard to the above comparison is that
51| credit has been taken in the heterogeneous core hot rod evaluation for

having a programed startup to enhance the power-to-melt (i.e. , improved
fuel restructuring and gap conductance) by using LIFE-III analyses. The
homogeneous core studies used fuel rod conditions calculated using P-19
data which assumes a " fresh rod" with no previous operation. Section
4.4.3.3 of the P6AR addresses how programmed startup is achieved and the
consequential improvement on the minimum power- to-melt. Since the proposed
programmed startup is still not optimized, further improvement can be
achieved through optimization of the programmed startup which is scheduled

51 for the FSAR as discussed in Section 4.4.3.3.

Similar data to that described above for the hot fuel assembly
rod is not available for the hottest blanket assembly rod. However, it
has been fnund from past analyses shown in Section 15.2, that the temper-
atures for the blanket size rod are significantly less for the SSE step
reactivity insertion type of event. This is due to the large thermal
inertia of the significantly bigger blanket size rods. With the extremely
qufck power rise for the 60c step SSE case, there is insufficient time for
the temperatures to increase as much as they do for the smaller fuel size
rods. Thus, the fuel hot rod temperature response represents the worst
case thermal transient efiect to the core. Thest results support a quali-
tative conclusion that the design changes incurred since the original PSAR
submittal are not expected to significantly change the results reported
in Section 15.2.

15.1.4.2 Undercooling Derign Events

The design changes to CRBRP which have occurred since the
analysis of the undercooling design events reported in Section 15.3 and
which potentially could influence the plant performance are discussed
individually below. Based upon a qualitative evaluation and supported
by the results of re-analysis of the loss of off-site electrical power

37 event, the net cumulative effect of these changes is not expected to

Amend. 5115.1-107 Sept. 1979

9 % 038
'.



significantly affect the co.' sequences of the undercooling events reported
in Section 15.3.51

The same conservative assumptions as in Section 15.1.4.1 are
51 incorporated into the undercooling event analyses,

fhe significant design changes with respect to the undercooling
events and their expected effects are:

1. The heterogeneous reactor core arrangement is described in
Chapter 4. Although the heterogeneous core arrangement is
substantially different from the homogeneous arrangement,
the nuclear and thermal-hydraulic design constraints are
very similar. Since no design basis undercooling event
presented a significant challenge to the homogeneous core

0(analysis indicated a margin of approximately 200 F to the
onset of sodium boiling for the homogeneous arrangement),
the same is predicted to hold true for the heterogeneous
arrangement. To confirm this, the worst case event for the
homogeneous arrangement (which is also the probable worst
case event for the heterogeneous arrangement), the "1055
of off-site electrical power" event was reanalyze , Thed

results of this reanalysis confirmed the thermal-hydraulic
similarity between the two arrangements and demonstrated

51 the acceptability of the heterogeneous arrangement.
O

2. A minimum flow coastdown requirement has been specified
for the primary sodium ecolant pumps leading to a
corresponding minimum pump-and-drive system inertia
requirement which is larger than the value used in the
PSAR Section 15.3 analyses. This also applier to the
intervediate sodium coolant pumps which use an identical
design. The impact of the increased net primary flow during
the coastdown is in the direction of less severe consequences
for undercooling events through additional heat removal.

3. Refinements made in primary sodium piping layouts
which either change flow resistance or transport

, y tjme are expected to have minimal, if any, effect
on the undercooling cvent.

4. The difierences in IHTS piping configuration
between that considered for Section 15.3 analyses and
the present design are expected to have minical
effects on the undercooling transients of Section 15.3.
The changed transport delay further increases transport
time for steam-system induced transients to reach the

37 reactor inlet.
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5. The current primary system cold leg check valve design
is expected to allow limited reverse-flow leakage in a
loop in which the pony motor is not operating. An
analysis has been performed using the DEM0 Code which shows
that adequate core decay heat removal can be maintained
witn only a single primary pony motor operating, permitting
reversed-flow in the other two locps. Under these
conditions, loop thermal heads effectively limited the
reversed flot well within the check valve leakage specification
and, in fact, maintained a small forward flow during most of
the transient duration. Consequently, adequate safety
perfonnance is expected for events in which check valve
leakage is a factor.

6. The IHX design has been changed from a removable tube
bundle to a fixed tube bundle design. This change does
not affect the significant IHX thermal and hydraulic
parameters used in the Section 15.3 analyses.

37

0,60405
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A reanalysis of the " Loss of Off-Site Electrical Powar" event
eported in Section 15.3.1-1 has been completed with the DEMO andFgRE-

LM Codes in which the changes above viere considered. The resuits,

summarized in Figure 15.1.4-8 include shutdown of the reactor by the
_l secondary shutdown systea. Normally, the shutdown would be accomplisheda

by the primary system due to a trip of the " pump electrics". In the
event of failure of the primag shutdown system, protection would be

37 provided by the " pump bus low voltage" trip. The maximum fuel hot spot
cladding temperature in the heterogeneous core hot channel for shutdown
by the secondary system, as given in Figure 15.1.4-8, is 1491 F. This
value, as shown in the figure, compares to 15000F for the corresponding

0value in the homogeneous design. Note that this 1500 F fuel hot spot
cladding temperature updated the 16300F result discussed in Section
15.3.1.1. This result for the heterogeneous core is well within the
limit given in Table 15.1.2-2 for unlikely faults. Since such a large

0margin (1630 F vs. 1491oF) exists for the expected worst case event
analyzed, and since no other undercooling event will be significantly
worse, the Project has confidence that the heterogeneous core configuration
can acceptably accommcdate all the undercocling events discussed in Section
15.3.

15.1.4.3 Effect of Design Changes on Local Failure Events

Section 15.4 describes the basis for the position that rod-to-rod
failure propagation will not occur for faults in the fuel, radial blanket
and control assemblies of CRBRP. The evaluation used enveloping values
for the various input parameters consistent with the requirements associa-
ted with a PSAR. The results contained in Section 15.4 indicate that
there are substantial margins available to prevent failure propagation
from local faults. Changes to t*e input parameters resulting from recent
changes in the design are not of . +ficient magnitude to substantially
alter the available margins.

The most important considerations in evaluat W the effect of
the changes are summarized belc,v:

a. The residence time for the equilibrium core-fuel
assemblies has been decreased from that considered in
Section 15.4. A reduction in the nuclear peaking factor
resultr in lower peak burnup for the same average core
burnup at EOL. Further, the fission gas plenum pressure
is substantially lower than that cunsidered in Section 15.4
(approximately 1000 psia as compared with 1710 psia). These
factors result in a reduction, rather than an increase, in
the potential for occurrence of stochastic fuel pin failures.

b. Elimination of dual enrichment zones reduces still further
41 51 the potential for fuel enrichment errors.

Amend. 51
Sept. 1979yg, g

NYoSil



c. Shuffling of blanket assemblies is no longer p:anned. thus
removing any small chance for misshuffling. However, some
fuel / blanket assemblies will experience increased operating
power levels due to refueling of adjacent assemblies, and
changes in the control rod pattern. Figure 4.2-16 shows
the magnitudes of the power changes in the assemblies. The
performance of the fuel and blanket cladding over the life
of the assemblies has been analyzed and discussed in Section
4.2. The maximum positive power change occurs in Blanket
Assembly No. 205 as shown in Figure 4.2-16. The analysis
using the Cumulative Damage Function approach showed that
even for the maximum power change, tnere was an insignificant
change in the margin to failure.

d. The maximum cladding temperature and power density for the
most limiting fuel rods are now somewhat different that those

0considered in Section 15.4 (by approximately 2 F and 1.5 KW/
ft respectively). The maximum ciadding temperature is
actually lower due to improved flow orificing, whereas the
linear power is higher by the amount indicated. This increase
in power density will result in slightly reduced margins to
accommodate local ficw blockages. However, the margin avail-
able against blockages is such that the maximum coolant tem-
perature due to a six subchannel blockage at the worst axial
location is less than the saturation temperature by more than
3000F. Prompt failure of the cladding due to such a blockage
is also unlikely because the maximum cladding temperature
is estimated to be less than 15000F.

e. The hot spot temperature and the maximum assembly average
coolantvelocityarehigherintheblangetassemblies.
Although the hot spot temperature is 25 F greater due to
the change, it is still lower than the fuel hot spot temper-
ature. A higher coolant velocity has been shown by experi-
ments to give rise to a lower residence time for fluid in
the wake regions of blockages.* A lower residence time will
tend to decrease the maximum coolant temperature in the wake.
Hence, the performance of the blanket assemblies in the
heterogeneous core is at least as favorable as that originally
presented in Chapters 4 and 15 for the homogeneous scheme.

.

f. Long term operation with failed fuel could be affected by
the higher plutonium content in the fuel. This is because
of potential differences in the dynamics of fuel-coolant
reaction product formation as a function of plutonium content.
However, at the low oxygen concentration levels in the sodium
required by CRBRP, formation of fuel coolant reaction
products will be very slow, therefore, sufficient margin is

51 41 available to prevent failure propa; cion.
* Reference 36 of Section 15.4 Amend. 51 -
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To sumarize, the changes required in the case presented against
failure propagation from local faults are minimal for tie changes in design.
The heterogeneous scheme improves the margins against failura propagation
except for those areas discussed below.

The areas that have been identified where a decrease in the
available margin occurs are (1) a higher maximum linear power rating by

01.5 KW/f t, (2) a higher hot spot temperature in the blanket by 25 F and
(3) a postu W ed change in the likelihood of fuel-coolant reaction product
formation. These factors do not significantly change the assessment of
safety of CRBRP because, (1) a large enough margin in power-to-melt
exists as discussed in Section 4.4.3.3.5,(2) the hot spot tenperature

0are approximately 300 F below the temperature associated with clad failure
and (3) at the required oxygen levels in the sodium, formation of fuel
coolant reaction product will be very slow. Thus, the case against fuel
element failure propagation due to local faults is substantially unchanged

41 in the heterogeneom scheme.

15.1.4.4 Effec' of Design Changes on Radiological Consequences

The changes associated with the heterogeneous core (decrease in
the number of fuel assemblies, decrease in the total energy produced in
the maximum power fuel assembly during its life, increase in the total
core plutonium loading, and rearrangement of the fuel and blanket assem-
blies) is expected to have no significant effect on the radiological
consequences of the accidents reported in Sections 15.5 through 15.7. For
the accidents considered, the consequences are dependent upon the total
radioactivity contained within a single fuel assembly, the radioactivity
contained in the sodium coolant, or the radioactivity released to the
cover gas. These are discussed below.

The consequences of accidents involving single fuel assemblies
are controlled by the inventory of noble gas and volatile fission products.
These in turn may be classed as short lived (half-life less than a few
months) and long lived (half-life greater than a few years). The inven-
tory of short lived radioactivity will be dependent upon the power level
in the assembly which, for conservatism, is assumed to be the assembly
producing the maximum power. The increase in power level for the maximum
power assembly, which resulted from the changes in the core, was approxi-
mately 3.4 percent. The long lived radioactivity will be dependent on the
total energy produced by the assembly during its life. For the maximum-
power assembly, this is expected to be about 80 percent of that for the
homogeneous core, as reported in subsequent sections of Chapter 15. There-
fore, the presently reported doses for accidents involving a single fuel
assembly are not expected to increase by more than 3.4 percent as a result
of the changes made to the reactor core. Accidents involving single fuel
assemblies are discussed in Section 15.5.2.1, 15.5.2.2 and 15.5.2.3 and
resulting doses for the more severe accident reported in Table 15.5.2.3-4.,

-51,
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Considering that the margins available are greater than two orders of
magnitude, the small increase in dose due to the design change will not
affect the conclusions reached concerning the safeguards provided for
the accidents.

The consequences of accidents involving spills of sodium and
subsequent fires are directly proportional to the radioactivity contained
within the sodium. This, in turn, is dependent upon the failure rate of
fuel pins. The design limit of failure of fuel pins producing orie percent
of the core power has not been changed and consequently the fission
product ;:tivity within primary sodium coolant will not increase. The
inventory of long lived fission products may actually decrease due to the
shorter reridence time of fuel assemblies within the core. The limit of
100 ppb of aiutonium within the primary sodium coolant will also be
retained. The design limit on fuel pin failure will also maintain the
activity on the sodium clean up subsystems within the same design envelope.
flo increase in the consequences of accidents involving the primary coolant
are expected as a result of the changes to the core design.

The activity contained within the reactor vessel cover gas is
directly proportional to the failure rate t.F the fuel pins. As ir.Jicated
above, the design limit for this occurrence will not change. The cover
gas clean-up systems will also handle the same inventory of radioactivity
(except that the long lived activity may be reduced). Therefore, no
increase in the consequences of accidents involving the reactor vessel

51 cover gas are expected as a result of the changes in the core design.
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51 |
15.1.4.5 Reactor Assembly Bowing Reactivity Considerations

As indicated in Section 4.2.2.4.1,.8, reactor assembly bowing can cause
positive reactivity to be inserted during variations in the portion of the pow-
er/ flow ratio rnge below 0.7. Accordingly, reactor transient events consider-
ed in Section 15.2 were reviewed to determine the significance of bowing reac-
tivity additions on the progress and r.onsequences of these events. The follow-
ing conclusions were reached:

51 | 15.1.4.5.1 Reactor Startup Transient (0-40% Power)

Quantitative analyses were performed for the 2d/second rod withdrawal
transient initiating in the startup range at 8% power, 40% flow (worst case
initial condition) incorporating the bowing reactivity characteristics describ-
ed in Section 4.2. The results of this analysis indicate that the thermal
consequences on the fuel and cladding for this event are less severe than if
the reactivity effect of bowing had been negler.ted. This is ~ecause positiveo
bowing reactivity addit 'n causes power to rite more rapidly. Thus, the reac-
tor trip occurs at an earlier point in the tire of the event before significant
changes in temperature have occurred. Consequently, the effect of adding posi-
tive reactivity due to reactor assembly bowing is analogous to the addition of
larger ramp reactivity insertions, e. g. Sc/second versus 2c/second. As indi-
cated in Section 15.2, the f aster ramp rate causes a reactor trip to occur ear-
lier in the event and peak cladding and fuel temperatures during the event are
lower.

For events with large reactivity insertions (e. g., 30c for OBE or 60c
for SSE), a reactor trip would occur prior to any significant reactor assembly
bowing reactivity addition. The power increases to trip points much quicker
than significant temperature changes can occur in the duct structure.

51| 15.1.4.5.2 Reactor Pcwer Range Transient (0-100% Power)

For these events, raactor assembly bowing results in a negative reactiv-
ity effect. By neglecting the feedback of reactor assembly bowing, a conserva-

42 tive determination of the reactor temperature is obtained for these events.
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TABLE 15.1.4-1

COMPARISON OF THE HETER 0 GENE 0US AND HOMOGENEOUS CORE

HOT ROD TEMPERATURES FOR 60c STEP REACTIVITY INSERTION UNDER SSE

MAXIMUM REACTOR ' MAXIMUM CLADDING MAXIMUM FUEL
DESIGN POWER INCREASE TEMPERATURE TEMPERATURE

(P/Po) (OF) (UF)

Homogeneous

F/A #8 2.47 1578 4757
F/A #6 2.47 555 4954

Heterogeneous

F/A d52 2.61 1647 4815
F/A *101 2.61 1625 5041*

*Approximately only 4.8% of the pellet cross-section at the center of
active core would have a calculated temperature greater than 50000F

51 37 NOTE: Po is initial steady-state operating power.
.
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51| Tables 15.1.4-2and3havebeenintentionallydeleted.
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15.2 _prACTIVITY INSERTION DESIGN EVENTS - INTRODUCTION

In the design approach to safety discussed in Section 15.1.1 it was
stated that the design in the second level emphasizes the need to insere and
confirm the high reliability of the protection systems and of any component
or system whose failure could lead to severe core damage. In keeping with
this philosophy this section of the PSAR will examine the response charac-
teristics of the reactor to a series of postulated reactivity insertion
events. The reactor response to these events is identified through the
resultant hot spot fuel pin cladding temperature. For these accident events
either; 1) the resultant cladding temperature will be presented, or ?) it will
be shown that the Plant Protection System will limit the reactivity grtion
to a value less than a specified enveloping insertion.

51| Based on the discussion presented in Section 15.1.2, the severity
of these events can only in-part be discerned by examining the resultant
hot spot cladding temperatures. The overall severity of the event, as it
effects the cladding integrity, is a function of the sum total of all the
accumulated strains imposed on the cladding during its lifetime. There-
fore, the s': verity of any event should be evaluated on a case by case
basis using the cumulative damage function. In order to minimi.e the
evaluation process and provide a ready determination of the relative
severity of the event, the transients generated in this section can first

51 | be compared to the umbrella transient described in Section 4.2.1.3.1 andsummarized in Table 15.2-2. If the accident transient falls within the
time and temperature confines of the umbrella event, the conclusion can be
drawn that the design life and safety objectives of the fuel assemblies
have been attained. If, however, the resultant clad temperature are beyond
the time-temperature confines of the umbrella, then supplementary analysis
is required to determine the severity of the event.

The following conservative assumptions and conditions were used for
the specific purpose of generating the worst case reactivity insertion tran-
sients for this section.

1. All full power cases are for the reactor operating at thermal
hydraulic design conditions with a power generation of 975 fMT at
3 loop operation. (Power uncertainties are discussed in
Section 4.4.3.2).

2. Since the highest power fuel assembly and smallest Doppler
coefficient occur at the beginning-of-equilibrium cycle (B0EC)
the transients are analyzed for this particular worst period in
core life.

3. With burnup, the power generation and steady state temperature
decrease (flows are constant) in the fuel assemblies and conse-
quently, the temperatures due to the transients would decrease.
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4. The nominal Doppler coefficient for BOEC is - 0.0062 (see Sec-
tion 4.3.2.3) however, for overpower transients it is more con-
servative to take the lower bound value of the 20% uncertainty
on this value. For studies in this section, -0.005 was used for
the Doppler coefficient except where noted. (The exceptions
being those cases where a larger Doppler yields more conservative
results.)

5. Figure 4.2-93 of Section 4.2.3.1.3 of the PSAR includes 0.1
second unlatch time delay between start of CRDM stator current
decay and start of the primary control rod motion. For
preliminary Plant Protection System transient evaluation,
a 0.2 second overall scram delay (see Section 15.2 and 7.2.1.2.3)
has been assumed. This scram delay includes PPS logic, scram
breaker and the unlatch time delay, leaving sufficient margin
on overall PPS response time to assure conservative analysis.

6. The rod worths used to predict oost trip negative reactivity
insertions are the design expected values for the primary control
rods and the minimum expected values for the secondary control
rods. (See Section 15.1.2 for further details. ) For both sets
of co1 trol rods the single most reactive control rod is assumed

to be stuck in the withdrawn position. At BOEC the primary con-
trol rods negative reactivity insertion capability is less than
any later time in the cycle. The purpcse of these assumptions is
to pravide a realistic minimum predictiun of shutdown reactivity
and hence the slowest rate of power decrease. This provides a
conservatively high prediction of reactor temperatures after
shutd]wn.

5d 7. Three sigma (30) hot channel factors were used for all the analyses
and the temperatures shown are the inner surface of the hot pin
cladding at the highest temperature position, both axially and
circumferentially on the fuel rods. (Position is under the
wire wrap).

The possibility of additional fuel-cladding mechanical interaction >

during rapid reactivity insertion events is acknowledged as indicated in
Figure 4.2-22, subsection 4.2.1.3.1.1, subsection 15.1.2.1, and subsection
15.1.2.4. However, present models for transient fuel cladding mechanical
interaction are admittedly lacking phenomenologically at prototypic CRBRP
design conditions, and therefore, are not used for PSAR analyses. The
fuel models in codes used to calculate the effects of core disruptive
accidents (e.g. SAS3A), are designed to give initial conditions for cal-
culations of fuel motion from a ruptured rod, rather than to calculate
detailed cladding responses to a terminated transient. These codes
assume that cladding loads are simple functions of fuel properties
during the transient. Such assumptions are acceptable for determining
gross fuel rod behavior during a severe transient (e.g., fail-no-fail),
but are insufficient for calculating time varying cladding strain on
cummula'tive damage function during a typical noset event. 25
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TABLE 15.2-2

CRITERIA FOR PRELIMINARY EVALUATION OF UPSET AND EMERGENCY EVENTS

Maximum
Event Control Severity Type of Type of Temperature Reference

Classification System level Fault Assembly ( F) Figure

Fuel 1450(I) 4.2-19

Undercooling

Blanket 1450 4.2-30

Upset Primary Operational
Incident

Fuel 1450(I) 4.2-19

G (Anticipated Reactivity

y Fault) Insertion
& Blanket 1400 4.2-32

Secondary Undercooling Fuel 1600(2) 4.2-20
Minor

Incident or
Reactivity

Emergency Primary insertion Blanket 1600 4.2-33

(Unlikely Secondary Major Use faulted limits of Table 15.1.2-2
Fault) Incident

|.
t,

9 M
Id. R. @a.

NOTES:
,

l'~ (1) A reevaluation of the referenced fuel rod design transient analysis showed that'

__,

*' S as many as 3 step changes to 1500 F (start of life) with a 345 second hold time
could be accomodated each cycle with no reduction in fuel rod design life.*

51 (2) For temperatures in excess of this value, the transient limit curves of
Figures 4.2-21 and 4.2-22 may be used for evaluation.



15.2.2.3 Maloperation of Reactor riant Controllers,

15.2.2.3.1 Identification of Causes and Accident Description

During normal operation over the load range, the automatic control
system varies reactor power to maintain system temperatures at the desired
values. The bicck diagrams of the overall control system, the reactor control,
and the control rod drive mecharism controllers are included and described in
Section 7.7. Postulated failures in this equipment would result in power

excursions. Depending on the nature of the failures postulated, the excursion
would be self>,imiting, limited by action of control rod withdrawal blocks,
or terminated by the shutdown system. These failures can be effectively

evaluated by considering the equipment starting with the CRDM controllers and
working through the remainder of the control equipment. Figure 15.2.2.3-1
is a simplified block diagram of the key elements. Single failures of control

equipment are defined as anticipated, multiple failures of inoegendent elements
are defined as Unlikely.

First, failures in the CRDM control programmer could result in
unwarranted rod withdrawal. Single failures can be postulated which would
result in withdrawal at 9 inches per minute or less. The speed limiter cir-

cuitry acts to positively block roc motion for pulse rates corresponding to
speeC; greater than 9 inches per nanute. Single rod withdrawal at 9 inches
per minute or less results in a reactivity insertion of less than 3c/second
even if the highest worth rod is assumed at its highest differential worth
position. If the control system is in normal automatic mode, the other rods
will move in to compensate for the excursion and no transient results. If

the control system is assumed inoperative, (he rod blocks will_ terminate Omotion pr ior to scram for many of the postuiated CRDM controller failures. dIf neither the control system nor the rod blocks operate, the scram system
termirates the results of a 3C/second withdrawal without exceeding the
operational incident limits, as discussed in Section 15.2.1.2.

Multiple simultaneous failures within a CRDM controller or failure
involving multiple CRDM controllers simultaneously are highly improbable.
Regardless of tne number of CP,DM controller failures, a CRDM is incapable

51| of maintaining outward motion at rates in excess of 73 inches per minute. At
this rate, the centrifugal force on the collapsible rotor arms plus the dead
weight and dynamic forces overcomes the magnetic insertion force and the rod
releases. Therefore, the maximum reactivity insertion involving a sir,'le rod
is less than 20c/second. While this failure is highly improbable, it
nevertheless terminated by the PPS without exceeding the minor incident 2nlikely
limits as necessary, and in fact, the results do not exceed the operational
incident level as discussed in Section 15.2.3.5.

Failures of multiple individual CRDM controllers and postulated fail-
ure of the sequences produce the same effect. Several rods are withdrawn
in the staggered steps characteristic of secuence operation. Since the co.
trol system is rendered inoperative by the postulated sequencer failure, no
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remedial action is available through normal control. However, the rod blocks
function independently of the sequences and limit the =nn4+9da of the excur-
sion by stopping outward motion. If the additional failures of the rod block
circuits are postulated, the sequences are rate limited to prevent withdrawals
corresponding to Sc/second or more from the banked rods. Therefore, single
failures of the sequencer plus failure of the rod blocks result in an excur-
sion limited to SC/second which is terminated by the PPS within the limits of
an operational incident.

Postulating the concurrent failures of the sequencer and its limits
circuits and the rod blocks results in 7 rods moving out but limited to
9 inches per minute withdrawal rate. This corresponds to less than 20c/
second and is terminated by the PPS within the minor incident limits (actu-
ally with the operational incident limits). Additional postulated failures
are not physically realistic since four independent failures have already been
postulated.

Failures within the controller equipment in front of the sequencer
cannot result in transients more severe tnan the multiple fai'me case speci-
fied above. The speed limits and rod blocks which are indepereent of the
control equipment provide assurance that unlimited withdrawals do not occur
as a result of single failures within the system.

15.2.2.3.2 Analysis of Effects and Consequences

The analysis _f the Sc/second ramp insertion is described in Sec-
tion 15.2.1.4. Based on these results, the first line protection terminates
the transient within the operational incident limit. The analysis of the
20c/second ramp insertion is described in Section 15.2.3.5. The results show
that the transient is terminated within the minor incident limits.

15.2.2.3.3 Conclusion

Multiple indeoendent failures of control equipment da not cause
reactivity insertions larger than 20c/second. These insertions are terminated
within appropriate limits by PPS action as shown in 15.2.3.5.
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15.2.3 Extremely Unlikely Events
_

15.2.3.1 Cold Sodium Insertion

15.2.3.1.1 Ident_ification of Causes and Accident Description

Sodium is supplied to the reactor vessel either by the coolant makeup
system or the three primary loops. The reactor coolant make-up system removes
and returns sodium to the outlet plenum. It can be operated either as a

make-up flow system or as an overflow heat removal system (DHRS). In the
make up flow operating mode the inlet and outlet temperatures of the sodium
are approximately the same. However, in an DHRS operating mode the return
temperature could be approximately 350 F less than the overflow coolant tem-

51 perature (see Section 5.6.2 for details). The DHRS. is only operated during
shutdown (with decay heat generation in the core) with the control rods fully
inserted. The insertion of cold sodium into the core with control rods fully
in does not institute a reactivity insertion problem.

With respect to the primary loops, the accidental startup of an
inactive loop while on two loop operation is the only potential source for
introducing a significant amount of cold fluid suddenly into the reactor
vessel lower plenum. If one loop is not operating, it could contain sodium
with its temperature as low as 400 F. Flow of this sodium into the reactor
could cause a substantial reduction in the average core coolant temperature.

The startup of an inactive loop is prevented by administrative pro-
cedures, interlocks, and PPS functions. Only three sequences for startup
of the inactive loop can be identified: (1) the primary pump is incorrectly
started; (2) the intermediate pump is incorrectly started followed by an
attenpted incorrect start of the primary pump; or (3) both pumps are
simultaneously started. In any case, the PPS acts to shut the plant down.

For the case where a primary pump is incorrectly started while the
plant is operating at power on two loops, the primary to intermediate speed
ratio trip subsysten causes plant shutdown as soon as the primary pump reaches
a predetermined speed. Assuming the other loops are operating at 10% flow,
t.e check valve on the shutdown loop remains closed (for the short time inter-
val before the trip signal occurs) due to the high pressure on the downstreon
side and no cold sodium can be inserted. Furthermore, the primary to inter-

mediate flow ratio subsystem initiates a trip when the primary flow in the
shutdown loop reaches a fraction of full flow and provides an independent back-
up to the trip. Even if flow is initiated in the shutdown loop, the rapidity
of the trip and the system time constants prevent significant cold sodium from
reaching the core inlet prior to scram. In both the speed and flow rate trip
subsystems the startup permissive is blocked, thereby activating the trip when
the reactor is above SY full power. If an intermediate pump is started, both
of the aforementioned subsystems cause a trip at approximately the same time.
However, no cold sodium insertion can occur because the primary pump in the
shutdown loop has not been started.
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Deliberate operator coordination, which violates several administrative
procciures, is required to start both the primary and the intermediate pumps
of the shutdown loop simultaneously. The resulting flow and pump speed
increases are not identical in the two loops because the primary pump must
operate against the back pressure of the two operating loops. Consequently,
the primary to intermediate speed ratio subsystems operate to produce reactor
shutdown and thus prevent the cold sodium insertion.

15.2.3.1.2 Analysis of Effects and Consequences

io demonstrate the inherent safety margins available, the effect of
cold sodium insertion to the core was studied. It must be emphasized that
in actuality PPS action would occur (as described earller) preventing the
acciaent. Initial two loop at two-thirds full operating power and flow was
assumed.

The shutdown loop was considered to contribute one-third of the total
flow when i t is started. Since the highest power fuel assembly occurs at the
heainning-of-equilibrium (BOEC), the transient was analyzed for this worst
period in core life. Justification for the use of this " worst" situation isfound in 15.2.1.4.2. For scram the highest worth rod was assumed to be stuck
and the shutdown worth of the control system was reduced by the appropriate 25

The primary control rod system was assumed to trip at llr" operatingamount.
power.* The secondary system trip would be at a 1.30 power-to-flow ratio.
As will be shown in the ensuing discussion, the power does not increase suffi-
ciently to reach this secondary trip level.

As the temperature of the sodium coolant entering the reactor core
decreases, the resulting higher density would produce an increase in reacti-
vity. Also, since the fuel temperatures decrease initially, an additional
reactivity increase results from the effects of the Doppler coefficient. In
the analysis, it was assumed that the cold sodium mixes perfectly with the
hot sodium in the inlet plenum. For conservatism the sodium inlet tempera-
ture was assumed to drop to 624"F (although this cannot physically occur)'

and remain at this value throughout the transient. Although it is physically
impossible for the flow to increase instantaneously to its normal full flow
value, this assumption was conservatively nade for the analysis. This resultsin the largest rate of sodium cool-down for the core. The Doppler coefficient
was taken to be its maximun value of -0.0074 which corresponds to beginning
of equilibrium cycle core conditions. Tais results in slightly more pessi-
mistic conditions that if one were to use the minimum Doppler coefficient
that is assumed in the reactivity insertion events described in Section 15.2.
The sodium dens ity coefficient was taken to be that of beginning-of-cycle
(BOCl). Since sodium density feedback is small compared to Doppler feedback
(see Section 4.3.2, the effect of not using the actual BOEC values would
be small. The analysis was performed using the FORE-II computer code
(see Appendix A).

Figure 15.2.3.1-1 shows the behavior of the relative reactor power
with time af ter initiation of the transient. Primary control rod system
scram is observed to occur very early in tha transient a t approximately

. _ - - _

*This assumes the trip is reset from its full power value when operating at
reduced power.
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15.2.3.4 Control Assembly Withdrawal at Startup - Maximum flechanical Speed

15.2.3.4.1 Identification of Causes and Accident Description

For this event, it is assumed that the reactor has reached criti-

ca l i ty. To reach criticality at any time in the CRBRP core, it is first
necessary to completely withdraw the four secondary control rods in Row 4 as
well as the two Row 4 primary startup rods (See Section 4.3.2.5). Then to
ascend to power requires withdrawal of the remaining primary control rods
which are normally sequentially moved to keep them at nearly the same level.
The maximum withdrawal speed is about 9 ipm which can cause a maximum reac-
tivity insertion to the core of 2.4c/sec as discussed in Section 15.2.1.1 (as
an anticipated reactor event). A description of the low probability of this
event was also given in that section.

Despite the fact that a continuous rcs withdrawal incident is very
improbable, the event was analyzed assuming additional failures resulting
in a withdrawal rate approximately equal to the maximum mechanical speed capa-
bility of the CRDM. This maximum rod speed is approximately 73 ipm above
which the CRDM roller nut will disengage from the lead screw (aue to centrifu-

51 gal force) resulting in a drop of the rod. To reach a speed near 73 ipm
multiple independent failures of the CRDM controller would have to be postu-
lated to produce a very high pulse rate. As discussed in Section 15.2.1.1,

the electronic logic circuit that stops the rod when the maximum design with-
drawal speed is reached would have to be invalidated. A maximum ramp inser-
tion to the core of 19c/secor.d could occur as the rod passes the core midplane
(considering the highest worth control rod). This is an extremely unlikely

fault.

15.2.3.4.2 Analysis of Effects and Consequences

To analyze the effects of a continuous rod withdrawal at startup, the
reactor was assumed to be initially operating with a very small power genera-
tion of 1 Mw, 600 F reactor inlet temperature and 40 percent of full flow.
Beginning of equilibrium cycle core conditions were modeled. The minimum
Doppler coefficient of -0.005 was used for the core. This value is obtained
by decreasing the noninal Doppler coefficient by 20% for uncertainties as
discussed in Section 4.3.2.3. Continuous ramp reactivity insertions of 10
and 20c/sec were studied with the FORE-II computer code (see Appendix A).

The secondary control rod system was used for shutdown in the studies
(with the maximum worth control assembly assumed to be stuck). Trip was taken
at 56 percent full reactor power which adequately accounts for the flux to
total flow subsystem performance at this reduced power and flow level. This
setting corresponds to a power-to-flow ratio of 1.4. Primary system action
would be initiated based on Flux ,/ Pressure at approximately the same time.
However, since the response of the primary rods is faster, the resulting tran-
sient is less severe. [ Note: At full power and flow, the secondary control
rods would be tripped at a power-to-flow ratio of 1.3].
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Figures 15.2.3.5-1 tnru -4 show the variation in reactor power and
fuel assembly hot channel (with 35 hot channel factors) maximum temperatures
for the fuel, cladding and coolant. A maximum cladding temperature of about
800cF was attained for a 20c/sec reactivity insertion. As can be seen, higher
cladding temperatures are experienced for smaller ramp insertion rates. The
19c/sec insertion would thus result in slightly higher temperatures. The
reason for this effect is that the slower reactivity insertion rates allow
more energy to be generated in the core before the trip signal occurs. [flote:
Section 15.2.1.1 presents results for even smaller reactivity insertion rates.]
Corresponding analysis of the highest power radial blanket assembly hot pin
results in temperatures significantly lower than those for the fuel assembly
hot pin.

15.2.3.4.3 Conclusions

The extremely unlikely event of a control rod withdrawal at its maxi-
mum mechanical speed was analyzed for the core at startup conditions. A maxi-
mum cladding temperature of the fuel assembly hot pin of about 800oF was found
to resul t. Since the normal full power maximum temperature at the same posi-
tion is over 1400"F, the transient should not produce any significant additional
degradation of the cladding. A description of how this type event is incor-

porated in the pin cladding structural design evaluation is given in
Section 4.2.1.3.

O
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15.2.3.5 C_ontrol Assembly Withdrawal at Power-Maximum Mechanical Speed

15.2.3.5.1 Identification of Causes and Accident Description

During full power reactor operation, the in-core primary control
rods can be moved by the automatic control system or manually by the operator.
The maximum design withdrawal speed is about 9 ipm which can cause a maximum
reactivity insertion to the core of 2.4c/sec as discussed in Section 15.2.1.2
(as an anticipated reactor event). A description of the inherent safety fea-
tures employed by the reactor coni.rol system to mitigate the consequences of
a control assembly withdrawal at power is also presented in Section 15.2.1.2.

Despite the fact that a continuous rod withdrawal incident is very
improbable, the even' was analyzed issuming additional failures resulting in
a withdrawal rate equal to the maximum mechanical speed capability of the CRDM.
This maximum rod speed is approximately 73 ipm above which the CRDM roller nut
will disengage from the lead screw (due to centrifugal force) resulting in a

51 drop of the rod. To reach a speed near ~73 ipm, multiple independent failures
of the CRDM controller would have to be postulated to produce a very high pulse
rate. Also, as indicated in Section 15.2.1.1, the electronic logic circuit
that stops the rod when the maximum design speed is reached would have to be
invalidated. A maximum ramp insertion to the core of 19c/sec could occur as
the rod passes the core midplane (the highest worth control rod).

15.2.3.5.2 Analysis of Effects and Consequences

To analyze the effects of a continuous rod withdrawal at power, the
reactor was assumed to be initially operating at full power at plant thermal /
hydraulic design conditions. Beginning of life and equilibrium core conditions
were modeled. The minimum Doppler coefficient (This value is obtained by
decreasing the nominal Doppler coefficient by 20% for uncertainties as dis-
cussed in Section 4.3.2.3.) of -0.005 was used for the core. Continuous ramp
reactivity insertions of 10 and 20c/sec were studied with the FORE-II computer
code (see Appendix A) to simulate a range around the postulated insertions.
All operator and automatic corrective actions were neglected and reactor shut-
down occurred due to scram.

Both the primary and secondary control rod systems were studied
separately for their shutdown capability with the maximum worth control assem-
bly assumed to be stuck. For scram with the primary control system,15%
over-power was used for the trip; scram with the secondary systems used a
trip from a power-to-flow ratio of 1.3. A 200 millisecond period was taken
for the delay between the trip signal and the beginning of control rod
insertion.
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Figures 15.2.3.6-1 through -4 show the variation in reactor power and
fuel assembly hot channel (with 30 hot channel factors) maximum temperatures
for the fuel, cladding and coolant. As in Section 15.2.1.2, data are given

for both primary and mtondary control rod system shutdown. The nnxi.aum
cladding temperature attained for a 20c/sec reactivity insertion is only about
1420"F for primary scram and 1460 F for secondary scram. As can be seen,
slightly higher cladding temperatures can be experienced for smaller ramp
insertion rates. The reason for this effect is that the slower rate allows
more core energy to be developed before the trip signal occurs. Fig-
ure 15.2.3.5-4 indicates, however, that there is very little difference
between the maximum cladding temperature for the 10 and 20c/sec cases. Corres-
ponding analyses of the highest power radial blanket assembly hot pin indicate
that its temperature for the 20c/sec case would be about 100 F cooler than
that for the fuel assembly hot pin.

15.2.3.5.3 Conclusions

The extremely unlikely event of a control rod being withdrawn as its
maximum mechanical speed was analyzed. A maximum cladding temperature of
the fuel assembly hot pin of about 1400 F was found to result for primary
scram and i460 F for secondary scram. Since the normal full power maximum
temperature at the same position is over 1400 F, the transient should not
produce any significant additional degradation of the cladding. A description

of how this type event is incorporated in the pin cladding structural design
evaluation is given in Section 4.2.1.3

O
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15.3 UNDERC00 LING DESIGN EVEt4TS - INTRODUCTION

Of particular importance to the safe operation of the CRBRP is the
determination of the response characteristics of the reactor to a group of
postulated undercooling events. The reactor response to these undercooling
events is characterized, in this section of the PSAR, by the resulting fuel
rod hot spot cladding temperature. For these accident events either,

1) the resultant fuel rod cladding temperature will be presented, or 2) it
will be shown that the primary or secondary Plant Protection System trip will
shut down the reactor before resulting plant temperature changes can be
transported to the core. The impact of these Accident Events on Plant Systems
and components is less severe than the events presented in the Plant Duty
Cycle List. Plant components have been designed to provide 30 year life for
the Plant Duty Cycles.

51| Based on the discussion presented in Section 15.1.2,
a measure of the severity of these events can only in-part be ascertained by
the resultant cladding temperatures of any one event. The true severity of
the event on the cladding integrity is a function of the sum total of all the

'

accumulated strains imposed on the cladding during its lifetime. Therefore,
the sever ity of any event should be evaluated on a case by case basis using
the cumulative damage function. In order to perform the evaluation process,
the transients generated in this section are first compared to the guidelines

established in Table 15.2-2. and when necessary to the umbrella transients
51 | described in Section 4.2. If the accident transient falls within the time

and temperature confines of the umbrella event, the conclusion can be made
that the design life and safety objectives of the fuel assemblies has been
conserved. If however, the resultant cladding temperatures exceed the

51 | guidelines limits of Table 15.2-2, then supplementary analysis is required
to determine the severity of the event.

The following is a list of the Thermal-Hydraulic initial conditions
used for the accident events presented in this section;

Thennal Hydraulic Coriditions

Thermal Power (MWT) 975**
Primary Flow (LB/Sec/ Loop) 3842
Primary Hot Leg Temperature ( F) 1015*
Primary Cold Leg Temperature ( F) 750*
Intermediate Flow (LB/Sec/ Loop) 3555
Intermediate Hot leg Temperature ( F) 956*
Intermediate Cold Leg Temperature ( F) 671*
Hot Spot Clad Midwall Temperature ( F) 1365

*These values include an additional 20 F over their normal value to allow
for instrument error and control dead band allowance.

** Power uncertainties are discussed in Section 4.4 for 3 loop operation.
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Supplementing the above parameters, the following additional
conservative assumptions and conditions were used for the analysis;

1. Maximum Decay Heat - The decay heat for the end-of-cycle
condition corresponding to long term power operating history
at full power was used. This included an added 25% conservative
20 bias to cover uncertainties. The purpose was to provide
maximum post-trip heat input to provide a conservatively high
prediction of core maximum temperature and a conservative
evaluation of heat input to the decay heat removal system.

2. Most rapid flow coastdown - The minimum vendor specified
sodium coolant pump inertia and maximum system pressure drop
are combined to generate a conservatively fast rate of flow
reduction following a coolant pump trip. The purpose of
this assumption is to provide a minimum prediction of net
reactor coolant flow during the period from pump trip to the
time of reaching pony motor flowrate. This results in
minimum heat removal from the reactor during this period
and hence a conservative maximum prediction of core
temperature.

3. Full power thermal hydraulic design condition operating
points - The full power thermal-hydraulic rated condition
is at 975 MW reactor power. The thermal-hydraulic design
operating temperatures have been conservatively increased by
20 F to allow for instrument error and the control dead cand.
The purpose of this assumption is to assure the most conserva-
tive prediction of severity for the events analyzed. The
additional temperature bias for instrument error increases
the conservatism of predicted reactor temperatures.

4. Shutdown Rod Worths with Maximum Worth Single Stuck Rod - The
rod worth used to predict post trip negative reactivity
insertions are the design expected values for the primary
shutdown system control rods and the minimum expected values
for the secondary shutdown system control rods (see Section
15.1.2 for further details). For both sets of control rods,
the single most reactive control rod is assumed to be stuck in
the withdrawn position. The purpose of this assumption is to
provide a realistic minimum prediction of shutdown reactivity
and hence the slowest rate of power decrease. This provides a
conservatively high prediction of reactor temperatures after
shutdown.

5. A conservative 200 millisecond delay between the trip signal
and the control rod insertion was used for these analyses.
In Section 4.2.3 of the PSAR the requirement for the
scram speed is that this delay be less than 100 milliseconds.
The additional 100 plus millisecond delay over the required
value results in higher clad temperatures and thus a worse
condition.

O
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6. Since the highest power fuel assembly and smallest Doppler
coefficient occur at the beginning-of-equilibrium cycle (B0EC)
the transients are analyzed for this particular worst period
in core life. With burnup, the power generation and steady
state temperature decrease (flows are constant) in the fuel
assemblies and consequently, the temperatures due to the
transients would decrease.

7. Three sigma (3o) hot channel factors were used for all the
analyses. The temperatures shown are at the midwall of the hot
rod cladding at the highest temperature position both axially
aad circumferentially on the fuel rod (position is under
wi re-wrap ) .

In addition to the above conservat' /e initial conditions assumed for
the undercooling event analysis, additional conservatisms have been applied
and are described under the specific cases presented. Also noted are those
special cases for which the conservative assumptions stated above are not
applicable.

The following is a Sunmary Table of the events considered in this
section. Table 15.3-1 identifies; 1) the event, 2) the maximum midwall clad
temperature resulting from a primary or secondary scram, and 3) comment on
the severity of the event.

As shown in Table 15.3-1, the " Loss of Off-Site Power" transient,

assuming the primary shutdown system does not function, causes the hot spot
midwall clad temperature to exceed the simplified guideline limit of

51 | Table ~15.2-2 However, additional examination as discussed in
Section 15.3.1 demonstrates that the cladding limits for an emergency event
are not exceeded. A supporting analysis of the radial blanket clad
temperatures for this same case showed that a maximum hot spot clad tempera-
ture of 1575"F was reached. Again under the guidelines of Table 15.2-2
the transient is acceptable. Since the radial blanket clad temperatures
were within the limits for this most severe case and because they were less
limiting than the core clad temperatures, only the active core hot spot
clad temperatures were analyzed in detail for the remaining undercooling
events.
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15.3.1 Anticipated Events

15.3.1.1 Loss of Off-Site Electrical Power

15.3.1.1.1 Identification of Causes and Accident Description

The off-site power supply to the 13.8 KV buses is available from the
generating switchyards and the reserve switchyard both of which are powered
by outside sources as described in Chapter 8.0. Hence, the postulated loss
of power would result only from simultaneous, multiple failures.

The loss of all off-site power trips all primary and intermediate
sodium pumps, commencing a flow coastdown. It also initiates starting of the

emergency diesel generators. Action of the Plant Protection System (PPS) trips
the control rods thus limiting core over temperatures from reduced flow.

44I Either emergency diesel provides power to the primary and intermediate sodium
pump pony motors and SGAHRS Auxiliary Feedwater Pumps for decay heat removal.
Additionally, a third power supply (250 VDC Diverse Battery and Inverter)

44 provides power to the third loop pony motors. To provide conservatism in the
analysis, the most rapid core flow coastdown was assured by using the minimum
pump rotating kinetic energy and the maximum core flow resistance specified
ir, the design.

The action of the Primary and Secondary Shutdown Systems (SDS) are
as follows:

a. Primary trip - Loss of electrical power trip occurrino in
0.5 seconds. The 0.5 se~cond delay includes nea~surement and
trip function lags.

b. Secondary trip - Flux-Total Flow trip occurring 2 seconds
after loss of electrical pumping power. This lag includes
time for the flow to coastdown as well as the measurement
lags.

15.3.1.1.2 Analysis of Effects and Consequences

The loss of off site electrical power event was analyzed with the
DEMO computer code. The overall results of the analysis are summarized in
Figures 15. 3.1.1 -1 and 15. 3.1.1 -2. As shown, the Primary PPS loss of electrical
power trip limits the maximum core hot spot temperature to 1410 F. This is

51| 40 F below the guideline limit of 1450 F given in Table '15.2-2 for an
anticipated fault.

In the eent the primary shutdown system does not operate,
Figure 15.3.1.1-1 stows that the secondary shutdown system limits the worst
case clad hot spot tamperature to 1630 F. Because this is 30 F over the
simplified guideline for a clad temperature for an unlikely fault, (Table

1 | 15.2-2) a more detriled examination considering both clad temperature
and time was necessary to insure cladding integrity. While the transient
temperature exceeds '.he design basis emergency transient temperature by
30 F, the time above the nonnal operating temperature is only 6 seconds as

<v gm Amend. 5115.3-6 .> .; .n *
Sept. 1979



compared to 150 seconds for the design basis transient (see Figure 15.3.1.1-3).
Consequently, the cladding damage due to the transient is less than that
due to the design basis transient for which, as shown in Section 4.2,
cladding integrity limits are satisfied.

The capability of the CDF procedure to conservatively predict
the results of Fuel Clad Transient Test (FCTT) is demonstrated below.
The range of the FCTT temperatures and fluences considered exceeded
the data base of the FURFAN CDF computer code. Despite this, the CDF
analyses conservatively predicted the test results with peak cladding
temperatures in qxcess gf 19000F, and cladding fluence exposures in
excess of 3 x 10E2 n/cm'.

The quantitative criteria in terms of Temperature versus Time
4r transient events which da not affect cladding integrity is shown in

The shape of the emergency transient considered in thisFigure 4.2-31.
plot envelopes the loss of off-site electrical power with scram by the

The minimum cladding lifetime is determined by thesecondary PPS event.
intersection of the peak transient cladding tempera'.ure versus time
curve and the transient limit curve witn maximum design temperatures and
maximum uncertainty in properties. Note that the maximum peak cladding
temperature occurs at beginning-of-life, and the cladding temperature Thus,increment due to the transient is assumed constant throughout life.
for an emergency transient with a maximum peak cladding temperature of
16300F, the peak clad temperature versus time curve would lie parallel

'

to and 30 F above the peak clad temperature versus time curve shown in0

Figure 15.3.1.1-4. The intersection of this curve with the minimum
transient limit curve gives a cladding lifetime of -450 days or m35 days

0 In allless than the 1600 F peak cladding temperature transient.
calculations involved in generating Figure 15.3. .1-4, cumulative cladding
damage is continuously accounted for in the cladding property considerations.

It should be noted that the anticipat.ed time temperature curse for the
loss of off-site electrical power is considerably less than the time envelope
used to develope the transient limit curves. Therefore, the above loss of
m35 days due to the additional 30 F is believed to be on over estimate of0

the transients actual effect. This not withstanding, the design lifetime
based on the above analysis for the loss of offsite power is still in excess

25of the 411 day goal lifetime.

As discussed earlier, the most realistically severe combination of
possibilities allowed in the design specifications were selected to analyze
this event. Figure 15.3.1.1-2 shows the effects of a possible longer flow
coastdown, enhanced secondary control rod dynamics, and using " minimum
required" instead of " expected" primary control rod shutdown rates. Lower
possible core flow resistances and higher pump rotating kinetic energies,
decrease the core hot spot temperature 10"F for a primary PPS trip and 15 F
for the secondary shutdown system trip. Additionally, increasing the
initial secondary control rod insertion rate to match the primary rates
decreases the clad temperature 35 F for the secondary trip.
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The effect of using " minimum required" primary control rod shutdown
rate values instead of the " expected" values (both having the highest worth
rod assumed to be stuck), is also shown in Figure 15.3.1.1-2. As indicated
in Section 15.1.2, the core temperatures described in this chapter for the
primary system have been based on the expected rates of shutdown worth
which give the more realistic evaluation of the transient. The secondary
rod insertion rates used are the minimum rates. Figure 15.3.1.1-2 shows
the hot spot cladding temperatures for the two cases. As can be seen,

there would be about a 10 F increase from using the minimum rates. Thus,
using minimum instead of expected primary rod insertion rates does not
significantly change the nature of or effects of the transient.

15.3.1.1.3 Conclusions

The loss of off-site electrical power results in a simultaneous
loss of sodium pump power and the consequent reduction in core flow. The
primary shutdown system limits clad midwall hotspot temperature to
1410 F - 40 F below the limit for an anticipated fault. In the unlikely

event that the primary shutdown system does not cperate, the secondary
shutdown system limits the hot spot midwall clad temperature to 1630 F.
While this transient exceeds the simplified guideline for clad temperature

51 | of Table 15.2-2 by 30 F, analysis of the transient has shown that the
clad damage does not exceed the limit for an emergency event.
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Therefore, failure of an absorber pin in unlikely under any
predictable conditions. Adequate margins are provided for worst case laads
and environments to prevent such failures, and the effects of a postulated
failure on operation and control of the reactor can be shown to be minimal.

51

15.4.2.1.2 Thermal Effects of Gas Release

The potential mechanisms for absorber pin failure propagation
resulting from the thermal effects of helium release from a failed absorber
pin include gas jet blanketing of an adjacent pin and flow reversal resulting
from rapid gas release.

Experimental determination of the effects of gas jet blanketing of
adjacent fuel pins in core fuel assemblies was discussed in Section 15.4.1.i.3.
It was found that the maximum effect was a temperature increase of about
432 F at a surface heat flux of 7.93 x 105 2Btu /hr-ft , with the temperature
increase proportional to the heat flux. This maximum effect occurs over a
narrow range of hole sizes and of pressure ratios across the hole.

These results were applied to the hottest absorber rod including hot
channel factors and overpower. It was conservatively assumed that both the
maximum cladding midwall temperature and the maximum linear heat rating were
at their maximum values of 1225'F and 9.43 kW/ft. , respectively, even though

these values could not occur on the same pin and at the seme elevation. The
51 result was 110'F increase in maximum cladding midwall temperature to 1335"F.

This is well below the temperature of 16000F which may be assumed as the guide-
line failure limit for short tenn transients. Therefore, although the geometrical
configuration of the experiment differed from that of the control rod, it is
considered very unlikely that an absorber pin cladding failure would result
in cladding failure of an adjacent pin due to jet blanketing.

Furthermore, if failure of an adjacent pin were assumed to occur,
the resulting jet would be directed back to the original failed pin, and

therefore, failures would be self-limiting (see Section 15.4.1.3). 25

With regard to the effect of flow reversal resulting from rapid gas
release, a conservative analysis was done to ascertain how long an absorber
pin would have to be completely insulated before the failure temperature
(assumed to be 1600 F) would be reached. The length of time required for the
cladding temperature to reach a specified failure point depends on the
absorber pin power generation rate in the area covered by the gas, the size
of the area covered, and the rate of cooling by the gas and any entrained
liquid in the gas. An analysis was performed conservatively assuming that
the gas contributed no heating or cool'ng to the neighbor cladding, the gas
surrounded the pin (360" angular covecage) totally eliminating heat removal,
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the maximum linear power was 9.43 ft. and the initial cladding midwall
temperature was 1255"F (even though these two conditions never occur together),
and the heat flux into the cladding remained constant (even though it would '

.

actually decrease as the cladding temperature increased). For this case, the

time required for the cladding midwall temperature tc reach 1600 F was
2.3 seconds.

The analytical model which was developed to detarmine the effects of
rapid gas release (Section 15.4.1.1.2) was aonlied to the Control Rod
Assembly. The results for a gas plenum pressure of 4000 psia and a large
rupture located at the bottom of the Control Rod are shown in Figure 15.4.2.1-1.
The maximum gas blanketing time resulting from an absorber rod failure is
about 0.15 seconds, which is less than the conservatively calculated 2.3
seconds required for the insulated cladding temperature to reach 1600'F.
Therefore, pin failure propagation as a result of rapid gas release from a
failed absorber pin will not occur.

15.4.2.1.3 Mechanical Effects of Gas Release

Absorber pin cladding failure results in the coolant adjacent to the
rupture being pressurized. The pressure available may be inferred from
out-of-pile cladding burst experiments conducted in connection with EBR-11,
which were discussed in Section 15.4.1.1.4. An analytical model was developed
in which all of the resistance to gas flow from the pin was assumed to occur
at the rupture. The gas bubble was assumed to be spherical and expanding
within an infinite sea of incompressible liquid. This simplified approach
neglects the ef fects of the solid surfaces present. The model showed very

good agreement with the experimental data in determining the peak bubble pressure
although it predicted more rapid pressure decay af ter the peak was reached. The
peak pressure showed little influence of rupture area or of plenum volume. The
main effect was that of plenum pressure as is shown in Figure 15.4.1.1-3. Using
this figure for the absorber pin, which has a peak plenum pressure of about
4000 psi, the peak bubble pressure is predicted to be about 540 psi.

Because of the high acoustic velocity in sodium of the order of
7000 to 8000 feet per second, a pressure pulse with a rise time of the order
of microseconds would be required for a significant pressure differential
across an absorber pin. The pressure pulse risetimes found in the EBR-II
ducts tests and from toe analytical model were several hundred microseconds,
and therefore, no appreciable pretsure differential across the pin is
expected by this mechanism However, the case was considered of a force

acting on an adjacent pin or duct wall as a result of a gas jet from a failed
pin impinging on the adjacent pin or duct wall. Assuming the jet to be
deflected at right angles, the maximtm impulse imparted to the adjacent
structure resul ting from the gas release from both plenums is 0.597
lb -sec.

f

O
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The maximum impulse attainable from a failed absorber pin is
insufficient to fail an adjacent pin. Using a method discussed in Sec-
tion 15.4.1.1.4 for determining the maximum impulse attainable from a failed
pin, it can be shown that this pulse is not enough to cause progressive failure.
This conclusion is based upon a study of failure propagation (Ref.1) in
which the critical bending moment--the moment at which a fuel pin buckles to
form a plastic hinge---is developed as well as the maximum moment generated by
a given impulse on the pin. The failure impulse is defined as that impulse
which results in the maximum moment equal to the critical moment.

15.4.2.1.4 Long Term Effects of Absorber Pin Failure

As discussed in 15.4.2.1.3, pin failure occurring near the end of an
operating cycle would have minimal effects due to the short time to
replacement at the cycle.

Postulated failure of a pin early in life also would have little
effect on the mechanical function of the control rod. Erosion tests of B C4in flowing sodium at 5 fps (Re#. 48) have indicated very small loss rates
of approximately 50 mg/an2 per 100 hr. Fault sizes in pins have been
estimated between 10-2 ano 10-5 cm2 Because of the small failure dimension,
contact between the sodiurr and the B4C is unlikely. However, any contact
would be at almost zero velocity, therefore, erosion rates would be negligible
if any did indeed occur. Thus, there is a very small probability of
functional degradation of the control rod due to early pin failure.

Particle size from erosion tests of irradiated B C has been shown4
to have an average diameter of 0.0012 inch (Ref. 48) Particles of this size
are not large enough to settle out in flowing sodium and cause channel blockage.
The amount of B C in the system in terms of parts per million is so small4

that abrasive wear in normal flow channels within the core would not occur.
With an average particle diameter of 0.0012 inch, the number of larger
particles is expected to be small. The small number of particles above about
3 to 4 mils that might exist are expected to settle out before reaching the
pump bearings. Particles less than 13 mils are expected to flush through the
pump bearings without interaction. The combined low probabilities for release
of 8 C and for particle sizes which could be retained in the pump bearings4
results in an extremely low risk of pump damage.

15.4.2.2 Overpower Control Rod Assembly

15.4.2.2.1 Prevention and Detection of Control Rod Assembly Overpower

The principal overpower considerations for a control assembly are:
Iccating the assembly in the wrong core location; an over-enriched B C

4pin in a lower enrichment assembly; over-enriched pellets and improper
orificing. Discriminator posts at the bottom of the inlet nozzle (see require-
ments in Section 4.2.3.1.5) prevent full insertion of a control assembly in an
undercooled control position or into the wrong core assembly location. The
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increased elevation of the assembly in the wrong location prevents release of
the assembly by the refueling mechanisms. Discrimination features are pro-

vided on the absorber pin end caps to prevent loading of a highly enriched
B4C pin into a lower enrichment assembly. The potential for over-enriched
pellets in an assembly is minimized by quality control in the assembly
process.

Manufacturing requirements limit the tolerance on B-10 content in
c pellet to 14A uncertainty from pellet density and B-10 enrichment. This
uncertainty is included in overall heat generation uncertainties for which a
15t uncertainty is currently used for design analyses. Improper association
of orifices, discriminators and B C enrichment of the pin bundle are con-4
trolled by quality assurance procedures including visual inspection.

The above mentioned discrimination features and quality assurance
51

procedures assure that an overpower condition in a control assembly would
be extremely unlikely. In addition, ccntrol rods are overcooled (sodium
outlet temperature less than fuel assembly outlet) which provides extra

51 | margin against an overpower condition by limiting steady state clad tem-
perature to less than 1225 F even for the unexpected, fully insertedU

The fully withdrawn secondary control rods and pri-primary control rod.
mary control rods partially or fully withdrawn have even greater margins
against overpower conditions.

51 Even if an overpower situation occurs, it is shown in the following
that the resulting B C and clad temperatures are below melting or shortparagraphs 4

term clad failure limits. The principal effects of locating an enriched
assembly in a natural B C location would be an increased rate of pin pressure4
buildup and slightly higher clad temperatures.

15.4.2.2.2 Consequences of Overpower Pin for Steady Stat _e and Design
Transients

To consider the consequences of an overpower pin in a control rod
assembly in the CRBRP, it was postulated than an enriched primary control
pin of 55% B-10 is misplaced in the central (or Row 1) control rod location 13

instead of the 207 naturally-enriched B-10 loadings. The CRBRP primary
control system utilizes these two types of B-10 enrichments to load the

36| B C absorbers, i.e. , natural (203) and enriched (50%) for its fifteen
4 _
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37-pin control assemblies depending on core cycles and in-core locations.
The current design calls for the use of only natural B C in the central4
location throughout the life of the core. Thus, the postulated overpower
pin can only occur in the central assembly since all other locations pro-
vide adequate cooling for enriched pins.

The peak power thermal performance of the centrally-located con-
trol assembly (C/A#1) is reported in Section 4.4. The peak pressure in an
enriched B C pin in a Row 7 Flat assembly is given in Table 4.2-46. Table

4
51 15.4.2.2-1 provides peak thermal comparisons between the normal case and

13the overpower case for the central C/A peak pin at the four key lifetimes
of the CRBRP. The results shown in the table are based on the heat genera-
tion rates reported in Table 15.4.2.2-2.

The consequences of an overpower pin are higher temperatures in the
absorber and clad, increased helium release from the B4C and higher plenum
pressure. It has been estimated that the E0EC plenum pressure in the peak
normal pin is 1764 psi and that in the power pin is 3757 psi for the
reference rod withdrawal profile used in Table 15.4.2.2-1. The pressure in
the plenum is dependent on the rod withdrawal profile. The plenum pressure
in the postulated overpower pin at the end of the normal residence time is
expecteJ to be very close to a preliminary design guideline maximum pressure
of 4000 psi. Therefore failure of the clad may occur.

The consequences of stochastic absorber pin failures were examined in
Section 15.4.2.1. Failure was assumed to occur due to a plenum pressure of
4000 psi. Due to the elevated clad temperatures in an overpower pin, clad
failures, if they occur, would be expected at pressures of approximately
4000 psi. Thus, the consequences of an overpower pin clad failure are not
expected to be more severe than for the stochastic failure. Since the
highest clad temperature occurs toward the top of the B C pellet stack,

4the postulated rupture is expected to occur in that region. However, the
consequences are not expected to be significantly affected by the axial
location of the rupture. Hence, the consequences of the overpower control
rod are enveloped by the thernal and mechanical effects of stochastic
failure dealt with in Section 15.4.2.1.

Analysis of the thermal expansion and swelling characteristics of
the B C pellets and the cladding indicates that forced pellet-clad contact4
is unlikely in the overpower pin, just as it is precluded by design in a
normally placed pin. Therefore, failure of the clad is expected to be due
to gas overpressure. Experimental evidence from the HEDL Neutron Absorber
Technology Program indicates that the characteristic times for release of
helium from B C are long compared to typical times associated with reactor4
transients. There is afso evidence that pellet swelling is insensitive to
temperatures above 2000 F and that at lower temperatures the swelling
varies inversely with temperature (Ref. 64 ). The temperatures of the
absorber pellets, as shown in Table 15.4.2.2-1, are lower than the melting

0point of the boron carbide (4442 F) by such a wide margin that melting of
B C was rejected as a possibility under all the design transients in normal4
pins as well as the overpower pin. The pressure of the plenum gas is ex-
pected to rise during a transient due to the increase in temperature. Thus,
it is expected that the failure mode of the overpower pin will not be affected
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by reactor transients since failure during steady state operation has al-
ready been postulated. Although a transient could cause a failure earlier
in life, the mode of failure (i.e. gas overpressure) would be the same.

The failure of the clad is expected to occur as a pinhole due to
stochastic failure of intergranular cracking. Such a failure would not
result in as high an impulse as a gross rupture. While the mechanism of
failure could affect the extent of damage caused by clad failure, the worst
consequence would be that the central control assembly becomes inoperative.
This could only occur if the inner duct (which is 44 mils thick) is defomed
by the gas . jet to such an extent that forced contact occurs between the inner
and outer duct. This is extremely unlikely, since an irradiated inner duct
would be expected to crack at a corner and relieve the internal pressure
prior to allowing sufficient deformation to jam the rod in the outer duct.
No deformation is expected on the outer duct because of its thickness (120
mils) and support from adjacent assemblies. The safety of the reactor is not
jeopardized with one assembly inoperative because the design of the plant
assures shutdown capability with the control rod of maximum worth being
stuck and assuming that the secondary shutdown system does not operate. Also
the central rod is expected to be used for fuel burnup compensation and is
not needed to satisfy shutdown system requirements.

13

15.4.2.2.3 Thermal Effects of Postulated B C Particle Release and Interaction3

For the operating condition of the CRBRP considering 15% overpower
and the misplacement of a high enricged absorber pin, the maximum B C tempera-4ture is expected to be at least 1500 F below the melting temperature. Thus,
the existence of any molten B C and the postulation of any interaction of 13g
the type such as the MFCI (molten fuel - coolant interaction), that is,
rapid transfer of heat from some molten B C to liquid sodium through a failed4
pin, must be regarded as highly improbable. Thus, only the question of B C4erosion in the flowing sodium if failed pin cladding were postulated, must
be considered. The maximum erosion rate at the end of a fuel cycle is con-

sidered to be much less than the 9% observed and reported (Ref. 48), The
9% erosion is based on an extremely severe case in which approximately 25%
of the circumferential area of the B C pellets was exposed to flowing sodium.4Test results have shown that particles of eroded B C are generally less than4
0.002 inch in diameter and substantial fractions of them become dissolved in
the system sodium. Thus, there is no possibility of flow blockage resulting
by the erosion and deposition of B C pellets.4

The mechanical effects of gas release particularly towards the end-
of-cycle due to high gas pressure build up in the control room assembly pins
are discussed in Section 15.4.2.1.3. To ensure conservatism, the gas release
study postulated a 4000 psi total plenum pressure in an absorber pin before
its release. This higher value of pressure was based on the assumption that
a control assembly would be lef t in the core fully inserted due to failure of
the CRDM/Driveline system. In the light of this postulation, the peak pin
temperatures were examined for the fully inserted condition for the central 13
(Row 1), Row 7 flat and Row 7 corner rods. Table 15.4.2.2-3 lists the peak
pin conditions for the three differently located rods under the postulated
80EC condition of fuel rod insertion in core (instead of programmed with-
drawal ) . Again, the B C fuel temperature is considerably below the meltingg
tempera ture . The cladding and coolant temperatures are also considerably
below design limits. The conclusions are again that no molten B C and coolant4
interaction will take place, since none of the design limits are exceeded.
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15.A.1 INTRODUCTION

In accordance with Title 10 Code of Federal Regulations Part 50
(10CFR50), the CRBRP Project has submitted an Environmental Report (ER)
and a Preliminary Safety Analysis Report (PSAR) to support an application

40| for a license to construct the CRBRP. These reports include an evaluation
of a spectrum of postulated accidents. For each accident an analysis of
the potential conseque.res to the health and safety of the public is
presented. Consistent with the intent of Regulatory Guide 4.2, " Pre-
paration of Environmental Reports for Nuclear Power Plants", the accident
evaluations presented in the ER are based on realistic accident analyses
and analytical assumptions. The evaluations presented in the PSAR are
based on conservative accident analyses and analytical assumptions. The
spectrum of accidents considered in Chapter 15 of the PSAR and Chapter 7
of the ER encompass Class 1 through Class 8 events. This spectrum con-
stitutes the accidents included in the design base for the plant. Class
9 events are of such low probability that they can be excluded from the
design bases.

29

In accordance with Title 10 Code of Federal Regulations Part 100
(10CFR100), a major fission product release from the core has been hypo-
thesized for the purpose of determining the s ui tability of the selected
site for the construction and operation of the CRBRP. In compliance with
10CFR100, the potential hazards resulting from this hypothesized release
are not exceeded by those from any design basis accident analyzed in Chapter
15 of the PSAR. The radiological source term associated with this hypo-
thetical release is specified in terms of percentages of fission products
and fuel material released from the core to the Reactor Containment Building.
The source term used for site suitability assessment is as follows:

100% Noble Gas Inventory
50% Halo,qen Inventory (25% Airborne)
1% Solid Fission Product Inventory
1% Plutonium

The applicant has utilized this source term in compliance with
specific direction from the Nuclear Regulatory Commission (Ref.1). How-
ever, while accepting this source tenn and committing to design features to
assure acceptable consequences as a result of it, the applicant considers

40 this source term to be overly conservative.

Amend. 40
')b607G July 197715.A-1 c



O

The source term specified by NPC not only envelopes all design
basis accidents considered in Chapter 15, but further envelopes a wide
range of conservatively hypothesized core-related events. Evidence, both
analytical and experimental, supports the Applicant's position that
compliance with the requirements of 10CFR100 could be demonstrated with a
less stringent source term.

'

40 The potential radiological consequences of the above source
term are conservatively calculated and compared to the guideline values |

of 10CFR100, thus providing the basis for conducting an assessment of the 12 9

site suitability.

15. A. 2 SITE SUITABILITY SOURCE TERM

15.A.2.1 Source Term

The source term is identified in terms of percentages of fission
products and fuel material released from the core to the Reactor Contain-
ment Building. The source term is itemized in Table 15. A-1. The indicated
percentages of these materials are assumed instantly released to and
uniformly distributed in the RCB. For the halogens, 50% of the halogens
released to the RCB are assumed to immediately plateout on surfaces (con-
sistent with LWR practice), thus being removed from the airborne source
term available for leakage from the RCB, with the net result that 25% of
the initial halogen inventory is assumed airborne in the RCB.

The initial core fission product inventories are based on end-
of-cycle equilibrium core conditions. These E0EC fission product inven-
tories are identified in Table 12.1-35 of the PSAR for power operation
at 975 megawatts-thermal.

The specific isotopes included in each fission product category,
as identified in Table 15. A-1, are as follows:

Noble Gases: Xe, Kr
Halogens: Br, I

40, Solids: All remaining fission products
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The plutonium and transuranic element heavy metal inventories
are itemized in Tables 15.A-2 and 15.A-3.

Plutonium inventories (Table 15. A-2) are provided for core load-
ings fueled with low Pu-240 fuel. For low Pu-240 fuel the isotope Pu-238
is a trace element, and was consequently not included in the discussion
of this fuel type in Section 4.3. The low Pu-240 fuel specifications
provide that the maximum amount of trace Pu-238 will not exceed 0.157 of
the total Pu. To insure a conservative source term assessment, this maximum
trace amount of Pu-238 is assumed present since this isotope is a significant
dose contributor. Low Pu-240 fuel can be obtained from available sources,

51 and will be used for the initial fueling of CRBRP.

40 15.A.2.2 Source Term Attenuation Within Containment

The principal exposure pathway associated with a major radio-
activity release in containment is leakage of airborne material to the
environment. Potential off-site exposure is dependent on the leakage
rate from containment and the concentration of airborne radioactive mat-
erial within the containment as a function of time. With the exception

of gaseous radionuclides, considerable reduction in the airborne concen-
tration of radioactive material is expected as a result of natural de-
position processes. For charac teristic LMFBR postulated accident source
terms, and for the CRBRP site suitability source term in particular, a
large portion of the airborne radioactivity is associated with non-
gaseous species. The suspended concentration-time behavior of such source
terms is predictable with current aerosol behavior models. Character-
istic depletion mechanisms for suspended aerosols include: (1) settling
due to gravity, (2) wall plating, and (3) agglomeration due to Brownian
motion and/or agglomeration due to gravity.

The concentration-time behavior of the airborne radioacti /e
source term in the RCB was computed with the HAA-3 computer code.

A code description and code references are provided in PSAR
Appendix A.

40
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Previous parametric studies, conducted to confirm the theoretical

40| basis of the HAA-3 code (see Appandix A) indicate that the predicted aerosol
behavior is rather insensitive to the selection of the Stokes' correction
factor (a) and the gravitational collision effeciency (c). The actual values
of a and c (0.1 and 1.0, respectively) used for the source term analysis are
judged to provide a conservative assessment of aerosol behavior.

HAA-3 is used to compute depletion factors as a function of time;
40| these factors are used as input to COMRADEX-II which computes leakage of

the airborne radioactivity from the RCB. Considerations pertinent to
40| leakage from the RCB are discussed in Section 15. A.2.3. Note that depletion

is considered only for non-gaseous species; no credit for depletion via
plate-out or settling is taken for gaseous species.

40|" The aerosol depletion factors describe the rate (fraction /sec) at
which the suspended aerosol concentration is reduced via natural aerosol
deposition processes: plateout and settling. Mathematically, this factor
is analogous to a radioactive decay constant, which describes the rate of
decay (reduction) of the activity of a particular isotope. However, whereas
the rate of radioactive decay is constant with time, aerosol depletion is
time-dependent due to the changing suspended aerosol concentration, and
the fact that the aerosol deposition processes are dependent on the concen-
tration of the suspended aerosol. Physically, for an initially high con-

40| centration of suspended aerosol, the rate of depletion is relatively rapid;
however, as the aerosol concentration decreases, due to depletion, the rate
of depletion decreases.

40 The time-dependent depletion factors are computed in HAA-3 by
considerin; the change in the suspended concentration over a series of
many small time increments, the sum of ..nich equal the total time interval
being evaluated.

Consider the time interval t -t =at, where t >t), and let2 j 2

A = suspended aerosol mass at tj j

P = plated aerosol mass at tj j

S = settled aerosol mass at tj j

A. P. and S. are determined by HAA-3. The aerosol depletion
factor, defln,ed at timd (t +t )/2, is then computed as follows:l

j 2

f ass Plateout Rate + Mass Settling Ratej
Average Mass Suspended

(P -P )/at + (S -S )/at time-I=
40 2 3 2 j

l 25
(A2 + A )/2j

9
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The mass associated with the non-gaseous portion of the source
term, initially airborne in the RCB, is shown in Table 15.A-4. The
resultant initial airborne concentration is also provided.

The quantity of fuel (90.1 kg) included in the source term aerosol
analysis was selected to represent 1% of the total (core plus blanket)

51 plutonium-oxide mass plus 1% of the core uranium-oxide mass. The mass
of the uranium-oxide in the blanket was not included in the aerosol
analysis. This approach is conservative since including the uranium
blanket mass would result in a much higher initial airborne concentra-
tion and subsequently more rapid aerosol depletion. Even though the
uranium blanket mass has been excluded from the aerosol analysis, it
has been conservatively assumed that the radioactive inventory of the
blanket is includeo in the source term.

Table 15.A-5 presents the important input parameters to the
HAA-3 code, used to compute the concentration-time behavior of the source
term aerosol and resultant aerosol depletion factors. The time-depen-
dent depletion factors computed by HAA-3 for the source term aerosol
and used in the COMRADEX radiological analysis are itemized in Table
15.A-6.

15.A.2.3 Containment Modeling

A complete description of the reactor containment / confinement
system and the engineered safeguards associated with it is presented
in Chapter 6 of the PSAR.

For the radiological analysis, it is conservat;vely assumed that
all leakage (except bypass) from the RCB to the annulus is directly
to the intake of the filter system. This assumption neglects any credit
for delay time in the annulus. The recirculation flow was assumed to
mix in 50% of the annulus volume. Only one-half of the annulus volume
is used to be consistent with the 50% mixing assumption specified in

40 Standard Review Plan Section 6.5.3.
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Leakage of airborne radioactivity from the RCB was assumed to
occur at the containment design leak rate, 0.1% Vol/ Day for the duration
of the evaluation. The RCB is designed to limit leakage to 0.1% Vol/ Day
at a containment overpressure of 10 psig. The use of the containment
design leak rate (0.1% Vol/ Day) for the duration of the site suitability
source term evaluation is conservative, since assuming a constant 10 psig
containment overpressure for the duration of the site suitability source
term evaluation is conservative.

A portion of the leakage from the RCB may bypass the confinement
annulus. Chapter 6 of the PSAR identifies the individual containment
penetrations contributing to bypass leakage; the majority of the bypass
leakage is associated with the containment airlocks. The containment /
confinement system is being designed to achieve a bypass leakage value of
less than 1% of the RCB design leak rate, i.e. ,1% x 0.1% Vol/ Day
0.001% Vol/ Day. Sixty percent of this bypass leakage escapes directly to
the outside atmosphere and the remaining forth percent excapes to the Reactor
Service Building (RSB). The treatment of leakage to the RSB depends upon
the status of the railroad door in the RSB. When the railroad door is
closed, the RSB atmosphere is maintained at a negative pressure with respect
to the outside atmosphere. When the railroad door is open, maintenance
of a negar.ive pressure in the RSB is not assured.

If thi RSB railroad door is open, both doors of the equipment hatch
airloc< are secured and the airlock atmosphere is vented to the containment /
confinement Annulus Filtration System. In this mode, essentially all (96.4%)
the bypass leakage from the RCB to the RSB (40% of total bypass) is vented
from the equipment hatch airlock directly to the Annulus Filtration System,
where it is subject to filtration and recirculation prior to release to the
environment. The remainder of leakage into the RSB (3.6%) escapes directly
to the atmosphere. When the railroad door is closed, the airlock vent to
the Annulus Filtration System is closed and the airlock atmosphere is iso-
lated from the containment / confinement annulus. In this mode, all bypass
leakage from the RCB to the RSB (40% of total bypass) escapes directly to
the RSB where it is subject to recirculation and filtration prior to release
to the environment.

Airlock operation with the railroad door open (i.e. , with the
airlock atmosphere vented to the annulus) results in larger potential off-
site expasures for the site suitability source term analysis than operation
with the railroad door closed and the radiological consequences are there-
fore presented when the railroad door is assumed open. Confirmation that
this does result in more limiting exposures is given below.

When the railroad door is closed and all bypass leakage to the
airlock escapes to the RSB, this leakage is filtered prior to ultimate
release to the environment. Considering the efficiencies (99% particulate
and 95% iodine) of the RSB filters and the recirculation flow pattern (1700
cfm exhausted per 14300 cfm recirculated), the net filtration efficiency of
the RSB system is greater than 99% for both particulates and halogens. Conse-

40 quently, non-gaseous releases (which are controlling with respect to off-site
.
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exposures for the source term) to the RSB are attenuated by at least two
orders of magnitude when the railroad door is closed. When the railroad
door is open and RSB filtration unavailable, 96.4% of the bypass leakage
to the RSB is vented from the equipment airlock to the annulus, but 3.6%
of the bypass leakage to the RSB leaks directly to the atmosphere. This
provides an attenuation factor of about 28 for bypass leakage to the RSS.
Therefore, the contribution of bypass leakage to off-site exposure is more
limiting when the railroad door is open and the airlock is fully secured
and vented to the Annulus Filtration System than when the railroad door
is closed and RSB filtration is available.

The final containment related parameter pertinent to the source
term radiological analysis is the shielding attenuation provided by the
containment structures. The analysis considers the shielding provided by
both the steel RCB and the concrete Confinement Building.

A summary of the containment / confinement related parameters used
in evaluating the source term is provided in Table 15. A-7.

40 15.A.2.4 Environmental Dispersion

Atmospheric dilution factors (x/Q's) applicable to discrete time
intervals following postulated accidental releases have been established
as a function of downwind distance from the CRBRP site. A detailed dis-
cussion of the development of these x/Q's is provided in Cha,ter 2 of the
PSAR.

40
The specific x/Q's used for the analyses are itemized in Table

15.A-8. These x/Q's are the "95th percentile" values (atmospheric dilution
is more favorable 95% of the time). Consistent with the Standard Review
Plan, Section 2.3.4, the 0-2 hour exposure intervals at both the exclusion
boundary and low-population zone were evaluated based on the single-hour,
95% x/Q value.

15.A.2.5 k~iological Parameters

The major parameters relating the COMRADEX dose calculations
are as follows:

The standard-man time-dependent breathing rates are identical
to the values recommended in Regulatory Guide 1.4, and are as follows:

3Time Breathing Rate, m /sec
-40-8 hrs. 3.47 x 10
-48-24 hrs. 1.75 x 10

40 , > 24 h rs . 2.32 x 10-4

15.A-7
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The inhalation dose factors (Rem /Ci inhaled) for internal exposure
to the bone, lung, thyroid, and whole body are identical to the values
recommended in Reference 2 for a standard adult. A number of isotopes
included in the COMRADEX source term analysis are not included in Reference

51 2. For these isotopes, the inhalation dose factors are consistent with
those provided in References 3 and 4.

External gamma whole body exposure is based on a semi-infinite
cloud model per Regulatory Guide 1.4 for released material and includes
direct exposure from material within the Reactor Containment Building.

40 15.A.2.6 Off-Site Exposure

The potential whole body and organ doses resulting from the
site suitability source term are itemized in Table 15. A-9. In accordance
with 10CFR100, off-site doses resulting from 2 hour exposure at the ex-
clusion boundary (0.42 miles) and accident duration exposure at the low-

40 population zone (2.5 miles) have been detemined.

For the actual radiological dose analysis, accident duration is
defined as 30 days, i.e., dose calculations are continued out to 30 days.
Based on the leakage characteristics assumed for the RCB (leak rate
constant at design value) and the aerosol depletion effects within con-
tainment, incremental exposure beyond 30 days is insignificant. More

40 | than 98% of the accident duration doses result from the first week of
exposure at the LPZ.

For both the whole body and a'l organs considered, the most
40 | limiting doses result from 2 hour exposure at the e7clusion boundary.

The doses at the low population zone in all cases are less than the
exclusion boundary doses. Even with the conservative assumpt.uns applied
throughout the analysis, the doses calculated are in agreement with the

51 applicable 10 CFR 100 guideline values.

15. A . 2.7 Conclusions

NRC has specifier. a site suitability source term for CRBRP which
40 is conservative. The potential radiological consequences associated with

this site suitability source term have been determined with the consistent
40 | application of conservative analytical assumptions. The 2-hour exclusion

boundary and accident duration low population zone exposure doser have
been calculated. These doses were compared to the guideline values of
10CFR100 and the gui ance provided by NRC in Reference 1. This comparison,

40 | summarized in Table 15. A-9 indicates that the potential radiological conse-
quences of this assumed source term are well within the guideline values of
10CFR100 and in agreement with the values established by NRC for use
during the construction permit review, and thus provides the basis for

40 establishing suitability of the Clinch River site with respect to the
criteria set forth in 10CFR100.

ErdOH3
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TABLE 15.A-1

SITE SUITABILITY SOURCE TEPf1

Isotope C1 ass % Inventory

Noble Gases 100%m
w

Halogens 50% (25% Airborne)

Solid Fission Product 1%

40 .uel (Including Plutonium) 1%

b$
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TABLE 15.A-2

PLUTONIUM ftASS INVENTORY *
(Low Pu-240 Fuel)

Maximum
Expected
Isotopic Maximum Maximum Expected Invento_ry

Composition Core
Isotope (KG/ Assembly) Assemblies KG Curies

Pu-238 0.0174 162 2.82 4.761+4**

Pu-239

Core 10.03 162 1624.86 9.960+4

---- --- 636.00 3.899+4Blanket

Total Pu-239 - -- --- 226C.86 1.386+5

Pu-240 1.36 162 220.32 4.969+4

Pu-241 0.195 162 31.59 3.207+6

Pu-242 0.02 162 3.24 1.264+1

Totals 7518.83 3.143+6

Excludes Oxygen*

451 ** 4.761+4 = 4.761 x 10

-
.

a .,.'
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hTABLE 15.A-3

CRBRP TRANS*JRANIC INVENTORY (E0EC)

I:otope Half-Life Mass (gms) CuriesJ;
6 3 0

Np237 2.14 x 10 Y 3.68 x 10 2.60 x 10
0 5

Np238 2.1 D 1.70 x 10 4.44 x 10
3 8

Np239 2.35 D 4.23 x 10 9.85 x 10
4 5

kn241 458 Y 3.61 x 10 1.23 x 10
3* 4*

Am242" 152 Y 1.17 x 10 1.13 x 10
I 7

Am242 16 il 1.96 x 10 1.59 x 10
3 2

Am243 7650 Y 2.34 x 10 4.49 x 10
5Am244 10 H 9.75 x 10-3 2.89 x 10

3 7Cm242 163 D 3.27 x 10 1.08 x 10
2 3Cm243 32 Y 1.23 x 10 5.67 x 10
I 3Cm244 18.1 Y 9.77 x 10 7.91 x 10

h0 -ICm?45 9320 Y 1.72 x 10 3.03 x 10
-2 -3Cm246 5480 Y 2.70 x 10 8.34 x 10

7 -4 -8
Cm247 1.67 x 10 Y 2.44 x 10 2.16 x 10

5 -6 -9
Cm248 4.7 x 10 Y 2.33 x 10 9.56 x 10

3 Cf252 2.55 Y 5.89 x 10-15 3.16 x 10-12

40

* Estimated Value
51

15.A-12
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I TABLE 15.A-4

MASS OF SOURCE TERMS INITIALLY AIRB9RNE IN RCB

Isotope Mass
Class ikg

,

Noble Gases * 54.90

Halogens ** 0.980

Solid Fission Product 3.77

Fuel 90.05

Total
51 Non-Gaseous 94.80

Initial RCB
Concentration (pgm/cc) 0.87

* Mass of Noble Gases excluded from aerosol analysis.

**25% of E0EC Inventory.

40
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O
TABLE 15.A-5

HAA-3 INPilT PARAMETERS USED FOR SOURCE TERM ANALYSIS

Parameter

8Initial Concentration, Particles /cc 1.68 x 10

Count Mean Particle Radius, um 0.1

Geometric Mean Deviation, um 2.0

Aerosol Material Density, gm/cc 10.74

Stokes Correction Factor, a . 0.1

Gravitational Collision Efficiency, c 1.0
IlRCB Volume, cm3 1.05 x 10
-0RCB Leak Rate, fraction /sec 1.16 x 10

Plating Constant, a 4 x 10-5
40

'''
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TABLE 15.A-8

METEOROLOGICAL PARAMETERS USED FOR SITE SUITABILITY ASSESSMENT

3Exclusion Boundary (0.42 Miles) X/Q (sec/m )
-3,0-2 Hours 3.12 x 10

Low Population Zone (2.5 Miles)

-4*0-2 Hours 8.55 x 10

2-8 Hours 2.85 x 10-4
-58-24 Hours 2.60 x 10

1-4 Days 1.30 x 10-5

4-30 Days 8.70 x 10-6

40 * 0-2 Hour X/Q's based on single-hour 95% X/Q Values.

fG6030
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O
TABLE 15.A-9

0FF-SITE EXPOSURE SUMMARY

(Power Level = 975 Megawatts-Thennal)

Dose (Rem)

2-Hour Accident Duration
Site Boundary Low Population Zone

Organ 10CFR100 (0.42 Miles' (2.5 Miles)

Bone 150* 9.3 5.3

Lung 75* 4.1 2.3

Thyroid 300 17.7 9.6
51

Whole Body ** 25 3.5 1.5

O
* Equivalent to 10CFR100 guidelines; see Reference 4

** Includes inhalation, external ganna cloud, and direct gama
shine exposures.

40
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16.1 DEFINITIONS

16.1.1 Reactor Operating Ccndition

16.1.1.1 Rated Power

Rated power is defined as a steady state thermal power output of
975 MWt.

16.1.1.2 Thermal Power

Thermal power is the total rate of thermal energy input to the primary
coolant from components inside the reactor vessel.

16.1.1.3 Normal Reactor Power Operation

The reactor is critical, three loops are in operation, and the neutron
flux power range instrumentation indicates greater than 405 rated power.

16.1.1.4 Two loop Reactor Power Operation

The reactor is critical, two loops are in operation, and the neutron
flux power .ange instrumentation indicates not more than TBD reactor power.

16.1.1.5 Reactor Transitory Operation

The reactor is operating between standby operation and 40/, of rated
power.

16.1.1.6 Standby Operation

The reactor is critical, not exceeding TBD rated power. Heatup of the
heat transport system may be in progress. Warmup of the steam plant may be :1
progress through the bypasses around the main steam isolation valve.

16.1.1.7 Hot Shutdown

The reactor is subcritical and the reactor coolant temperature - ie.s

than 600'F. Plant cooldown through the steam plant or heatup on the primary
pumps may be in progress.

16. 'i . l .8 Pofueling Shutdown

| tor coolant temperature is suitable for refueling.
The reactor is shutdown and subcritical by at least TBD and the reac-51

16.1.1.9 Reactor Startup LiiOT
Reactor Startup is the sequence of operations in which the reactor is

brought from a shutdown condition to Normal Reactor Power Operation or 2 loop
Reactor Power.

Amend. 51
Sept. 1979
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O
16.1.1.10 Operating Cycle

The interval between the end of one refueling outage to the end of the
next subsequent refueling outage is one operating cycle.

16.1.1.11 Refueling Outage

Refueling Outage is that period of time between the shutdown of the
unit prior to a refueling and the startup of the unit af ter that refueling.
When refueling outage is used to designate a surveillance interval, the sur-
veillance will be performed during the refueling outage or up to six months
before the refueling outage. When a refueling outage occurs within eight
months of the previous refueling outage, the surveillance testing need not be
performed. The maximum interval between surveillance tests is 20 months.

16.1.1.12 Changes in Core Geometry

The addition, removal, relocation, or other movement of any material
above the core support plate, below the upper internals or within the core
barrel except for functions normally performed during reactor operation in
accordance with intended design of equipment such as control rod movement
shall constitute a change in core geometry.

16.1.1.13 Reactor Critical

The neutron chain reaction is self-sustaining and keff = 1.0.

16.1.1.14 Reactivity Units

Reactivity units expressed as dollars, multiplied by the effective de-
5! layed neutron fraction of 0.0034 gives reactivity units expressed as Ak/k.

16.1.2 Reactor Core

16.1.2.1 Fuel Assembly

A Fuel Assembly is an arrangement of 217 fuel rods, containing pellets
of (Pu,U) 02 and axial blanket pellets of UO2, held in a triangular array by a
spiral wire wrap spacing inside a hexagonal duct.

16.1.2.2 Blanket Assembly

51 A Blanket Assembly is an arrangement of 61 rods containing only
UO2 pellets in a triangular array.

16.1.2.3 Control Assembly

A Control Assembly is an assembly of clad boron carbide pins in a
hexagonal lower guide assembly which has the same outside geometry as the fuel
assembly.

Amend. 51
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f. The primary and secondary control rod drive mechanisms shall be
disconnected from the control assemblies and the UIS raised and

J1 pinned. Prior to movement of the large rotating plug, a verifi-
cation shall be made that all control rods are disconnected from
their drive line assemblies,

g. The reactor cover gas activity shall be less than TBD pCi/cc.

44 h. The limit switch for release of fuel and blanket assemblies
shall be set to TBD.

1 16
If any of the above specified limiting conditions are not met, the

refueling shall not be initiated.

16.3.10.3.3 The following conditions shall be met during refueling operations
involving the reactor.

a. Direct communications between personnel in the plant control
room and the refueling communications center shall exist when-
ever changes in core geometry or fuel transfers are taking place.

b. During normal refueling operations, all three source range flux
monitor (SRFM) channels shall be operable and reading on
scale. If any one of the channel fails, operations in
progress to transfer fuel into or out of the reactor core

should be reversed, at which time the refueling sequence
shall be stopped until the defective channel is restored
to operation.

The calibrated Source Range Flux Monitoring System (SRFM) trip
points will be set at signal levels equivalent to a subcriticality

51 of TBD for the first core and TBD for the equilibrium core.
If the trip points are exceeded, the refueling operation must be
stopped immediately and a detennination made as to the cause of
the reactivity anomaly.

c. During refueling operations, not more than two vacant positions
in the core may exist at any one time. These vacant posit cns.

may not be adjacent to each other.

If any of the specified limiting conditions for refueling are not met,
refueling shall cease until the specified limits are met, and no operations will
be initiated which may increase the reactivity of the core beyond the reactivity
resulting from normal temperature fluctuations within the refueling temperature
dead band.

16.3.10.3.4 Following refueling operations involving the reactor, the following
conditions shall be met prior to reactor startup.

S$60M
4
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a. The reactor rotating plugs shall be secured and their drive power
sources physically disconnected.

b. The refueling hatch between the RSB and the RCB shall be closed
and leak tested.

16.3.10.3.5 The following conditions shall be met before initiating fuel handl-
ing or shipping operations in the FHC.

Both FHC cooling grapple blowers, both argon cooling system trains,
the dynamic seals, and the FHC radiation monitors, shall be checked
and verified to be operational.

If the above specified limiting condition is not met, FHC fuel handl-
ing or shipping operations shall not be initiated.

16.3.10.3.6 The following leak rate tests shall be performed at periodic
intervals.

a. The EVTM shall be leak rate tested at TBD psig. The leak rate
shall not exceed TBD vol % per day.

b. The FHC shall be leak rate tested at TSD psig. The leak rate
shall not exceed TBD vol % per day.

If the above limiting conditions are not met, correction action shall
be taken to resolve the deficiency. No EVTM or FHC operations involving irradi-
ated core assemblies shall be initiated if the respective leak rates are higher

44 than specified.

16.3.10.4 Bases

The respective limits in Section 16.3.10.3.1 are established on the

basis that if either amount of activity was all released instantaneously into
the RSB operating area, the radiation dose at the site boundary would be less
than the limits of 10CFR20 (Annual).

Immediately prior to refueling, Section 16.3.10.3.2 lists the condi-
tions which must be satisfied. Items a and b are based on permissible radiation
levels and core shutdown levels. Item c is written to prevent the operation of
the primary pumps during refueling and Item d is intended to assure that proper
supervision will exist during movement of fuel within the RCB. Items e and f
are written to prevent unexpected movement of core components during y efueling
which could affect core reactivity. Item g is intended to control the release

44 of radioactivity to the atmosphere. The level specified in Item g is besed on
the premise that if this amount of activity was all released instantaneously
into the RCB operating area, the radiation dose at the site boundary would not
exceed the limits of 10CFR20 (Annual) and the airborne radiation dose in the
RCB would be below the quarterly 10CFR20 limits for restricted areas.

3
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The specifications of Section 16.3.10.3 during refueling establish
control of the operation. During any subcritical operation other than the
intentional approach to critical, the SRFM must provide a warning to the
operator and thereby assure that the reactor does not approach criticality
any closer than that level from which criticality could be attained by the
worst single refueling error with adequate margin for the associated un-
certainties. The minimum shutdown reactivity requirement during refueling
is based on this criterion. An alarm will sound in the control room if the

51 minimum shutdown requirement, described above, is violated.

Shuffling of blanket assemblies cannot be done without temporarily
leaving open two core positions. If two adjacent core assemblies are removed,
the resulting misalignrc.ent could exceed the design value, so that a new core
assembly or an assembly to be reinserted could either not be inserted or be in-
serted in the wrong position. Item c is written to prevent this event.

The specifications in 16.3.10.3.4 are written to assure that modi-
fications made to accommodate the refueling are corrected before reactor startup.

The specification of Section 16.3.10.3.5 is mainly intended to ensure
spent fuel cooling capability of the FHC to prevent potential fission gas acti-
vity release resu: cing from overheating of fuel pins. In addition, proper per-
formance of inflatable and dynamic seals will be checked as a further backup
of 16.3.10.3.6 b for maintaining a low leakage cell. Operational checkout of
FHC radiation monitors is required to ensure that the limits of 16.3.10.1.a
will not be exceeded.

The specifications of Section 16.3.10.3.6 are intended to control the
release of radioactivity to the atmosphere as a consequence of the respective
design basis accidents.

The maximum leakages specified in Section 16.3.10.3.6 Items a and b
are detennined by the activities of the highest power fuel assemblies handled
by the EVTM and in the FHC which, if released to the RSB operating area and
subsequently to the site boundary, at the specified leak rate, would be less

471 44 than the limits of 10CFR20 (Annual).
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16.5 DESIGN FEATURES

16.5.1 Site

16.5.1.1 Aoplicability

Applies to the location and extent of the reactor site.
16.5.1.2 Objective

To define those aspects of the site which affect the overall
safety of the installation.

16.5.1.3 Specification

The Clinch River Site is in east central Tennessee, in the eastern
part of Roane County approximately 25 miles west of Knoxville and consists
of 1364 acres. The site is on a peninsula bounded on the south by the
Clinch River from approximately Clinch River Mile (CRM) 15 to CRM 18 and
on the north by AEC's Oak Ridge Reservation.

The point of minimum exclusion distance from the center of the
containment will be the opposite river bank and will be approximately
2200 feet.

16.5.2 Confinement /Contai nment
16.5.2.1 Applicabili ty

Applies to those design features of the reactor containment
18 structure.

16.5.2.3 Specifications

Containment for the reactor consists of a steel containment vessel
surrounded by a reinforced concrete, confinement building. The annular
space between the two buildings is maintained at a negative pressure with
respect to the atmosphere in order to achieve as close to zero leakage out
of the confinement building as possible.

18
Structure

The containment vessel is a low leakage, steel structure consisting of a
vertical cylinder, a hemispherical dome, and a bottom line plate encased
in concrete. The interior is divided into two volumes: a lower volume
and an upper volume. The reinforced concrete confinement building
surrounds the containment vessel, with an annular space between the
containment and confinement. During an accident, the annulus ventilation
exhaust is discharged through a high efficiency filter with a 99%
particulate and 95% absorbant efficiency.

Amend. 18
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The reactor confinement / containment system and penetrations are designed
to limit the leakage of radioactive fission products to less than 10CFR100
values for the largest credible mass and energy releases following a
design basis accident.

The containment vessel is designed for an internal pressure of
10 psig. The confinement / containment system is designed for an earthquake
with simultaneously acting maximum horizontal and vertical ground
accel era tins .

18
16.5.3 Reactor

16.5.3.1 Applicability

51 | Applies to the CRBRP nuclear fuel and inner blanket region and axial
and radial blanket regions.

16.5.3.2 Objective
_

To define those system features which are essential in providing for
safe system operations.

16.5.3.3 Specification

The CRBRP features a mixed plutonium / uranium dioxide fueled, sodium
cooled fast breeder reactor design. The initial fuel loading contains approxi-
mately 5189 kg of heavy metal (Pu + U) of which 1502 kg is fissile plutonium51 (Pu - 239 + Pu - 241). A single fuel enrichment is used in all fuel assemblies.
The fuel is in the form of sintered powder pellets, encapsulated in nonvented
20: cold worked austenitic stainless steel tubing to form fuel rods. Blanket
pellets made of depleted uranium dioxide are placed in each fuel rod above and
below the fuel pellet stack to form upper and lower axial blanket regions. A
space is provided in each rod above the upper axial blanket for collecting the
fission gases released from the pellets during power operation. The fuel rods
are held in a triangular array by spiral wire wrap spacing inside a hexagonal
duct to form a fuel assembly. Each fuel assembly contains 217 fuel rods.

The initial core contains 156 fuel assemblies, 82 inner blanket
assemblies, 9 primary system control assemblies and 6 secondary system control
assemblies. The fuel and blanket assemblies are arranged in alterrating rows

51 ne r the center of the core (a so-called radial parfait arrangement). Fuel
assemblies are selectively clustered around the control rods.

Surrounding the fuel and inner blanket assemblies are 132 radial
blanket assemblies which are arranged in two rows and are of construction

51 similar to the fuel assemblies. Each radial (and inner) blanket assembly
contains 61 rods that are fueled with depleted uranium dioxide pellets which
have an overall stack height that matches that of the core fuel plus the two
axial blankets.

The outer four rows that complete the reactor assembly lattice group-
51 | ing are made up of 306 radial shield assemblies. These assemblies protect the

8bbOUd
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core restraint former rings and the core barrel structure, which supports the
rings, from excessive structural damage by neutron fluence. The core barrel
is a thick wall upright circular cylinder chat surrounds the reactor assembly
group and is weldcd to the core support plate. It extends upward to the top
of the reactor assemblies. The annular space between the core barrel and the
reactor vessel is closed at the top of the barrel by a horizontal baffle. This

5 ring-like structure is thick to provide insulation and is flex-ring seated at
the barrel and vessel interfaces so that it forms a barrier between the hot
sodium above in the outlet plenum and the cooler sodium below.

Reactor core cooling is provided by the upward flow of the liquid
sod ium. The sodium enters the inlet plenum of the reactor vessel and flows
upward to the 61 inlet modules inserted in the core support plate. After enter-
ing each module the flow is distributed to the seven reactor assemblies it
holds. The coolant then flows upward and through ear" reactor assembly.

The reactor core is arranged in five flow zones and the radial blanket
in four. Mechanical devices are provided to prevent fuel assenblies from being
inserted into positions where they would be undercooled. Radial blanket assen-
blies also are provided with mechanical devices which preclude their insertion
into positions other than radial blanket positions. Flow orifices at the bot-
tom of each core and radial blanket duct and in the inlet modules establish
reactor coolant flow control. Shield pieces in the bottom ends of the core and
radial blanket assemblies attenuate the neutron fluence to the core support
plate thus protecting it from excessive structural damage and internal heating.
The core and radial blanket assemblies have identification notches and a conical
surface on their outlet nozzles for remote identification and ease of engage-
ment by the fuel handling machines. For the radial blanket assemblies, this
provides means for avoiding shuffling of radial blanket assemblies, in the fuel
management plan, into flow zone positions in the blanket region where 'v
would be undercooled.

The core assemblies are held down against their respective inlet
modules by a hydraulic balance arrangenent and their own weight with mechanical
backup provided by the upper internal structure. A passive radial restraint
system is provided in the design which involves all of the reactor assemblies,
core support and upper internal structures, and core restraint former rings.
The two core restraint former rings girth the outside contours that are formed
by the upper and lower load pads on the outer row radial shield assemblies.

Lateral actions by the reactor assenblies are limited by reactions
at the former rings which are placed at the same elevations as the hard faced
load pads on the outsides of all reactor assemblies. Interactions between
reactor assemblies and the former rings are limited to these pads since they
are raised above the outer surfaces of the ducts.

The reactor assemblies are controlled by the core restraint systen so
that they bow under thermal gradients in a way that the fuel rods spread a con-
trolled amount as power is increased. This action contributes to the negative
temperature and power coefficients of reactivity which the reactor has. The

Amend. 5
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ratio of fissile to fertile nuclei in the fuel is such that Doppler broadening

also slightly decreases reactivity as power is increased. These negative feed-
back coefficients provide inherent dynamic power stability of the reactor.

Net reactivity operational control in the reactor core is accomplished
by the two control rod systems which include two independent shutdown systems
to enhance the overall CRBR shutdown reliability. Reactor shutdown can be
achieved by either system with the other system completely inoperable and with
the control rod of highest worth stuck in the operable system. Both systems
use boron carbide pellets that are sealed in tubes to form neutron absorber
pins.

The isotope B-10 in the B C has a significant absorption cross section4
for fast neutrons and therefore the pins of the control rod assemblies act as a
poison in controlling reactivity in the core by depth of insertion into the 15
strategically located lattice positions occupied by the primary and secondary
system control assemblies. The secondary control rods are parked in above-core
positions and are used only for shutdown. The absorber pins of all 15 control

51 rods are 92? enriched in B-10.

The additional features provided in the reactor design include the
51 following:

a. Redundant flow paths in the inlet modules, support plate and
reactor assembly nozzles to preclude flow blockage.

b. Strainers in the inlet modules to prevent particular matter that
has a major dimension greater than 1/4 inch from entering the core
and radial blanket assemblies.

c. Spiral 1: ire wraps on the outsides of the fuel and blanket rods and
the neutron absorber pins to promote sodium coolant mixing and
hence more uniform cladding and duct wall temperatures.

d. Ex-vessel flux detectors for continuous monitoring of the neutron
flux level of the reactor core.

51 | e. Thermocouples at fuel, inner and radial blanket assembly outlets and
outlet plenum positions for measuring and monitoring reactor
thermal performance.

51 | f. Discrete duct enclosed fuel, inner and radial blanket assemblies to limit

the potential for propagation of local fuel failures and promote
safety in fuel handling operations.

g. Radial key extensions on the upper internal structure which
engages the upper core b.arrel former ring to assure proper align-
ment with the core and provide seismic support.

h. Vortex suppressor plate to minimize entrainment of argon cover gas
in the liquid sodium reactor coolant.

O
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C.3.0 Systems Descriptions

This section provides a brief description of the functions and
component parts of the systems included in the Reliability Program. This
section is provided as a convenience to eliminate the need for extensive
reference to the main body of the PSAR.

C.3.1 Reactor Shutdown System

C. 3.1.1 Overall System Function

The Reactor Shutdown System (RSS) consists of two independent
and diverse systems which are capable of shutting down the reactor without
exceeding specified limits leading to loss of coolable core geometry (see
Section 4.2 of the PSAR).

C. 3.1.2 Design Description

The systems and components which make up the RSS are shown in
Fi gures C. 3.1-1 and C. 3.1-2. A brief description of the systems and
components follows:

Primary Fechanical Subsystem

51 | The Primary Mechanical Subsystem (PMS) of the RSS includes 9
Primary Control Rod Systems (PCRS). Each PCRS consists of a Primary Control
Rod Drive Mechanism (PCRDM), a Primary Control Rod Driveline (PCRD), and
a Primary Control Assembly (PCA). The PCRDM is mounted on top of the reactor
vessel closure head and provides mechanical actuation for insertion, with-
drawal and scram functions of the control rod absorber. The PCRD connects
the PCRDM with the control rod absorber. The PCRD passes through the upper
internals structure. The PCA is located in the array of core assemblies
and consists of a movable control rod (absorter pin bundle) and an outer
duct asserbly.

The PMS provides the functions of reactor startup, operational
control and shutdown reactivity control. The primary function performed
by the PMS which is reliability related is reactor shutdown (scram) for
all conditions. Scrcm action is accomplished via disengagement of the
roller nuts followed by downward motion of the control rod and driveline.
Downward acceleratien is achieved by means of the combined action of
gravity and preload frem the scram assist spring. All PMS functions
are initiated by the primary electrical >ortion of RSS.

A. Primary Control Rod Drive Mechanism (PCRDM)

The PCRDM's are divided into two major sections which are
described below:

hiO1.
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The upper PCRDM assembly is an electro-nechanical actuating de-
vice which consists of a stator mounted on the outside of the motor tube
and a collapsible rotor and roller nut assembly mounted inside the motor
tube. The rotor assembly consists of a bearing mounted rotor tube and two
pivoted segment arms. On each segment arn there are two roller nuts.
When the stator is energized, the upper ends of the arms are pulled outward
by the magnetic field and the lower arms are pivoted inward engaging the
roller nuts with the threads of the leadscrew.

To produce a scram, the electrical power is removed from the
stator causing the magnetic force field to collapse which releases the rotor
segment arms. Springs separate the lower end of the arms and disengage the
roller nuts from the leadscrew allowing the control rod to drop into the
reactor core. A scram assist spring in the lower PCRDM is provided to
supplement the gravity drop. A synchronizer bearing is provided to assure
that both segment arms separate simultaneously. Anti-ejection pawls in
the segment arms engage the leadscrew to prevent control rod ejection
in the unlatched condition. These pawls are spring loaded allowing them
to move out of engagement during downward motion of the leadscrew.

The lower PCRDM assembly consists of an extension nozzle, torque
taker and tube, shield plugs, internal seal system and scram assist spring.

The extension nozzle is part of the pressure boundary and mounts
the PCRDM to the intermediate rotating plug. The torque taker and torque
tube constitute a torque restraint located in the space outside of the
large bellows which prevents the nechanism leadscrew, bellows and PCRD
from rotating. Keys on the torque taker slide in keyways in the torque
tube over the full length of the stroke. The internal seal system utilizes
three metallic bellows as well as conoseals to separate the rotor assembly
and leadscrew from the reactor cover gas environment, precluding possible
buildup of sodium frost on these components. The shield plugs provide
radiation shielding for the PCRDM's and head access area.

B. Primary Control Rod Driveline (PCRD)

The PCRD consists of three concentric shafts: the driveline shaft,

the disconnect actuating shaft and the position indicator rod. The drive-
line is the load carrying member and the outermost shaft. It connects
the PCRDM leadscrew with the control rod. The disconnect actuating shaft
(middle shaft) is used to disconnect the driveline from the control rod
for maintenance or refueling. The innermost part is the position indicator
rod which is used to verify that the control rod remains fully inserted
during refueling, uncoupling and withdrawal of the driveline.

A dashpot is included in the PCRD to decelerate the driveline
and control rod during the last few inches of insertion. The dashpot

O
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consists of a piston and cup with matching tapered fits. The piston is
attached to the driveline shaft and the cup is supported by the shroud
tube of the upper internals structure.

C. Primary Control Assembly (PCA)

The PCA consists of two major subassemblies: the outer duct
assembly and the pin bundle /shaf t assembly called the control rod. The
outer duct asserbly is hexagonal having external dimensions identical
with the fuel assemblies. A handling socket is provided at the top which
interfaces with the refueling equipment. Two load pads are provided at
the outside to interface with adjacent core asserblies for positioning
and seismic load carrying capability. A shield plug is welded to the
outer duct at its lower end to provide neutron shielding. The inlet nozzle
for the PCA is welded to the bottom of the shield plug and contains in-
ternal orifice plates. Two piston rings on the exterior of the nozzle
prevent excessive leakage to the low pressure plenum and insure hydraulic
balance for assembly holddown. The bottom end of the inlet nozzle has
a discriminator post which prevents installation of the PCA in an incorrect
core lattice position or installation of an incorrect assembly in a PCA
position.

The control rod contains thirty-seven absorber pins, spaced
on an equilateral triangular pitch. The absorber pins are sealed stainless
steel tubes containing baron carbide (B C) neutron absorbing material.

4Each pin is helically wrapped with wire which maintains the pin spacing
in the rod and pronotes coolant mixing within the rod. The bundle of
37 pins is surrounded by a thin hexagonal inner duct which provides a
coolant channel and structural support for the pins.

The control rod shaft consists of a limited motion azimuthal
rotational joint, a solid shaft and a female coupling for attaching the
rod to the driveline.

For further descriptive and functional details, refer to Section
4.2.3 of the PSAR.

Secondary Mechanical Subsystem

The Secondary Mechanical Subsystem (SMS) of the RSS includes six
51 Secondary Control Rod Systems (SCRS's) located in row 7 of the reactor core.

Each SCRS consists of a Secondary Control Rod Drive Mechanism (SCRDM), a
Secondary Control Rod Driveline (SCRD), and a Secondary Control Assently
(SCA). The SCRDM is nounted on the reactor vessel closure head and axially
positions the control rod and driveline. The SCRD extends through the upper
internals structure and connects the SCRDM and the latch mechanism. The
SCA is located in the array of core assemblies and contains the movable
control rod.

The SMS provides a secondary shutdown system for off-normal
conditions. As such, the SMS is independent of :he PMS and is diverse
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in both scram function initiation and insertion assist. Scram is accomp-
lished by unlatching of the control rod by a fraction of an inch drop of
the tension rod and insertion of the control rod into the core by gravi-
tational pull supplemented by the hydraulic force of the sodium flow.
The SMS scram function is activated by the secondary electrical portion
of the RSS.

A. Secondary Control Rod Drive Mechanism (SCRDM)

The SCRDM contains the mechanisms for insertion and withdrawal of
the control rod. These mechanisms include the latch actuator assembly, twin
leadscrews and motor. The latch actuator assembly is mounted to the top of
the positioning carriage at the upper end of the driveshaft. The main
components of the assembly are the pneumatic cylinder, the scram valves,
the sensing tube and tension rod position indicating devices. The piston
in the pneumatic cylinder is coupled to the latch tension rod. The scram
valves provide pneumatic control for latch actuation.

During normal operation, pressure is applied to the bottom of the
piston to hold it in the up position. Pneumatic pressure is controlled by
an arrangement of poppet valves and solenoid operated pilot valves. To
initiate a scram, power is cut to the solenoid valves which opens the
poppet valves to vent the cylinder. This allows the tension rod to fall

which releases the control rod to insert into the core. The solenoids are
normally energized to prevent venting the cylinder. Venting occurs when
power is cut to two of the three solenoids.

Twin leadscrews driven by an electric notor are provided in each
SCRDM to raise or lower the control rod. Two idler gears from the motor
pinion gear transfer torque to the leadscrews which raises and lowers the
positioning carriage.

A main shaft bellows between the SCRDM housing and driveshaft and
additional bellows between the drived 2ft and sensing tube and between the
sensing tube and tension rod protect the internals of the SCRDM from sodium
vapo rs .

B. Secondary Control Rod briveline (SCRD)

The SCRD contains the tension rod, sensing tube, driveshaf t, drive-
line bellows and latch. These provide a connection between the SCRDM and
the control rod in the SCA. The tension rod, sensing tube and driveshaft
are concentric shafts running the length of the SCRD which move axially
with respect to each other.

The tension rod connects a latch located at the lower end of the
SCRD to the pneumatic actuator device. The tension rod is surrounded by the
sensing tube which is used to transmit the position of the control rod
coupling head (when held in position by the latch) to the position sensors
in the SCRDM. The sensing tube is surrounded by the heavy-walled driveshaft
which protects the sensing tube and the tension rod over their entire length.

O
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undervoltage trip coils. The five primary scram circuit breakers are arranged
so that when two or more logic trains trip, the scram circuit breakers
remove power to the PCRDM's releasing the primary control rods. Manual shut-
down and test capability is provided.

In the SES, each instrument channel comparator outputs a signal to
the 1/16 logic corresponding to either the trip or reset state. The second-
ary logic system consists of the 16 protective subsystems arranged in a
general 1/16 coincidence configuration. If any of the 16 channel A comp-
arators trip, the 1/16 logic module inputs a channel A trip to the 2/3 con-

51 | figuration of each of the six SCRDM solenoid operated valves. Similarly,

a trip signal from channel B or channel C comparators is transmitted to
the SCRDM solenoid operated valves by the 1/16 logic module. The SCRDM
solenoid operated valves are arranged in a 2/3 configuration such that a
trip signal from two or more logic trains vents the latch cylinder, un-
latches the control rod and allows it to be forced to its shutdown position.

C.3.2 Shutdown Heat Removal System

C.3.2.1 Overall System Function _

Sensible heat in the structures and sodium and core decay heat
are removed from the reactor following reactor shutdown by the Shutdown
Heat Removal System (SHRS). The SHRS utilizes the normal heat sinks or
alternate heat sinks to dissipate sensible and decay heat and prevent loss
of coolable core geometry.

Normal heat removal paths are provided through three independent
loops of the Primary Heat Transport System (PHTS) which transfer heat from
the reactor to three independent loops of the Intermediate Heat Transport
System (IHTS). Heat is removed from the IHTS by three independent loops of
the Steam Generator System (SGS) to the main condensers. Alternate redundant
heat sinks are provided through the Steam Generator Auxiliary Heat Removal
System (SGAHRS) and the Direct Heat Removal Service (DHRS). SGAHRS provides
an alternate heat sink for the main condensers and DHRS provides an alternate
heat removal path and heat sink connected directly to the PHTS.

C. 3.2. 2 Desian Description

The systems and components which make up the SHRS are shown in
Fi gures C.3.2-1 and C. 3.2-2. A brief description of the SHRS systems and
components follows:

Primary Heat Transport System

The Primary Heat Transport System (PHTS) transports heat from the
reactor to the Intermediate Heat Exchangers (IHX). The three PHTS loops
transport the sodium coolant from the reactor vessel to the IHX's which
connect the primary and intermediate loops. The three primary loops have
common flow paths through the reactor vessel, but are otherwise mechanically
independent and isolated in separate PHTS cells.
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Each PHTS loop contains a hot leg centrifugal sodium pump, a
permanent magnet flowmeter, a cold leg check valve and an IHX. Detailed
descriptions of these componerits are contained in Sections 5.2 and 5.3 of the
PSAR.

Intemediate Heat Transport System

The Intermediate Heat Transport System (IHTS) transports heat from
the IHX to the Steam Generator System. The system consists of three essentially
identical, independent cooling loops operating in parallel to circulate
sodium from the tube side of the IHX through the steam generators and back
to the IHX.

Each of the coolin, loops contains a cold leg pump, an intermediate
sodium expansion tank, a permanent magnet ficwmeter and piping to transport
the sodium from the IHX outlet through the superheater and the two evaporators
back to the IHX inlet. A detailed description of IHTS components is con-
tained in Section 5.4 of the PSAR.

Steam Generator System

The Steam Generator System (SGS) extracts heat from the IHTS
sodium. There are three independent SGS loops. Each loop consists of three
steam generator modules (two evaporators and one superheater), a steam drum,
a recirculating water pump, a Sodium-Water Reaction Pressure Relief System,
a Sodium Dump System, a Water Dump System and a Leak Detection System.

The main Condensate and Feedwater System supplies feedwater to
the steam drums. Superheated steam produced by each of the three SGS's
loops is supplied to the single turbine generator. Feedwater is returned
to the three steam drums from the condenser hot well by two condensate pumps
and three main feedwater pumps.

The Sodium-Water Reaction Pressure Relief System (SWRPRS) becomes
operational only in the event of a steam tube leak large enough to cause a
rapid pressure rise from a sodium-water reaction. The system provides
protection from over-pressure on the sodium side of the evaporator modules,
superheater modules, IHTS and IHX by the use of rupture discs on the piping
adjacent to the modules. The Water Dump System accelerates blowdown of the
evaporator modules through quick opening water dump valves at the inlet to
each evaporator module and reduces the extent of the sodium-water reaction.
The Sodiun Dump System provides sodium dump capability for the IHTS and the
sodium side of the evaporator and superheater modules.

The Steam Generator Leak Detection System monitors for hydrogen
and oxygen in the sodium and cover gas in order to identify small leaks in
the steam generator modules.

Details of the SGS components and subsystems are provided in
Section 5.5 of the PSAR.
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Figure C.3.1-2. Reactor Shutdown System Schematic (Refer to Section 7.2 of the PSAR for a
Detailed Description of the Reactor Shutdown System)
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At this time, the manufacture of detail parts will have been completed and
no plant units will have been assembled or delivered. In the event that
tert results are unsatisfactory, modifications can be made.

51

B. PCRS System Level Test

The System Level Test has elements concentrating on different
aspects of PCRS performance.

Part I is the Accelerated Life Test of the PCRDM/PCRD together
with prototype PCA's in a sodium environment over one lifetime under antici-
pated operating conditions (except irradiation). Prototype mechanisms / drive-
lines are used to provide data which will assure that manufacturing and
material variations do not affect design margins or cause potential wear
related failures. Performaece data such as scram time will be used to confirm
that design specifications are met under the anticipated operating conditions
such as nisalignment, sodium flow, etc. Maintenance equipment and procedures
will be evaluated by making driveline and control assently replacements at
specified times during the life test.

Part II is the Real Time Test of a prototype PCRDM/PCRD and prototype
PC A' s . Representative hold times (inactive periods during which the control
rod is not moved) are interspersed throughout the accelerated operations.

51 The operating profiles of a Row 4 corner control rod will be simu-e lated at an accelerated rate of cyclic operation because rods at these posi-
tions are not used for daily power control and experience periods of inac-
tivity during normal reactor operation. Besides providing additional data
to assure manufacturing variations do not affect design margins against
potential wear related failures, the hold times will generate data to confirm
that potential time related failure mechanisms such as self-welding are not
significant. The test will extend over an extended period to provide data
on long-term sodium effects including potential effects of flow induced
vibrations. Scram times and other performance data will be used to confirm
that design specifications are satisfied and to assure the reliable operatie1
throughout the test.

Part III is the Failed Bellows Test and consists of operating a
prototype PCRS for one year with an intentionally failed bellows to determine
potential related failure nodes for PCRDM unlatching and PCRS insertion.
Bellows failure will expose parts normally in an argon environment to
sodium vapor. Scram release time and wear will be monitored to evaluate
design performance and margins under failed bellows conditions. By observing
areas of sodium buildup or extreme wear, patential failure mechanisms
resulting from a failed bellows will be identified.
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Results from these tests will be available beginning in 1978.
Approximately half of the testing will be completed before planned site
shipment of the PCRDM/PCRD at the end of 1979. Any need for modifications
prior to this time can be completed prior to shipment. All reliability
testing is completed prior to initial startup testing in CRBRP. Test results
can be factored into the PCA fabrication which will be completed in early
1983.

The PCRS System Level Test facilities have been designed for
testing at the extremes of the design operating conditions and beyond to
induce failures and thus determine design margins to assure reliable per-
formance. Maintenance equipment including a simulated maintenance pit will
be used in the system level tests.

C. PCRS Dynamic Seismic Friction Test

This test will provide two pieces of information essential to the
accurate prediction of control rod scram insertion performance during a
seismic event. These are (a) the effect of fluid coupling on the lateral
translational behavior of a driveline and control assembly within their re-
spective guide members and (b) the effective coefficient of friction between
the interacting components under conditions of short duration contact.
Effect (a) is of importance because it dictates the nunber and magnitude of
the lateral impulsive forces generated as seismic excitation causes the
driveline and control assembly to " rattle" within their guide members. The
frictional co.aponent of these loads acts to retard scram insertion, hence
their number and magnitude reflects directly on the seismic scram insertion
prediction. Effect (b) must be evaluated in order to reduce present con-
servatism in the friction assumptions used to convert the lateral impulsive
loads into axial loads opposing scram insertion. During the brief period
of lateral impact loading, it is possible that squeeze film sodium lubrication
will decrease the effective friction coefficient.

The test will provide data on the translational behavior and impact
load behavior of simulated rad / guide tube features when subjected to seismic
excitation in a fluid environment. The impact load-time histories obtained
will be used to calibrate analytical models to assure the correct representa-
tion of entrained fluid effects. Drop times will also be measured. These
data, together with the impact load-time histories will be used to determine
the effective coefficient of friction under squeeze film lubrication condi-
tions.

This test is planned to simulate the geometric configurations of
the driveline and control assembly in a manner to provide data on control rod
insertion under seismic conditions during which fluid coupling and squeeze
film effects may be significant. Insertion times of the simulated control
rod will be determined while vibratory inputs to the test vessel are varied
over the anticipated range of an OBE or SSE. Testing will be perfomed with
varying flow rates and accelcrating forces to develop data which will be used
to calibrate the analytical model and define design margins.
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TABLE C.5-3

ELECTRICAL 5'ESYSTEtt "gDulE FL";CTIO?ML ' PEPfCRMA!,CtTESTS

Cog onent
F_un_c tiona l Tes t s. Perfomance Tests

Trip Cor parator e Trip / Reset Selaerce e Trip /Feset Accuracy
o On-Line Test Sequerce* e Propagation Delay *
e Bypass Sequence

e Manual Trip function

e Setpaint Adjustr:ent

Bypass Co parator e Cypass Perr;issive Se:Nence o Bypass Insta tement/c3
Removal Accuracy

un
I

[j Eaffer e Signal Transmission e Accuracy

e Isolation

Calculation Units e Signal Transmission e Accuracy
e Potentiometer A dj us tabil i ty e fropagation Delay

Legic e Logic function e Propagatian Delay

Creaker e Trip /Re set f unc tion * e Propagation Delay *

jyjf Sign 31 Transmitters e Signal Transmission e Accuracy
3$

e Propagation Delay
f2) * Trese tes ts are for the pri .ary subsys ten only. All other tests

[$ co (7 are for bo t h p r ima r y and secondary subsystens.
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TABLE C.5-4

"EC'iA!:IC'L SUDS''sTE!* XSIS*! DI'/ 'n ' Y
______

_ _ _ _ _ _ _ _ _ _ _

PCRS SCRS
_ _ I

Control Asserbly (CA) {

Absorber Pin 37 31

Control Pod Geonetry ; Hexancnal Circular

51 | Number of CA
9 "" O6

3Special Feature | Rotational joint in control red shaf t Latcn location at top of CA

Control Rod Driv 91ino (CRD)_ | N
Couplinq to control roJ Ri id couplinq - released only during Flexible collet - rod is released at,

re ueling | this point for scrar: and refueling by."
u, internal CPD'i action N'

h &
Connection to CRDM CRD leadscrew to CFD'1 collapsible,

rotor roller nuts' ,
,

,
; Pemanent conrection to C9DM carriaga sw;;:ss
! which traverses only durina start up ""
' and shutdown M,

Disconnect from control rod for Manually - re,,uires special tool
refueling * Autonatic - same at scrar. with CRDMi

I deactivation of collet.
5Special Features | ,

Heavy CRD wall in the
i

Upper Internal Structure and CA parting'

plane.
,

I

!

ks a result of the differnnce in control rod nerretry, absorber leadinq and enrichrent requirenentsand effects
of transients, the control rod and abscrber pin designs in the two systms are cT:pletely different.
The larger lumber of PCKs generally provide for greater redandancy in shutdown capabilities.myQg The PCA rotational Joint eliminates CRD and control rod rotational binding.

P5 Ihe SCRD autoi atic disconnect feature greatly reduces the per mechanisn ti're for preperation for refueling'

g The SCPD heavj wall ig re3 sea tFe urgin a pinst scram 13tch tension rod dral dJe to gross Upper Internal Structure
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Amendment 51

List of Responses to NRC Questions

There are no new NRC questions in Amendment 51.
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Question 001.280 (4.2.1.3)

Specify which code was used to calculate the cladding hot spot temper-
atures in Figures 4.2-19 and 20, referred to on Page 4.2-42. Provide
all relevant initial conditions and modeling assumptions used for these
calculations.

Response:

Ihe curves shown by Figures 4.2-24E to 24J serve as transient envelopes,
and as such should not be considered to be calculated information. Var-
ious preliminary transient results were studied to help construct these
enveloping transient temperature curves. The calculated hot spot cladding
temperatures for various undercooling and overpower transients such as
those described in Chapter 15.0 are then compared to the pertinent
envelope. If the transient has temperatures less than the envelope, the
"umbrellaing" process is assumed to be valid. If the transient has tempera-

. ores over the envelope, the particular event has to be individually analyzed,
51 and the additional cladding darrage included in the rod design evaluation.

The general modeling assumptions and relevant initial conditions for
transients can be found in Section 15.2 for reactivity insertion de ign
events and in Section 15.3 for undercooling design events. Also, unique

modeling assumptions and initial conditions for par ticular transients
are identified in the "Identi fication of Causes and Accident Descrip-
tion" portion of each events' description.

The methods utilized to calculate tl.a cladding transient temperatures
51 are discussed in Section 4.4.
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Question 001.316 (15.2.2.2)

Clarify your conclusion on page 15.2-46 that "no significant degradation
of the cladding would be expected...", In particular, consider the
mechanical loads and associated accumulation of plastic strain in the
cladding for this case.

Response:

The fuel rod analysis results presented in Section 4.2.1.3.1.1 predict no
cladding plastic strain due to steady state and transient thermal loads,
or due to steady state fuel-cladding mechanical contact. Fuel cladoing

mechanical loading during reactivity insertion type transients was not
included for lack of pertinent data at the time of writing. Plans to

25|
obtain this data have been referenced in the responses to NRC Questions
001.282, 001.283, and 001.284. - When available, this data will be
utilized in the appropriate fuel rod performance models which will
be used in preparing the Final Safety Analysis Report.

51
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Question 222.98 (7.7.1.3)

The information provided to describe the primary and secondary control rod
systems is not sufficient to assure that failures of these systems would
not impair the protection system capability in any significant manner, or
cause plant conditions more severe than those for which plant safety
systems are designed. Provide a more detailed description, including
one-line schematics and functional control diagrams showing the CRDM
pulser, rod block interlocks, and all automatic and manual control
functions.

Response:

PSAR Section 7.7.1.3.1 has been expanded to nrnvido thu raouestod i n fe r~a t i or
on the primary control rod system.

The secondary control rod system is discussed completely in PSAR Section
4.2.3. To summarize briefly, the secondary control rod system is recuired
for plant shutdown only if the primary system fails. For plant operation

51|all secondary rods must be withdrawn to their full-out position
before any of the primary rods are withdrawn. During plant operation the
secondary rods will remain in this full-out position in readiness for a
scram demand. Proper positioning of the readiness secondary rods is assured
by having two independent position indication systems. Upon receipt of a
scram demand from the PPS the latch mechanism which supports the rods in
place is actuated by the venting of a pneumatic cylinder, thus releasing the
rod. The insertion rate of the control rod is controlled by gravity and
the hydraulic pressure forces which assist scram action.

Failures of the Primary CRDM Power Train have been identified in the FNEA
submitted in answer in Question 222.34. The consequence of these failures
are discussed in the PSAR in Sections 15.2.2.3, 15.2.3.4 and 15.2.3.5.
No significant consequences result from these failures. The same FMEA sub-
mitted with Question 222.34 identified failures associated with the secondary
control rod systen.

More detailed information on the final design of the Primary CRDN Control! r
and Power Train including one line schematics and functional control diagrams
will be included in the FSAR. Detailed design infonnation on the secondary
control rod drive mechanism controller will be included in the FSAR-

Q222.98-1 Amend. 5'
Sept. 1979
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Question 241.4(4.1.4.21

What is the peak internal pressure expec ted in the radial blanket rods?

Response:

The maximum steady state pressure in blanket rods due to gases (fission,
fill and residual) is reported in Section 4.4.3.3.4. Conservatism adopted
in the evaluation of plenum gas pressure is discussed in Section 4.4.3.2.4.

The peak transient internal pressure considered for mechanical design
purposes in the radial blanket rods is determined by applying the
temperature increment for the umbrella emergency transient of Table
4.2-59 to the steady state' pressure in the hot rod of radial blanket
assembly 201 (Figure 4.2-10B) at the end of 4 cycles. A peak transient

pressure of approximately 360 psi was determined using this method and
pplied in the cladding transient evaluations described in Section

51 4.2.1.3.

Amend. 51
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Questio,n_241.74 (4.2.1.1)

The discussion of potential differences in environmental effects in the
radial blanket versus the fuel is not quantitative enough for PSAR. Even

though existing data may be insufficient for a finalized analysis, the
PSAR should contain quantitative estimates of the environmental effects
in the radial blanket founded on the existing data, (and/cr assun)ptions,
if necessary) along with discussion of uncertainties and R&D programs
which will generate new information in this area.

Response:

The response to this question has been expanded to discuss the radial
and inner blanket assemblies. The radial and inner blanket assembly

types have been analyzed in the same detail as the fuel assembly and the
51 important radial and inner blanket performance analyses have been presented

in the comparable detail in the PSAR. The differences between the operating
environments of the two designs were pointed out in the PSAR to indicate
that the differences between the designs were considered. The differences
in operating conditions are inherent in the nuclear and the thermal data
as they are presented in the PSAR. The effect of the environmental dif-

51 | ferences on the blanket performance have been stressed in Section 4.2.1.1
of the PSAR. It is indicated that several important environmental effects
are less severe for the blanket rod than they are for a fuel rod:

!51 , The fuel cladding chemical interaction in the radial and inner blan-
ket is less than in the fuel rod.

, Fuel-sodium reaction in a failed radial and inner blanket rod re-
sults in less relative fuel expansion than in a failed fuel rod.

Also, due to lower sodium flow velocities in the radial blanket
assemblies with long residence times, the corrosion rate will be
lower for the radial blanket rod cladding than that for the fuel

51j rod cladding.

The effect of the environmental parameters on the radial and inner blan-
ket performance was calculated in the PSAR by estimating the effect of
environmental conditions on the blanket using performance models that
were calibrated on fuel rod data.

The basic data and the analytical models used to predict the effect of
51 | the environmental conditions on the radiM and inner blanket are being

generated in the fuel development prograi, The development tests, the
technical information obtained from these cests and its utilization in

51 | design are identified in PSAR Section 4.2.1.3. The information gener-
ated for fuel design covers a parameter range which generally envelops
the environmental conditions of the radial and inner blanket and therefore
includes the general technical information required for the radial and

51 inner blanket design.

Amend. 51
Q241.74-1 Sept. 1979
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Table Q241.74-1 lists this technical information which will be avail-
51 able froa fuel rod and, fuel assembly axperiments or analysis. Table

Q241-74-1 also indicates which data are supplemented by spec.ific blan-
ket tests to confirm the applicability of the fuel design data to blan-
ket design. Additional experiments are identified to test those blanket
features which are unique and are not tested in the fuel development
program. Such features include the ef fect of larger rod sizes, .the large

.

power gradients, assembly configuration and power h. story. Although
the testing program was initially planned to verify critical features of
the radial blanket asse'nbly, this testing program senerally envelopes
the innor blanket assembly conditions. The testing parameters in these
programs were expanded to envelope inner blanket assembly con-
ditions, which deviate significantly from the radial blanket conditions,

51 such as the larger flux in the inner blanket assemblies. All these

test programs do not eliminate the uncertainty associated with the long
51 | goal operating time of m 21,000 hours for radial blanket which requires

extrapolation of the available data. Confirmation of the validity of

51 | the extrapolation will be obtained from irradiation of WBA-40 and WBA-41
in FFTF which will test operation of the CRBRP blanket.

The radial blanket test program plans, and the rationale for obtaining
data to support the radial blanket design were discussed at the "CRBRP
Fuel Meeting" with NRC cn October 13 and 14, 1976 in Bethesda, Maryland.
( Additional details are contained in the handout from that meeting, en-
titled " Radial Blanket Rod Test", H. D. Garkisch. )

Amend. 51
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TABLE Q241.74-1

51 |
Blanket Development *

Area of
Technical
Uncertainty Technical Infomation Required Required Experiment or Analysis Utilization of Results

1. Cladding Cladding ftaterial Properties l'uel Ro d Ca ta . Aiditional Testino Final Design Verification
Integrity Durina Includes Blanket Cladding

51
Steady State Rupture tests

Coeration

lod Irradiation Testir.q i:1 EbR-II 'BA-20,** T Simittal
WLA-21** C9ERP 09eratien

51| Pod Bundle Irradiation Testing WBA-40**, 41**, 45/46** CF.BRF 0neratico

in FFTF

Fuel-Cladding Interactions See Item 2

'y Cladding Wastage See Item 4

? fuel Assembly Data'

Blanket Rod Cladding
" 51 Breach Criteria and Cladding .

Steady State Performance Code [

Cladding Transient Cehavior See Item 3

Run Beyond Cladding Breach See Item 2

[Flow Induced Rod Vibrations Sec Item 7

Irradiation Creep and S'teliing Fuel Ibd Pata rSAR Sutrittal
Evaluation

Cumulative Damage f unction and Fuel Pod Data cical .:esian 'cr i fi ca ti on

mN Creep-Rupture Evaluationsro
o ro

0 Evaluation of Irradiation Testing '' uel r:o J D a ta T ' 9tnittalet s
-

,-
a

da
e

C *0nly approved planned and ongoing tests are listed.

51 |
**WBA-20, WBA-21, WBA-40, WBA 41. WBA-45/46 are designators for Irradiation Tests which Testing Objec tives are presented at the(j"

Dl in Bethesda, Maryland.
CRBRP Fuel Meeting with NRC, October 13 and 14,1976

*
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TABLE Q241.74-1 (Cont.)

g| Blanket Development *

Area of
Technical

Uncertainty Technical Infonnation Required Required Experiment or Analysis Utilization of Results

2. Fuei 52 uvior Fission Gas nelease Detcrmine Release Fraction ja Final Design 'Jerification
Suring Steady W3A-20 WBA-21
S ta te. ' Tran- Develop a F.G. Release fbdel i' Design Release for.

s1crt LIF F to Accorriodate Radial and FabricationInner Blanket Parameters

Verifv lelease Fraction iq WBA-20 Reactor Operation
WBA-21

~"'I 2''Ili"P '* t ' "r i " ruel Smili, frw m -21 Final res ta, verification
51 Develo, ruel Su211ina Model inal Desinn 'Jert'ication

Based on Fuel Asserbly Data and
'.|B A - a

o '!erify Fuel Swelling with WEA-21 'eac ter ''pera tinn

* -uel Dansification fuel Assertly Datay
4

E '|erif> Dersification in WBA-20 CSA;. Submi ttal

uel-Cladding Intcractic,s WBA-20, rinal Desiqq 'Jcri fi c a t i cor

;5teady Statc) Develoo a Fuel-Cladding Ir,ter- ,%
action tbdel in LIFE to Accommo-
date the 73 dial and Inner Blanket

I Parameters acactor operation C51

C fut .-Cladding Interacticrs During W3A-20 (re'..er J uru) FSAR Submittal ,

T ran si en ts;

% ")h Assessrer.t of CP50* R:Cf Analyze Data. Tests are bcing Reactor Operation

=""QQ"
Caoabilities ,lannr d.s* Design Release for

tt =""'b Assessment of CRBRP Radial and Dadial and Inner Blanket Rod Aralyses i Fabrication
Inner Blanket Rod Performance SA~ S urei ttal

51 'p-"
a! r-
P5 *0nly approved planned and ongoing txts are listed.

,

e" m 51 I **WBA-20, WBA-21. WBA-40. WBA-41 WBA-45/46 are designators for Irradiation
Tests which Testing Objectives were presented at the CRBRP Fuel MeetingN-*

* with NRC, October 13 and 14, 1976 in Bethesda, Maryland.
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TABLE Q241.74-1 (Cont. )
Blanket Development *

g|
_

ca cf,

Technical
Ur :e rt u r. t y Tecnnical Infor ation Required Reauired Experiment or Analysis Utilization of Pesults

i. Cladding in- Cladding Faterial Properties at fuel Asse,bly Data

tegrity During Transient Teruratures and Strain
Trarsier t Gpera- Pa t e <.

tion
f uel- laddin ; :nteractions S ee I t e"1 2

Tra sient Cladding Perf orra nce Fuel Asserrbly Data
rod Design Release for~

Fabrication
aod sundle comaction Test: Intern U Fretung m

51 u tern.il Claddinc n! ire Wrap Cladding Wear Test De s i c,n Verification
vegradition

o
N Flu., and .ibration Test in Water De s i gn 'k ri fi ca t ion'

*=

b Sodium Corrosion Fur ! Assembly Data
u
t-' Fuel-Cladditq Cn wical Att u WdA-20 Post Irradiation Ew ination Design Veri ficationf

Carbcn ar:d li trogen Depletion fuel Asserbly Data

Ucveloo a Cla1 Jing Wastage Model Analyze Data and Issue icpical FSAR Submittal
Conf i rma tion t rcm WEA-20 FSAR Sulmi ttal I

Develop a CarbonGi trogen Deple- Analyze Data and Issue Topical FSAR Submittal

tion Pucel

C b. Wire '.frw ..~ i re Ma te r i a l Properties Use Cladjing F.aterial Properties

Q :ntegritj
dire External Se g r .ida t i o n Use Sodiur: Corrosion and f retting

A;

anc Fut s I bat
ppa e a. Wire Wrap Performance Code f uel Assembly Data v

SPs

$$ *0nly approved planned and ongoing tests are listed.e

**'..EA- 20 , WBA-21, WBA-40 are designators for Irradiation Tests which Testing Objectives were presented at the
CRSTG Fuel .;eeting with NRC, October 13 and 14,1976 in Bethesda , :43 ryland.



TABLE Q241.74-1 (Cont.)
Blanket Development *

51 |

Area of
Technical

Uncertainty Technical Infonnation Required Rc:;. : ed E.xperiment or Analysis Utilization of Results

Perf orr ance of CR';pn Rhi 3 and Wire Wrap Analysis with WRAPUP Final Design

51| Inner Blanket Assembly Wire Wrap

6. Power-to-Melt Experimental Data for Limiting FW aubmi ttal
Power-to-:*.olt Durino Blanket RodBlanket Assembly
tifetir+. WBA-46 Experiment will '

Thermal Behavior
supply data.

Hot Channel Uncertainty Factors l!pdate Hot Channel Factors and Input to T&H Design
substantiate

51 Final Design Verification

c

3 Assembly Temperatt re Distribution Develop Rigorous Steady State and input to T&H DesignN

Transient Subchannel Analysis

E Codes. Ecerinental neterr.inatior of I*iput to ILH Design-

Coolant Temperatur' T:trnugh Proto- Input to T&H Design
A
- type Blanket Heat Transfer Test

Rod Tempera ture Pro file Develop "ethod of Calculating 3-0 Input to T&H Design
Rod Temperature Profile and verify

Assemblies criticing D vel p Criteria and Methodology Input to TsH Design
51 for Grificing Core Assemblies Complete

(OCTOPUS Code)
Flow Orificina Test Final Design Verification

Materials Properties and Behavior Characterize Thermal Properties of Input to T&H Design
raterials; Perf orm Irradiation Tests

Final Design VerificationAnalytical ttdeling of f uel Behavio r

mp (Fuel Rod Performanci Code Develop- Input to T&H Design
3y ]g men t)

c, ap,
|N ?*

~ m
' '6 em-

*0nly approved planned and onn,oing tests are listed.N U" M, m-E & W4c are designators for Irradia tion Tests wnich Testing Objectives were presented at theM i . WsA-a WBA-251 CkBRP Fuel neeting wi th WC, Gctocer 13 anc 14,197f3 in Eetnesca, Maryland.
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TABLE L i.74-1 (Cont.)
Blanket Development *

51

Are4 of
Ter.inical

witertainty Technical Infomation Recuired Required Experiment or Analysis Utilization of Results

3-D Duct Temperatt, Profile Deval@aent of Analytical Code (TRITON) Final Design Review
to Calculate Duct Temps. in CRBR Core
Including Inter-Assembly Heat Transfer

Blanket inter-assembly Heat Transfer

Core Natural Circulation Testing Blanket low flow Heat Transfer Design Verification
and aP Testing

Capability verification

Rod T&H Perfomance Code Ccntinue Development of Analytical Input to T&H Design
Code for Blanket Rod T&H Design
and Perfomance Under Steady State
and Transient Conditions

C Blanket Assembly and Rod Perfom T&H Desian and Performance Final Design Review
$ T&H Design and Perfomance Evaluation of CRBRP Blanket

Assemblies--*
*

w Blanket Assembly Flow and Vibration Desian Verification7. Assembly Pressure Drops through the
Test in Water Blanket ComponentN Hydraulic Follo.ing Components:

Behavior A. Inlet Nozzle Pressure Drop Test Design Verification

B. Triming Orifice
C. Shield
D. Rod Bundle
E. Outlet Nozzle

Fl o.4 Induced Rod and Assembly Blanket Assembly Flow Design Veri fication g
Vibrations and Vibration Test O
Core Exit Instrumentation Assembly Outlet '!czzle Instrumenta- Design Verification O

SI uncertainties tion Test y
$@ Flow Distributions in Rod Bundles COBRA-IV Loss of Flow Event Transient Analysis Of$ 'o (D During Transients and Low Flows Transient Analysis

l e*

@#w: g, Blanket Assembly Heat Transfer Test Transient Analysis, . , -

M" Whole Core T&H Code Development Design Verification %A Flow Distribution in Rod Air Flow Design Verificationy' Testing P
f51 l eP

*0nly approved planned and ongoing tests are listed.
WBA-20, WBA-21. WBA-40, WBA-41. WBA-45/46 are designators for Irradiation

51 1 ** Tests which Testing Objectives were presented at the CRBRP Fuel Meeting
with NRC, October 13 and 14,1976 in Bethesda, Maryland.



TABLE Q241.74-1 (Cont.)
Blanket Development *

51 |

Area of
Tectnical Utilization of Results_

Ur.:e rt a i n ty Technical Infor-ation Requi red Required Experiment or Analysis

Blanket Assewbly Flow and Vibration Transient Analysis

iest in Water

8. Rod Bundle- RoJ Eo<ino and Duct Ecwing Analyses of Rod and Duct Bow Design Verification51

Du;t Interaction veri fica ti n with WBA-4c , WBA-41 CPBRF Operation

51 |
Dutt Dilation Doe to Irradiation Analyses of Duct Dilation Design Verification

Ef fec ts '!er i fica tion wi th WB A-40, WBA-41 CRSRP Operation

51
Rod-to-'<od forces Caused by Rod Bundle Coopac+ on Test Final Design Review'

Q Burdle-Duct Dit fc rential Growth analyses of Rod Bundle-Duct pleteA

Interaction Forces,

N
4

Veri fication with WBA-40, WBA-41 CRBRP OperationI

co 5]

CD
CD
"2:::7
b

N
o n 3>

$b d~z -.

c.V, "*

.

v; - _

M*0nly eDero.ed planne-1 and ongoing tests are listod. &A

|
**m-20, m-21, m-40, mm , mm,'46 are designaton for Inadiation,*

I$ 51d Tests which Testing Ct:jectives were presented at the CRBRP Fuel Meeting4
with NRC, October 13 and 14,1976 in Bethesda, Maryland.
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Question 241.101 (4.2.1.3)

If the residence time of the radial blanket fuel rods is 6 ysars, how
are the calculations, which showed that the hot rod of radial blanket
A has a 5.29 year service lifetime, to be employed?

Response:

The lifetime of the outer row radial blanket assemblies is 5 years, the
inner row of radial blanket assemblies have a 4 year lifetime, while
the inner blanket assemblies have a 2 year lifetime. Preliminary an-

alyses indicate that all blanket assembly types meet these lifetime
objec tives.

51

*
e->en
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'
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