Department of Energy
Washington, D.C. 20545

Docket No.

" 4 U

Mr. Paul S. Check, Director

CRBR Program Office
)ffice of Nuclear Reactor Regulation
Nuclear Regualtory Commission

washington, D.C. 20555

Lheck

v r
I Fal

rper— —
ADDITIONAL DOCUMEN

King, "Documentation Desired as a Result of

as
) "'4.0 1na or { %-i’n‘ {““"w "h ipter 1 4 y d tu.‘ ine 24 ltjw" )
)¢ A g On UKo SH Lvnapier 8.4, dd Jd Ju £9, ) I

This letter transmits PSAR Chapter 4 pages which have been modified and provide
the information requested in the referenced RAPIFAX (Enclosed). These pages
will be incorporated into Amendment 69 to the PSAR, scheduled for submittal in

i1ly.

Sincerel Ys
‘ 5
A ~
\“-‘.’v, !.’\ LW LR
& :
dhn R. Longenagker
Acting Director, Office of the
linch River Breeder Reactor
Plant Project
Iffice of Nuclear Energy

ﬂ072‘02 -
SBR ADDCK 030

B




6. Husay CAEE) Fege te -/' &

s Ne *

G}a4lé

DOCUMENTATION OCSIRCD AS A RESULT OF 6/22/82 MEFTING ON CROR- PSAR-CHAPTER 4.4

1)

7)

3)

a)

6)

Modify PSAR or provide a scparate lettler clarifying the Profects plang
on 2-loop wperation (i.e., not planned for first core operation and

not included as part of first core operating license request).

In paragraphs 8 and 10 of Section 4.4.1 of the PSAR, reference should
Le made Lo Section 4,2.2.1.3 of Lthe PSAR for the conditions which must

he wet in orificing flow Lo the reactor vessel internals.

’
.

At the end of the 3rd paragraph of Section 4.4;3.2.1 add a statement that
the uncertainties and confidence levels of the hot channel facters .
and the affects of a non-lincar application of the hot channel factors

will be evaluated in the FSAR.

Document the margin provided to the 30-year lifelime components regarding
their steady state design temperature (i.e., what is their predicted

Ltemperature, including uncertainty, versus their design temperature?).

for core replaccable components document rational as to why PEOC 4247
temperatures are used for steady state and anticipated transient analysis
whereas THOV 439 temperatures are used for unlikely and cxtremely
unlikely event analysis. This should address whether or not cladding

failure is considered a safety issue.

Document the maximum flow thru primary control assemblies {assuming

primary pumps are at their maximum speed) and the required tlow for

floatation.
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8)

9)

10)

;250 15137 ERESemr ey y———y

v g

Reference experimental data used for flow distribution calculations

at lbw flow (Section 4,4.26).
S —

Change paragraphs 9, 6 and 7 of Scction 4.4.1 %o state that no melting

i allowed (i.e., not just no centerline melting).

Provide a clarification on the Project position on fuel Vifetime

(i.e., operating license is only for 80,000 MWD/MT burnup).

Clarify what parameters were used as guidelines and wq?t paramelers

were nsed as design liwits in devé{nping Lhe rcéctor vessel conponent
flow allocations. Address such items as SELT, DELT, TELT, Im, 1550°F
transient temperature limit, no boiling Timit, 900°r vessel tempersture,

elc.
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TABLE 4.2-21

DESIGN TEMPERATURES VS PREDICTED STEADY-STATE TEMPERATURES
FOR PERMANENT REACTOR INTERNALS COMPONENTS

Component

Core Support Structure
Core Plate
Module Liner
Core Barrel

Bypass Flow Module
Fixed Radlal Shield

Horizontal Baffle Assy.
FTASA Support Block
HBA Base Plate

Core Former Structure
Lower Ring
Cy! Inder
Upper Ring

Lowe~ Inlet Module

Upper Internals Structure

Notes:

Design
Tempgrafure
(“F)

775
775
1060
775
950

775
1020

928
937
1076
775

1220

Predicted 'Maximu
9: 3 Temgerafuro
(“F)

(2)
750
750¢2)

1010
ssg
932

(2)
750
1015¢2)

928
937
1076
755

"o

(1) All values shown Include a 20" uncertalnty.

(2) Coolant temperature.

' Minimum
(4 Margin
(°F)

25
25
50
25

18

20

Actual component temperature slightly lower.
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No fuel melting Is allowed In the fuel assembllies at 115% overpower
conditions(*), Including ¢2sign and experimental uncertalnties at o
confldence level., Consequently, the |lnear power rating will not
exceed the |Imiting power-to-melt under the aforementioned conditions.

No tuel melting Is allowed In the blanket assemblles at 1158 overpower
conditions(*), Including design and experimental uncertalntles at 3o
confldence level. The blanket management scheme wll| therefore be

arranged not to exceed the |Iimiting power-to~-melt under the @
aforementloned condltions,

No absorber melting is allowed In the control assemblies at 115%
overpower conditions(*), including design and experimental
uncertainties at 37 confidence |level.

The sodlium temperature exlting the core assemblles wil! be conslstent
with the |Imltations reported In Section 4.2.2.1.3.2 to assure the

structural Integrlity of the upper Internals structure during Its
prescribed |lfetime,

Mixing In the Inlet and outlet plena will mitigate the ef fects of
thermal transients on the Internal structures, such that the
components structural requirements are met,

Adequate cooling shall be provided to the shielding, core barrel and
core former components to yleld a thermal environment capable of
assuring thelr structural Integrity as specl!fied in Section 4.2.2.1.3.
Sufflclent fiow shall be provided to the reactor vessel thermal |iner
fo Iimit the vessel wall temperature below 900°F during normal
cperation, Adequate cooling shall be provided for the Fuel Transfer

and Storage Assembly to preserve the s*ructural Integrity of stored
fue! assemblles, ’ '

Adequate heat removal by forced and free convection from heat

producing reactor components shal| be assured for all operating
condl tions,

Durlng operating conditions, fuel, blanket and control assembiles
total pressure drop along with the rest of the primary system pressure
drop will be within the primary pump head capabl| ity at the
corresponding flow,

Coolant velocities shall be less (unless test data support higher
acceptable veloclities) than the following |Imlts 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 reglon (exit); 50 ft/sec for replaceable
components In the low coolant temperature reglon (Inlet),

(*)This defInition means a power equal to 115% of rated power conditions,
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The control assemblles flow rate will be such as to assure adequate
margln agalnst flotation In case the driveline becomes accidental ly
dl sconnected (see Sectlon 4.2.3.1.3).

Assemblles oriflicing will be designed to be consistent with the
requirement that the lower shield In the fuel, blanket and control
assemblles will have sufficient solid volume fraction to |imlt

radlation damage to the core support structure and to assure |+s
prescribed |lfetime.

The thermal-hydraulic design of the control assembllies wil| be such
as to satisfy the scram Insertion requirements during the reactor
I1fetime (see Section 4.2.3.1.3),

The sodlum temperature sha!l be less than [ts bolling point during
normal operation and anticlpated and unllkely transient conditions.

The reactor wli| meet the aforementioned design bases operating over
a range of power and flow rates, Including power ranges and flow
varlations, from 0 to 100§ of nominal conditions.

Adequate design margins (see Section 4.4.3.2) will be provided to
account for design, fabrication, operational uncertalnties and
tolerances to ensure meeting the aforementioned |Imitations. The
seml-statistical hot channel factors approach will be adopted In
combining Individual fuel, blanket and control assembly
uncertalintles,

As explalned In Section 4.4.3.3.1, plant T&H design conditions are
considered In performance evaluations of permanent plant com-
ponents(*), e.g., vessel, Internals, heat exchangers. Therefore,
these conditions shall be considered In evaluation of Items 7 through
10, 16 through 18. On the other hand, plant expected operating
cond!tions are adopted In steady state performance and deslign
evaluations of replaceable components such as the reactor assemblles.
Therefore, plant expected operating conditions shall be considered In
evaluation of Items 1 through 6, 11 through 15, 17 and 18,

_Amend, 69
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4.4.2 Description

4.4,2.1 Summary Comparlson

This section presents a comparison of general and core assemblies design
parameters for the CRBRP and FFTF reactors.

|. CRBRP AND FFTF GENERAL PARAMETER COMPARISON

Units CRBRP**  FFTE®

Design Life Yrs, 30 20
Reactor Power (Thermal) Mw+ 975 400
Primary Coolant - Sod!um Sodlum
Primary Coolant Design Flow Rate 106 Ibm/hr 41,45 17.28
Cool'ant Temperature:

Reactor Vessel Inlet OF 730 600

Reactor Vessel Outlet OF 995 858

Reactor Vesse! Temperature Rlse OF 265 258
Pressure Drop:

Reactor Inlet Nozzle-to-Outlet Nozzle (¢) psli 123 110

Lower Inlet Module to Assembly Outlet Nozzle psi 116 101

Primary Pump Design (static) psli 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
Al lowable Overpower percent 15 15

(+)permanent plant components are those components which: " 1) will be deslgned
for 30-year |I1fe; and 2) cannot be easlly replaced,
*¥FFTF Inltlal Condltion

¥*CRBRP T&H Design Values
CRBRP value Includes uncertalntlies; FFTF value Is nomlinal.
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Qutiet Plenum

All fuel, blanket, control, and a portion of the radlal 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 reglon of the
vessei outlet plenum. The flow Is directed Into the upper region of the

plenum to minimize flow stratification In this reglon during a reactor trip
translent,

The flow from some of the removable radlal shields which are |ocated outside
of the peripheral skirt of the upper Internal structure discharge directly
Into the outlet plenum. Also, 14% of total reactor flow from the fuel,
blanket, control and radlal shield assemblles bypasses the chimneys through
the gap between the top of the core assemblies and the skirt of the upper
Internals structure and dlscharges directly Into the outlet plenum,

The coclant leaves the reactor vessel outlet plenum through three 36-Inch
dlameter outlet nozzles,

4.4.2.5 Fuel and Blanket Assemblles Orlflcing
4.4.2.5.1 Qrificing Phllosophy, Approach and Constralints

Core orificing, I.e., flow allocation to the various fuel and blanket

assembl les Is an Important step In the core thermal-hydraul Ic 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 |imits, by the designer, I+ loglcally fol lows
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 orlflicing. : F

Orlficing analyses do not provide the final deslgn results. Fol lowing the
oriflicing, T&H performance parameters of the core assemblles are predicted,
Using these predicted performance parameters, actual deslgn caiculations are
conducted to assess the adequacy of the design. If all the design constralnts
were already factored In the orificing, no fu~ther iteration would be
necessary. Although exact prognostication and correct representation of all
the constralnts Is not always possible, a prlor! consideration of the design
constraints as orlficing guldelines nevertheless serves as a useful means In
enhancing the efflclency of the analysls process. This was the approach
adopted In CRBRP core T&H analyses where a systematic orlficing analysls was
developed, which accounted for |Ifetime/burnup, transient, upper Internals
temperature constraints. This new approach represented a change In phllosophy
and a signlflcant Improvement over the prevlious maxlmum temperature equaliza-
tlon method. Characteristic features of this approach are determination of
the |imiting temperatures (see Section 4.4.2.5.2) for all types of assembl les
and simul taneous oriflicing of the fuel and blanket assembl les. Finally, both
flrst and second core conditions were Investigated In determining the orlfic=
Ing constralnts and the most restrictive In elther core was used In deriving
the oriflicing conflguration. This guaranteed, a prior!, that the thermal-
hydraulic performance would satisfy the constralnts considered In both cores.

4.4-10
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| The following orificing constraints (Reference 1) are satisfled In selecting
the flow orificing for the CRBRP fuel, Inner blanket and radial blanket
assembl les:

© Maximum cladding temperature must be compatible with |1fetime and
burnup objectives, which can be expressed In terms of maximum

al lowable Inelastic cladding straln and cladding cumulative damage
function (CDF);

© Maximum coolant temperature conditlons must be such as to assure, wlth
adequate margin, that no bollling occurs during the worst emergency

transient (e.g., the three-loop natural clrculation event), accounting
for uncertainties at the 3 |evel conf idence;

© Maximum assembl les mixed mean out|et temperature and radial
. temperature gradient at the assemblles ex!t must be compatible with
upper Internals structure (UIS) IImitations;

2 Maximum of eight discrimlination zones (fuel plus inner blanket) are
al lowed;

© Flow allocation to fuel, Inner blanket and radlal blanket assemblles
must not exceed 94,08 of the total reactor flow to account for cool Ing
requirements of other reactor components,

Since the heterogeneous core contalns a single fuel enrlchment zone and
because the number of requlired dlscrimlnators depends on the unique
comblinations of flow orlficing and fuel enr!chment zones, the maximum number
of fuel plus Inner blanket assembly orlficing zones Is equal to the total

al lowable number of dlscriminators (l.e., 8). |Inner blanket and frel

assembl les employ Identical Inlet nozzles. Therefore, both must be considered
In determining the total number of discriminator zones. The outer blanket
assembl fes 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 assemblles durlng successlve
cycles, form a separate discrimlnator zone which Is Included among the elght.

To put the |Ifetime/burnup and transient temperature constraints on the same

| basls and to provide quantitative, comparable orificing guldel Ines, the
concept of equivalent |Imiting temperature Is employed. The equivalent
IImiting temperature Is deflined as that cladding temperature at a speclfled
radlal position (cladding ID In these analyses) and time In ||fe (end-of~|1fe)
which must not be exceeded In order to satisfy the considered constraint,

(¥7a map of the 60° core symmetry sector analyzed In the thermal-hydraullc
studies and assembl les numbering scheme are shown In Figure 4.4-3,

404-11
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Three equlvalent IImiting temperatures were defined to represent the |Ifetime/
burnup and translent constraints, i,e.,, SELT, DELT and TELT. They are def Ined
as the end-of-|lfe maximum cladding ID temperatures for P|ant Expected
Operating conditions (see Sectlon 4.4,3,3,1), considering uncertainty factors
at the 2 level of confldence, such that accounting for the assembly
temperature/pressure |ifetime history, the IImiting value of the Inelastic
cladding strain (SELT), or cumulative damage function (DELT), or worst time=-
In=l1fe transient coolant temperature (TELT) Is not exceeded. As |+ appears
from the above definition, the equivalent IimltIng temperatures are calculated
for each assembly. In fact, all the varlous assemblles have Individual ly
different |ifetime histories of cladding temperature and flsslion gas pressure,
and therefore, the |Imliting equivalent temperatures are necessarlly dlfferent
from assembly to assembly to stay within a constralnt common to all

assembl es, Calculations are performed for plant expected operating
conditions, which are the conditions where the CRBRP is expected to operate on
a probabllIstic basis and the conditions used In the design of replaceable
components such as the core assemblles (see Section 4.4.3.3.1).

As prevliously mentioned, both first and second core conditions have been
considered In defining the core orlficing, therefore, the SELT, DELT and TELT
have been calculated for both cores. In the case of the radlial blanket
assembl les, where the |ifetime spans both cores, obvlously only one set of
IImiting temperatures was calculated. Using the ACTPPUS code, the assemblles
minimum flow In the first and second core necessary to satisfy the most
restrictive of the {imiting conditions was calculated for each assembly.,
Subsequently, the various assemblles were grouped In zones and the orificing
arrangement was selected such that the flow al located to each assembly was at
least equal to the larger of the flow requirements in flrst and second core,
This assured meeting al | constralnts for both cores. Finally, the excess
flow, If any, Is allocated among the fuel assemblles to minimlze and equal lze
the assemb|les exlt temperature and temperature gradlents,

4.4.2.5.2 Calculation of Equivalent Limiting Temperatures

Assembl les |ifetime/burnup goals are achleved when both the cladding Inelastic
straln and cladding COF are within the establlshed |Imlts during steady-state
operation. The ductility straln guldeline was set at 0.2% and the COF gulde=-
IIne for orificing analyses was set at 0.7 In the fuel assemblles and 0.5 in
the blanket assemblles, Since the COF |Imlt for steady-state plus transient
operation Is by definition 1.0, the margin for COF translent accumulation was
0.3 In the fuel assemblles and 0.5 In the blanket. Both cumulative cladding
strain and COF depend on the rod cladding temperature/pressure history, Thus,
using a preliminary estimate of the assembly flow (but using the proper
physlcs data), the hot rod (*) In each assembly at end-of-|ife was Ident!fled

4.‘-12
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using the subchannel analysls code CPTEC. Subsequently, the hot rod was

fol lowed throughout |ifetime and the |Ifetime temperature/pressure history was
calculated with the NICER code. Uncertainty factors (see Section 4.4.3.2) at
the 20 level of confldence were used In the cladding temperature/pressure
calculations, Based on the above |ifetime histories, a straln equivalent

I Imiting temperature (SELT) was calculated for each assembly., The SELT serves
as an analytical expression of an oriflcing guldeline. It represents the
end-of-11fe temperature which, If malntalned constant throughout |1fetime,
would cause an end-of-|ife cumulative straln of 0.2% for the particul ar
assembly relative behavior of c!adding temperature and pressure through
I1fetime. Accordingly, the SELT does not depend on any guessed value of
assembly flow, but rather on the relative behavior through |ifetime, which is
only a function of the power generaticn changes during |ife,

Since the DELT Is the equlvalent end-of-|!fe temperature corresponding to a

| COF of 0.7 or 0.5, the method employed In Its determination was to extract It
from a curve correlating the cladding ID temperature at EOL with the
corresponding COF, Thus, at least three (In some Instances more were
necessary) |lfetime temperature/pressure histories were generated for each
assembly by varylng the flow and the corresponding CDF was calcul ated.
Typlcal curves are reported In Flgures 4.4-10 through 4.4-14 for the fuel and
Inner blanket assemblles (flrst and second cores) and radlal blanket

assembl les, By Interpolation, the DELT corresponding to the COF constralnt
was then determined.

| Regarding the transient constralnt, the design guideline Is to provide
adequate margln-to-sodlum bolling throughout the assembly |ifetime durling the

I worst transient, This was quantitatively translated Into an orlficing gulde-
[Tne of 1550°F which was conservatively deflned as the maxImum coolant
temperature al lowable durlng a natural clirculation transient In any assembly
at any time In |ife accounting for uncertalnty factors at the 3 level of

' confldence. This guideline also assumes plant THDV conditions and a 750°F
reactor inlet temperature,

Each assembly Is characterized by Its hot rod at end-of-1lfe, which is
obviously the one with the highest strain and CDF.

4,4-13
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the flrst and second cores, minimum flows must be put on the same basis,

Cycle 4 was chosen as the standard basis since It wil| require the higher core
flow fraction (fuel assemblles are in alternating row 6 positions). When flow
requlrements for cycle 2 are transiated to cycle 4 equivalent values, second
core requirements are found to be slightly more restrictive In some outer fuel
assembl les, as shown In Figure 4.4~17, Cycle 5 flows are reported for the

transient |Imited second row radial blanket assembl les, since thelr TELT's are
maximum at EOL,

Using the required minimum flows as guldelines, the PCTPPUS code selected, for
a glven number of orlificing zunes, that combination of assemblles grouping
Into orificing zones which among all the various possible comblnations,
ylelded 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 elght
discriminators (and orificing zones) is allowed for the fuel and Inner blanket
assembl les, Four orlificing zones In the radlal blanket assemblles were
chosen, thus, the total number of core oriflicing zones resulted equal to 12.
The selected arrangement is reported In Figure 4.,4-18, where the starred
assemb| les are the ones which determine the amount of flow al located to the
orificing zones (they are called zone driver assemblies, or drivers). Also
Indicated are the |Imiting assemblies In each orlfice zone for first and

second core; obvlously the driver Is the one with the more restrictive fiow
requirement (compare with Figure 4.4-17).

As shown In Flgure 4.4-18, the orificing arrangement does not have a 300
symmetry because the control rod location and Insertion pattern, hence the
power generation, does not have a 30° symmetry. For example, considering the
assembl les around the row 7 corner control assemblles (see Flgure 4.4-16),
flrst core conditions are |Iimiting for the fuel assemblles around the control
assembly at the right of the flgure, while second core conditions are

prevalently limiting for the fuel assembllies surrounding the control assembly
at the left, ' '

The minlmum amount of core flow necessary to satlsfy the varlous constralnts
and the grouping of the core assemblles Into 12 oriflicing 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 to meet the conservat!vely selected con-
straints, It follows that slightly less than 1§ of the total reactor flow Is
avallable to be allocated as deemed desirable by the deslgner, Usual ly, If a
signlficant amount of excess flow Is avallable, this Is dlstributed among the
fuel assemblles to minimize/equalize the assemblles mixed mean temperature and
temperature gradient. This was not, however, the procedure adopted In these
studles since the amount of avallable excess flow Is not enough to signifi-
cantly Influence the value of the outlet temperatures. Addlitional ly, the
relative assemblles power generation and the sophlsticated orificing, which

4.4-16
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are characteristics of this heterogeneous design, ylelded maximum d1fferences
In exlt 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 capabllity. Therefore, the excess flow
was distributed roughly evenly among the varlous core orificing zones, The
final core flow al location 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 (PEOC)
flows are reported In Table 4,4-4,

Subsequent performance predictions and design calculations reported In
Sections 4.4,3.3 and 4.2.1 demonstrated that the core orificing so determined

was adequate and that design constralnts and objectives were met,

4.4.2.6 Reactor Coolant Flow Distribution at Low Reactor Flows

The normal mode of CRBRP core heat removal upon reactor shutdown Is by forced
clrculation from AC powered pony motors (which have emergency backup power
from dlesel generators) driving the primary pumps. However, the CRBRP has
been designed to have the added capability of adequate coolling by means of
natural circulation, This Inherent emergency coolant flow Is provided by the
thermal driving head developed by the thermal center of the IHX being elevated

above that of the core (plus the respective elevation dilfferences in the
Intermediate loops and steam generator system).

At the ~10%
.

Je pony motor flow level after stutdown, Insignificant flow redlstri-
bution occurs between the parallel flow core assemblles, However, for the
core natural convection cooling mode, the effect of dynamically approaching
low flow with worst case decay heat loads results In a power-to~-fiow ratio
greater than one. Consequently, core temperatures Increase and natural
convection phenomena such as Inter- and Intra-assembly flow redlstribution due
to different thermal heads and hydraullc characteristics of the core assem-

bl fes become Important. In general, +.e core thermal head becomes significant
relative to the form and friction loss zcross the core below 5% of full flow.
Coupled with the flow redistribution, signlflcant heat redistribution on an
Inter- and Intra-assembly basls occurs throughout the core due to large tem-
perature dlfferentlials and an Increased heat transport time (low power assem-

bl ies can have a transport time of over 20 seconds). These ef fects (l.e.,
natural convection flow and heat redlstribution) are found to signiflcantly
reduce maximum core temperatures. This has been demonstrated In the EBR-1|

and FFTF natural circulation experiments (Ref. 68 and 79).

In addition to the In-plle data, a large out-of-pile data base exists to
characterize the flow behavior of the varlous corponents over a wilde range of
operation, Including low flow condltions, A IIsting of the experimental data
references for flow dlstribution calculations Is provided In Table 4,4-36.

Independent studles outslide the CRBRP ProJect have been published which show a
significant decrease In predicted maxImum core temperatures due to reactor
flow redistribution durlng natural clrculation conditions. For example,
Brookhaven National Laboratory (Agrawal, et.al., In Ref, 65), using the SSC-L
code, predicted locallzed flow Increases as |arge as 20% in the hot fuel
assembly and 40% In hot blanket assembly for the CRBRP during natural
convection coollng. Corresponding reductions in the predlcted max|mum
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fransient coolant temperature on the order of 16 and 22% ( 130°F and 210°F)
were shown for the hot fuel and blanket assembl les, respectively, relative to
the maximum temperatures predicted without flow redistribution. Simllar
results were found In Reference 70 using the CURL-L code. For these studies,
Inter-assembly heat transfer as well as Intra-assembly flow redistribution and
heat conduction effects were neglected. Inclusion of thesn effects would
further reduce the maximum core temperatures,

PrelIminary studies with CBRINTH have been performed to demonstrate the ef fect
of Inter-assembly flow red!stribution for the heterogeneous core design. The
effects of Inter-assembly heat transfer and Intra-assembly flow and heat
redistribution which wei e neglected are discussed |ater, Flgure 4,4-66 shows
the results of these analyses for the peak fuel, peak Inner blanket and peak
radlal blanket assemblles, Flgure 4,4-67 shows results for a typlcal
oriflcing zone for the fuel, Inner blanket and radlal blanket assembl |es.
Congistent with other natural clrculation studies, the flow Increase to the
hotter core reglons Is apparent, This effect, along with the other natural

convection phenomena, wlll signiflcantly decrease the maximum hot rod
temperatures In the core,

To assess the effect of all natural convective cool Ing phenomena (l,e., Inter-
and Intra-assembly flow redistribution and heat transfer) on the maximum

transient coolant temperatures In the CRBRP core, the following system of
three computer codes Is used:

1) DEMP - predicts the overall plant-wide, dynamic natural circulation
performance and deflines the core boundary conditions;

2) CPBRA-WC - predicts the detalled dynamlc, core-wide performance

Including all Inter- and Intra-assembly flow and heat redlstribution
ef fects;

3) FPRE-2M - predicts the locallzed hot rod dynamlc temperatures
Including effects of localized ~od phenomena and uncertalnties In
nuclear/+hermal=hydraui Ic/mechanical data.

A llnkage between the CPBRA-WC and FPRE-2M codes has been developed to
Incorporate the Inter- and Intra-assembly phenomzna In*o the loca!ized hot rod
transient analyses by using the expression for the heat transported to the
coolant for each axlal node of the hot element modeled In FPRE-2M, Coupl ed
w'th this, the axlal mass flow rate for each axlal node Is also Input from
CPBRA-WC analyses. The heat and axlal mass flow rate for each axlal node are
based on nomlnal conditions In the COBRA-WC code. This Is a conservative
approach because these valuves are lower than those calculated for the hot

channel temperature conditions and thus, result In a conservatively higher
predicted hot channel temperature,
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on a 90%/ u (239 + 241)/U-238 fission rate spllit, the welghted
ige flssli yleld value may be calcul ated directly from the data
ted In 1 4.4—15. The value of the Xe + Kr flsslon yleld In fuel
resul ted equal to 0.249,

For the blanket case, the fuel Isotopic composition, and hence, the isotoplic
fission rate, changes significantly with burnup (plutonlium accumulation). For
a fresh assembly In elther the Inner or outer blanket, about 90% of the
flsslons occur In U—7‘8 and the remaining 108 occur In U-235., Therefore, the
beginning-of-life fisslon gas yleld Is equal to 0.240.

At end-of-l|life, Jucf rior to discharge, the breakdown of flssions Is as
follows: In U-238, for inner and 16% for outer blanket; In U-235, 2% for
both inner and outer ke In Pu-239, 65% for Inner and 82% for outer
blanket. Thus, the 5 | g yleld calculated from data In Table 4.4~15 is

0.247 in Inner blanket as ies at EOL and 0.249 in outer blanket assembl les
at EOL.

Conservatively, a nominal flission yleld of 0.249 constant throughout |ife for
both fuel and blanket assemblles was adopted.

The Isotoplic uncertainty In the ENDF/B~IV fission ylelds results In a
5.58(16) uncertainty In the rare gas (Xe+Kr) yleld from U- 235, U-238 and
Pu-239 fisslons. Therefore, the 2o fission yleld adopted In plenum pressure

calculations was equal to 0.266.

&1
Tism

The substantlial conser

'
i
'

n calculating plenum pressures Is discussed In

Section 4.4.3.2.4, together with a quantitative evaluation of the over=-
cC

stimation of plenum pressure for *wo typical blanket rods.

Thermal Effects of Operational Translents

Current cesign practice Is that LMFBR components must meet the requlired
conditions of ASME Code Section I|li (Ref. 43) and RDT Standard C-16-1T (Ref.
44). Translent reactor design events are divided Into categorles of normal,
upset, emergency and faulted according to thelr |lkellhood of occurrence.
Table 4. .4-16 ;?acsz a) the definitions for the various incldents; and b) the
allowable severlty with respect to structural consequences. Note that the RDT
standard respective terminology for the events are: normal operation,
anticipated fault, unlikely fault and extremely unllikely fault.

Tak
el

i@ 4.4-17 presents a summary of preliminary design criteria (Limits and

Gulidelines) for emergency and faulted events to assure that the core operates

safely over [ts design |Ifetime and meets the requirements of the ASME Code

and RDT Standard. The frequency of occurrence and class!ification of events Is

establ ished by the designer based on Industrial and nuclear experlence and

also the special characteristics and differences In LMFBR design (as compared
I an LWR for example).

normal steady state operating conditions, the cladding Is |oaded due to
Internal gas pressure. Flssion gases are released from the tue! wl!th
up, and thus, the internal pressure continually Increases over the rod'




The primary pump head flow characteristics and reference operating points are
presented In Section 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
Intermediate pumps are ldentical 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 Hydraullcs

The total reactor flow rate !s one of the primary parameters that affect the
thermal performence of the CRBRP. The hydraullc analyses Include the effects
of uncertainties such as: Instrumentation errors, correlation uncertalinries,
exper imental accuracy, manufacturing tolerances and primary loop temperature
and flow uncerte'nties.

The method used to perform the steady-state hydraul Ic analysls consists
essentlally of ldentifving all possible flow paths In the reactor, establIsh-
Ing a hydraullc network and solving the network by use of such codes as
CATFISH and HAFMAT. Solution of the network will provide reactor flow rate
and flow distribution within the reactor for certaln specifled plant operating
conditions, which In the case of the CATFISH code are the pump head/flow
characteristics curve. The CATFISH code Includes pressure drop analytical

correlations obtained from the results of the out of flle tests reported In
Tables 4.4-36.

The coolant flow distribution !s determined by the geometry of the reglons
through which sodium flows. Thelr hydraullc 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
between radlal shlelding and core barrel, annulus between vesse! and core
barrel, annulus between vessel and vessel |liner z1d the core assembl les upper
Internal structures region. Because of thelr Importance, the resistance and
hydraul Ic characteristics of the main flow paths ere determined by scale model
tests. The tests conducted for CRBRP are discussed in Sect'cn 4.4.4, Testing
and Verification. Prlor to the avallability of data from these tests, the
results from similar tests In the FFTF Development Program are used where

applicable. Also see Section 4.4.2.7 for a dlscussion on hydraullc !mpedance
correlations.

In addition to the main flow path, leakage flow paths exist in the CRBRP;
these are taken Into account In the flow distribution studies, but no credit
Is taken for |eakage flow when satisfying cooling requirements. Seals between
the core support structure and the core Inlet module !Iner, between varlous
parts of the hydraullc balance system, etc., form flow paths for |eakage. Tne
design objective of the seals Is to minimize leakage. Where possible, the
piston ring type seal developed in FFTF wil|l be used and others of different
design will be evaluated experimentally with the Intent to minimize |eakage.

4.4-45
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4.4,3.2 Uncertaintles Analysls (*)
4.4,3,2.1 Introguction

The Impact of theoretical and experimental analyses uncertainties, Instrumen-
tation accuracy, manufacturing tolerances, physical properties and correla-
tions uncertalnties must be considered In predicting the reactor thermal-
hydraulic performance to ensure the safe and rellable operation of the CRBRP
core and to guarantee that proper margins are provided so as not to exceed the
design |imits and requirements,

Hot channel/spot factors for all core assemblles have been determined to
account quantitatively for the above uncertalnties. Consistent with previous
studies, the seml-statistical hot spot analysis method Is used for the CRBRP
core assemblles; I.e., random varlables are combined statistically and
together with the direct blas uncertainties they characterize a hot channel/
spot as the one affected by the simultaneous occurrence of all uncertalnties.

Predicted hot channel/spot temperatures are the ones to be compared with the
required |imits.

The preliminary uncertainties analysis made certaln simpl Ifying assumptions,
such as the overal| temperature difference Is a |inear function of Individual
varlables, statistical uncertalnties are normal ly distributed, and a large
number of samples are Impliclt In the data base. The effect of these assump-
tlons have been Investigated In a detalled study (Ref. 19) which showed that
the overal| uncertalnty analysis approach adopted !n these analyses [s con-
servative. A full evaluation of the adopted uncertalntles, of the confldence
levels of the hot channel factors and of the effects of non-|lnear application
of the hot channel factors, will be performed for the FSAR.

Use of the seml-statistical method requires the separation of the variables
which cause the hot spot temperatures into two principal groups, one of
statistical origln and the other non-statistical. The two categorles are
defined below.

A non-statistical (or direct) uncertalnty !s defined as a varlable, 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 Sectlon 4.4.3.3

to enable the Inclusion of this major area of T&H analysis as Section
4.4.3.2'
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4.4.3.3 Steady-State Performance Predictions

Reported In this section are the analyses performed to characterize the
steady-state thermal behavior of the CRBRP core together with highl ights of

the results. For a much more detalled report of the results, see Sectlons 4
and 5 of Reference 3.

4.4.3.3.1 Plant Conditlons

Two sets of plant conditions are used In the thermal-hydraulic design, l.e.,
plant thermal-hydraulic design value (THDV) conditions and plant expected
operating conditions (PEOC). The THDV condéflons (730°F 1nlet/995°F outlet
temperature; total reactor flow 41,446 x 10° |b/hr) are the Clinch River rated
plant conditions and are used In: a) analyzing permanent components which
have the same 30-year |ifetime as the plant; b) transient and safety analyses,
since they are more conservative 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 |s expected to
operate accounting for the operating conditions of the heat transport systems,
such as pump characteristics, reactor and primary loop pressure drop uncer-
tainties, foullng and plugging of heat exchangers, etc. Durling actual reactor
operation, the long-term damage accumulated by the fuel and blanket assembly
components |s 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 anticlpated faults (normal and upset condl-
tlons), fuel and blanket assembly component temperatures are based on maximum
expected plant operating conditions (PEOC) and upper 2o levels. At this
level, there Is a 97.5% probabllity that the corresponding temperatures are
not exceeded. This Is conservative since the calculated damage accumulation
generally Increases with temperature. For the unllkely and extremely unllikely
events (emergency and faulted conditions) an upper |imit on plant conditions
(Thermal Hydraullc Design Values - THDV) and the upper 30 uncertainty level If
used, simply to add addltional conservatism for the safety analyses. At this
level, the probabillty of exceeding the calculated temperature Is~0.1%.

The above designated use of plant conditions and uncertalntles derlves from
the premise that stochastic fallures are not a safety Issue and the plant Is
capable of operation with |Imited fuel rod cladding fallures. To support safe
operation with falled fuel, all the safety analyses described In Chapter 15 >f

this PSAR are based on continued and extended plant operation with 1% failer
fuel.

The primary heat transport system principal parameters (Inlet, outlet temper a-
ture and AT) are evaluated, together with the asso:zlated uncertalntlies. The
results of this study for the heterogeneous core, which comprised a Monte
Carlo type analysls, are reported In Table 4.4-28. some signiflicant features
are: 1) the conslideration of the progressive foul Ing of the heat exchangers
durlng the plant 20-year |Ifetime, which affects the predicted values of the
plant operating conditions (rather than conservatively assuming end-of=-11fe
fouling, l.e., after thirty years operation); and 2) a comprehensive account=-
Ing of all uncertainties affecting plant operation. Plant expected operating
conditions are adopted In core thermoflulds analyses of replaceable compo-
nents, such as the core assemblles, chlefly In determining the fuel rod para-
meters (cladding temperature, fission gas pressure) which are the basls for
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evaluating the structural behavlior and for assessing whether |ifetime/burnup
objectives are actually met.

Plant expected operating conditions and assoclated urcertalinties adopted In
the thermal performance analyses are reported In Table 4.4-29, Fol'owing Is a

brief discussion of the rationale In determining 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 nomlinal values of

Table 4.4-29, thus, conservatively Including the bias factor directly Into the
nominal values. Since the most critical time for core
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rage 3Z2-0008 8,0 J,

For the blanket assemblies, Inner blanket assembly 99 was Investigated as the
blanket assembly having the highest power In the first flve 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 assemblles envelope wlth

respect to power-to-melt conditions the longer residence time radial blanket
assembl les,

Both the hot and the peak rods were Investigated, since the peak pin has the
highest |inear power, while the hot pin has the highest cladding temperature,
The cladding temperature has, In fact, a very signiflicant effect on cladding
swel ling, hence on fuel/cladding gap size, hence gap conductance, fuel temp-
erature and finally on power-to-melt, Thus, both the hot pin and the peak pin
need to be Investigated. Analysis of the hot pin was obviously not necessary
for the fuel assemblies, since thelr critical time in |ife Is at beginnlng-of=-
I1fe, rather than end-of-life as for the blanket assemblles. Finally because
the maximum power In blanket assemblles occur at end-of-|Ife, the programmed
start-up cannot affect the power-to~-melt In the blanket,

The axlal positions where the cladding temperature and the |lnear power rating
are maximum were investigated In addition to Intermed]ate posltions between
the two above., Also consldered were: a) when the blanket pins go through a
full overpower factor of 1.15 &* EOL; and b) when the reactor power Is

Increased to 1158 of rated power from the top of the allowed varlation, 1.0,,
with an overpower factor of 1.15/1.03.

It was found that the no-melting criterion Is fully satisfled In the worst
case, The peak pin has 0.4% less margin than the hot pin, When the overpower
excursion Is a full 158 the margin Is 0.4% less than for the case when the
reactor power |s ramped from 1.03% of the rated power, Substantial conser-
vatism was Implicit In the analyses (e.g., In cladding swel lIng evaluation,
adopting a direct comblnation of nuclear uncertainties), thus, removal of the

Impliclt conservatism and factoring of experimental data when avallable, would
substantially Improve the power-to-melt margin,

4.4.3.3.7 Control Assemblles Thermal-Hydraullc Performance

The CRBRP has two control systems: primary and secondary control rod system
(PCRS and SCRS) with nlne (9) and six (6) control assembl ies, respectively.
Detalled design features of the systems are provided In Section 4.2.3
(Reactivity Contrel Systems),

The bases and methodology of the thermal-hydraul ic analysls of the primary
confrol assemblles fol lowed that used In the homogeneous core deslign, reported
In Reference 13, A summary of the principal operating parameter for the
primary and secondary control assemblles are presented In Tables 4.4-32a and
4.4-32b, respectively, Values reported In Table 4.4-32 are for the row 7
corner assembly, which Is the thermally I|imiting PCA.

Key hydraullc performance assessments relate to the assembly flow margin to
control rod flotation and control rod scram dynamics. The PCA E-Spec., re-
Quires that the control assembly design shal| assure that the control rod
cannot be |ifted (or floated) from the fully Inserted position, under max|mum
assembly flowrate (and pressure drop) conditions, more than the distance
causing a reduction In shutdown reactivity margln equal to the stuck rod
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margin., This requirement shall apply to all 9 rods, elther with the driveline
connected to the control rod or to refuellng conditions for which the drive=-
ITne Is dlsconnected and wlthdrawn to Its refuelIng position,

Both experimental and analytical Investigations were conducted to assure the
PCA wlll not float under the worst possible conditions; the results of these
Investigations are summarized In Table 4.4-33, Data, analytical results and
margin-to-flotation were expressed In terms of both assembly flowrate and
pressure drop across the absorber bundle. Prototyplc testing of the CRBR PCA
provided experimental measurements of the PCA flotation characteristics;
experimental uncertalnties were directly superimposed over the observed
values, On the other hand, the maximum flow through the PCA was calculated
with the CATFISH code accounting for all the varlous effects causing a flow
variation In the PCA. Speclflically, the hydraulic resistance uncertalntles In
all core components were varled by thelr maximum value and, conservatively,
the ‘absolute variation In the PCA flow and P was taken as Increasing the
design value. The three leading causes for an Increase In the PCA flow were
found to be: primary pumps at thelr max!mum speed resulting In a max!mum
reactor flow equal to 1158 of the rated THDV value; PCA orlflce reslstance at
Its minimum; and LIM containing the PCA at Is minlmum resistance allowable.

As reported In Table 4.4~33, the Indlvidual ly Induced varlations in the PCA
flowrate and P were combined at various levels of conservatism, ranging from
20 and root sum of the squares to 30 and absolute sum combination, Cor=-
respondingly, the flotation margin ranged from 15% to 3% In terms of AP and
from 9.5% to 5.5% In terms of flowrate, In all cases a | arge amount of con=-
servatism was Included, for example: a) by comparing the minimum experimental
with the maximum predicted flotation characteristics, analytical and experl-
mental uncertalntlies were superimposed rather than comblned statistical ly;

b) use of absolute rather than relative values of the PCA flow (and AP)
variations does not take Into account the varlia*ions causing decrease, rather
than Increase of the PCA flowrate andAP. In spite of thi's conservatism, a

positive margin to flotation resulted under the worst conditions, as shown In
Tabl e 4.4-33 .

The secondary control rod system uses the concept of hydraulic scram-assist
design with a net hydraulic force In the 150-250 Ibs. range on the control rod
when fully withdrawn from the core. The same magnitude of downward hydraullc
force (In addition to the welght of the assembly) Is also avallable under the
abovementioned design condltlons, Thus, It Is concluded that the secondary
control rods do not float at 1008 flow (even when disconnected).

Predicted control rod scram performance of the primary control rod system Is
reported In Sectlon 4.2.3 (Reactivity Control Systems).

Flgures 4.4-54 and 4.4-55 show typlcal PCA absorber reglon temperature distri-
butions under the minimum withdrawal and full withdrawal control rod condl=-
tlons, respectively,

4.4,3.3.8 RRS Thermal-Hydraullc Analyses

The steady-state duct temperaturcs at PEOV conditions were calculated for a
30° sector of the RRS.
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The reglon analyzed Is partially shown In Flgure 4.4-56, The model conslsts
of all 29 RRSA's In a 30° sector, plus a corresponding sectlon of fixed radlal
shielding (FRS), core barrel (CB) and core
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TABLE 4.4-17

SUMMARY OF PRELIMINARY DESIGN CRITERIA

Event Classification = Severlity Level

Emergency
(Unl Tkely Faults)

Faul ted

(Extremely Unllkely

Minor Incldent

Major Incldent

Criter lon**

The total cumulative damage

function Is to be less than
1 lo.

The accumulated plastic and
thermal creep straln Is to
be less than 0.3%.

No cladding melting
(temgorafure less than
2475F) and

¥No sodium bollling
(temperature less than
saturation temperature at
the existing pressure).

*Sodium bolling temperature Is quoted as a guidel Ine to establ Ish that no

cladding melting can occur.

**The emergency criteria are |limits .
The faulted criteria are guidel Ines.
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TABLE 4.4-32a

PRIMARY CONTROL ASSEMBLY OPERATING PARAMETERS

|
\
|
|
© Number of orificing zones 1 i

0 PCA's total flow al lccation (fraction reactor flow) 0.01 -
o Flowrate (PEOC, Ib/hr) 49,500
© Flow spllt (bundle/total assembly flow) 0.62
0 Maximum bundle flow velocity (ft/sec) 8
o I\;axlmum hot rod midwal | cladding temperature 1006
(PEOC, 2o, ©F)
© Maximum flsslon gas pressure (20, psla) 3600 @ 275 fpd
© Maximum |Inear power rating (30 + overpower, Kw/ft) 16 Bottom
1.4 Top
© Maximum absorber temperature (THDV nomlnal, ©F) 3367

© Maximum mixed mean exit temperature (THDV nr.inal, OF) 853

© Maximum ex!t gradient (nominal, ©F) 246
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TABLE 4.4-32b

SECONDARY CONTROL ASSEMBLY CPERATING PARAMETERS

Flow Rate (THDV, 1b/hr)
Control Rod Flow
Bypass Flow
Total Upflow
Downf | ow
T;?al Assemb |y
Hydraul Ic Scram Asslst Force at Full Flow (1bs)
Peak Linear Power (kw/ft)
Outlet Temperature (THDV, Nominal, °F)
Control Rod Bundle
Assemoly
Maximum Cladding Midwali Temperature (°F)
Nominal, THDV
Hot Spot (THDV, 2o
Maximum Absorber Temperature (°F)

Nominal, THODV

Hot Spot (THDV, 3@)

4.4-1244

9,130
$,330
18,4%0
50,7Y0 .
69,170
148 - 248

4.0

829
854

853

895

1054

1188
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TABL

SUMMARY OF FL

1. Test observed f!otation condltions
2. Above, accounting for test uncerta
3. PCA operation condltions, nomlinal,

\

4. Total effect of core components hy
resistance uncertalntles:

© r.s.s. comblnation 20/36¢

0 Absolute sum comblnation 23/3¢
5. Maximum design conditions (3+4):

O i.5.S8. comblnation 20/3c

o Atsolute sum combination 26/3¢
6. Margin-to-fiotation (2-5):

0 r.s.s, comblnation 20/3c

o Ablsalute sum combination 29/3g

*In percentage of nominal condltions,

E ‘ 04-33

OTATION EVALUATION

Rod Bundle
Pressure Drop

(Psl1)

7.5
Intles T2
PEOC 5.94

draullc

0.35/0.52
0.73/1.06

6.29/6.46
6.67/7.0

0.91/0,74
(15/12)%

0.53/0.2
(9/3)%

4.4-125

Flow Rate
(Lb/Hr) -

57,500
55,000
49,600

687/976
1932/2696

50287/50576
51532/52296

4713/4424
(9.5/9)%

3468/2704
(7/5.5)%
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1.

‘2.

13.

TABLE 4.4-36

PRESSURE DROP DATA - FLOW REDISTRIBUTION FOR FIGURES 4.4-66 4 67

"Covered Pressure Drop Flow Test/Cross Flow Mixing Test", HEDL-TI-76049,
November 1976. (Avallabillty: US/DOE Technicai Information Center).

W. L. Thorne, "Pressure Drop Measurements In FFTF Fuel Vibration Tests",

HEDL-TC-812, Aprll 1977, (Avallability: US/DOE Technical Information
Center). A

W. L. Thorne, "Pressure Drop Measurements from Fuel Assembly Vibration

Test 11", HEDL-TC-824, .ipril 1977. (Avallabillty: US/DOE Technlcal
Information Center).

P. M McConnell, "Clinch River Breeder Reactor Fuel Assembly Inlet/Outiet

Nozzle Flow Tests", HEDL-TME-77-8, February 1977, (Availabllity: US/DOE
Technical Information Center).

H. M. Geliger, D. C. Meess and D. K. Schmidt, "Radial Blanket Flow
Orificing Testing: Callbration Tests", WARD-RB-3045-18, Apr!i 1977.
(Avallabillty: US/DOE Technical Information Center).

F. C. Engel, R. A. Markley and A. A. Bishop, "Laminar, Transition and
Turbulent Parallel Flow Pressure Drop Across Wire Wrap Spaced Rod

Bundles", Nucl. Scl. Eng., 69, pp. 290-296 (1979); 74, p. 226 (1980).

I. E. ldel'chik, "Handbook of Hydraullc Resistance - Coefficlents of
Local Resistance and of Friction", AEC-TR-6630, 1960.

L. F. Moody, "Friction Factors for Pipe Flow", Irans. Amer. Soc. Mech
Eng., 66, pp. 671-684 (1944),

R. G. White and M. D. Simmons, "CRBRP Fuel Assembly Flow and Vibration
Tests In Water", HEDL-TME-78-106, October 1979.

P. M. McConnell, "interim Report on CRBRP Fuel Assembly Cavitation Tests
In Water", HEDL-TC-967, October 1977.

C. Chlu, et al., "Pressure Drop Measurements In LMFBR Wire Wrapped
Blanket Assemblles", MIT C00-2245-42TR Report (1977).

"Radlal Blanket Design and Development Quarterly Progress Report for
Period Ending August 31, 1977", WARD-RB-3045-21 (1977).

J. G. Akey and H. 0. Lagally, "Primary Control Assembly Hydraullc Test",
WARD-D-0263, July 1980.
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.4-36 (Cont'd)

R. Dickinson and F. H. Nunamaker, "Measurement of Outliet Plenum

fr‘H/IYy Proflles, Pressure Drops and Flow Splits In the IRFM of CRBRP",
L-TC-1015, December 1979,

P. M. McConnell, et al., "Inlet Plenum Feature Mode! Flow Tests of the
CRBRP; Addendum V-Results", HEDL-TME-76-33, March 1976.

M. McConnell, "CRBRP Removable Radial Shielding Oriflce Pressure Drop
Test Results, DRS 31.14,37", HEDL-TC-958, September 1977.

. * HEAT TRANSFER AND OTHER DATA USED FOR VALIDATION OF COBRA-WC (PNL-4128)

AND_FORE-2M (Nucl, Eng, & Des,, 68, No, 3, pp, 323-336, April 1982) CODES
M D C LlleLd é._.u

Bates, J. M., and E. U. Khan, 1980. "investigation of Combined Free and
Forced Convection In a 2 x 6 Rod Bundle During controlled Flow
Transients." AIChE Symposium Series: Heat Transfer - Orlando. 1980,
Amer lcan Institute of Chemical Engineers, New York, New York, Serles No.
199, Vol. 76, pp. 215-230.

Bates, J. M., and E. U. Khan. 1980. Investigation of Combined Free and
forced ,;rlyg;mwﬂﬂj_. X 6 Rod Bundle During controlled Flow
PNL-3135, Paciflic Northwest Laboratory, Richland,

. B., K. Ip and N. E. Todreas. 1974. Yelcclty Measurements In

ubchannels of Wire-Wrapped LMFBR Fuel| Assemblles. C00-2245-11TR,

nent of Nuclear Engineering, Massachusetts Institute of Technology,
Massachusetts.,

C., et al. “78 Flow Spllt Measurements [n LMFBR Blanket
A_;gg_Jjgg. CO0-2245-41TR, Massachusetts Institute of Technology,
Cambr1dge, Nassachu;ef?s.

Engel, F. C., R. A. Markley, and B. Minushkin, 1978, "Buoyancy Effects
on chium coolant Temperature Proflles Measured in an Electrically Heated
Mockup of a 61-Rod Breeder Reactor Blanket Assembly." ASME paper

78-WA/HT-25, American Society of Mechanlical Englineers, New York, New
York.

H. 1973. Temperature Distribution In the Duct Wall and at
a 19-Rod Simulated LMFBR Fuel Assembly (FFM Bundle 2A).

de Ridge Natlional Laboratory, Oak Ridge, Tennessee.

Gillette, J. L., R. M, Singer, J. V. Tokar and J. W. Sulllvan. 1979.

Experimental Study of the Transition from Forced to Natural Clrculation
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