
|o
CRBRP-3:

iO

'

HYPOTHETICAL CORE DISRUPTIVE
ACCIDENT CONSIDERATIONS IN CRBRP

VOLUME 2:

O
ASSESSMENT OF THERMAL MARGIN BEYOND

THE DESIGN BASE

CLINCH RIVER BREEDER REACTOR PLANT

80oa31016Y
-



.

#

1

i
l

r
!

i
d

tO
4

:

!
t

i.
} -

'
; CRBRP-3

| HYP0THETICAL CORE DISRUPTIVE ACCIDENT
: CONSIDERATIONS IN CRBRP
|

VOLUME 2
.

I
ASSESSMENT OF THERMAL MARGIN BEYONO THE DESIGN BASE

.

,

,

t

I

! '

!

:

I

! !
! ''

i
i

i
!
I

j Department of Energy
; Clinch River. Breeder Reactor Plant Project Office
j Oak Ridge, Tennessee 37830
( -

,

! l
,

|

|

, - - -. ,. , ,,._.,n--,-,,-,.-...--,..,- , , . , - - , _ _ . _ . . . . . _ _ _ _ _ _ _ ~ . , _ . _ _ . - - , - . . . . .-



CRBRP-3

(mv) Hypothetical Core Disruptive Accident Considerations.in CRBRP

Abstract

Hypothetical Core Disruptive Accidents (HCDAs) have been ey luded from the
design base * since the postulated initiators of HCDAs have been identified
and the design features necessary to prevent their initiation have been
incorporated into the design.

Although HCDAs are not part of the design base, extensive assessments of
HCDA consequences have been made. These assessments indicate that the
likely consequence of an HCDA would be a non-energetic partial to whole core
meltdown.

To further reduce the risk to the public from HCDAs, prudent margins beyond
the design base have been incorporated into the design. These margins are
in two categories:

Structural Margin Beyond the Design Base (SMBDB)
Thermal Margin Beyond the Design Base (TMBDB)

Volume 1 of this report addresses the Structural Margin Bcyond the Design
Base. It is shown that the SMBDB requirements encompass not only the
energetics associated with the likely HCDA progression paths but also the
energetics associated with a wide spectrum of more pessimistic assumptions
' " '" """ """" **" ' "'' ^"'''''' ^"' '" "''" ''''" * d"' ** "'**"''

("~'i indicate that the reactor coolant boundary "w"ould a"ccommodate the S"*BDBM

dynamic load requirements without loss of integrit and with limited leakage
of radioactive materials to the reactor containmenk building.

Volume 2 of this report addresses the Thermal Margin Beyond the Design
Base. It is shown that the thermal loads resulting from an HCDA could
result in longer term (>1000 seconds) loss of integrity of the reactor
vessel and guard vessel. Consequently the TMBDB requirements are based on
the assumption of penetration of the reactor vessel and guard vessel, and
features are provided to mitigate the resulting thermal and radiological
consequences. The evaluation of the plant capability shows that the reactor
containment integrity would be maintained for at least 24 hours following an
HCDA and the radiological consequences would be comparable to those for
similarly low probability occurrences beyond the design base in light water
reactors.

It is concluded that the Structural and Thermal Margins Beyond the Design
Base effectively mitigate the consequences of HCDAs so as to assure an
acceptably low risk to the public.

*i.e. HCDAs are not Design Basis Accidents
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/' 1.0 INTRODUCTION

The Clinch River Breeder Reactor Plant Project and the Nuclear Regulatory
Commission agreed that the probability of core melt and disruptive accidents
can and must be reduced to a sufficiently Inw level to justify their
exclusion from the design basis accident spectrum. Volume 1 of this report
discusses potential initiators of an HCDA and the design features that
prevent their initiation. Consequently, such accidents are considered to be
hypothetical and are beyond the design basis. Nevertheless, prudent margins
beyond the design base are being included to provide an extra measure of
protection to the public health and safety in recognition of the difference
in the state of technology and expertence between LMFBRs and LWRs. These

structural and thermal margins are discussed in depth in this two-volume
report.

Volume 1 of this report assesses the potential for energetics arising from a
Hypothetical Core Disruptive Accident (HCDA) scenario, and assesses the
Structural Margin Beyond the Design Base (SMBDB). It is concluded that the
best estimate of the progression of an HCDA is a non-energetic termination
with partial to whole core involvement (i.e., melting). Furthermore,
significant deviations in data or phenomenology from current analytical
models and experimental data must be invoked to predict an energetic
termination of the HCDA progression. Nevertheless, Structural Margin Beyond
the Design Base requirements have been specified to require the CRBdP to

accommodate substantial energetics that encompass a wide spectrum of more

pessimistic assumptions of data and phenomenology. Thus the CRBRP Project
has assured that the reactor coolant boundary has margin to accommodate the
dynamic load associated with a spectrum of HCDAs.

Volume 2 addresses the thermal margin provided by the design and

specifically addresses the consequences of a postulated core melt resulting
'

_in penetration of the reactor vessel and guard vessel.

In the remainder of this section (Section 1.0), the design features that
| provide TMBDB are illustrated and the scenario of the HCDA is outlined.

Section 2 of Volume 2 defines the thermal margin requirements, the design
features that provide the thermal margin and the sequence of operator'-'

|

actions required to initiate operation of those features. Section 3 |

1-1
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assesses the thermal margins within the reactor vessel and external to it
and shows that the requirement to maintain containment integrity for 24
hours following a postulated HCDA is met. In f act, analyses in Section 3
predict that containment integrity would be maintained without a need for
venting for about 36 hours. Section 4 assesses the radiological
consequences and shows that the consequences are comparable to those for

accidents beyond the design base for light water reactors.

The appendices provide information on development programs that support the
assessments, details on the analytic models and the data base, and
alternative scenarios.

The design features that provide the Thermal Margin Beyond the Design Base
(TMBDB) described in this report are illustrated in Figure 1-1. Some of

these features are provided specifically for TMBDB while other features have
been augmented to provide capability for TMBDB. Th3se features are itemized
in Table 2-1 and described in Section 2.2.

Considering these features, the analysis of the HCDA results in the
following scenario (discussed in more detail in Section 3.2.1).

1. Fuel and other reactor materials would penetrate the re=ctor and guard

vessels at 1000 seconds.

2. Sodium would drain into the reactor cavity.

3. The reactor cavity steel floor liner was assumed to fail, resulting in
sodium-concrete and sodium-water reactions within the reactor cavity.

4. Water vapor and carbon dioxide from the concrete would be vented from
behind the reactor cavity wall liner to a contiguous air filled cell
below the operating floor (cell 105).

5. Sodium would begin boiling in the reactor cavity in approximately 9
hours and would be vented above the operating floor where it would
react with air and water vapor.

O
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6. At some time beyond 24 hours, the annulus coolirig system would be
actuated and containment would be vented down to atmospheric pressure

through the containment cleanup system.

7. Subsequently, the containment would be purged to dilute the hydrogen
concentration by-drawing air through it, resulting in a slightly
sub-atmospheric pressure in the containment.

4

8. The sodium in the reactor cavity would boil dry at some time beyond 100
hours.

9. Fuel penetration into the concrete basemat would begin af ter the sodium
boils dry (defined as "boildry").

10. Maximum penetration into the basemat would occur approximately 2 to 6
months after the HCDA.

11. The molten fuel-concrete pool would freeze with the basemat not totally

) penetrated.

The scenario strnmarized here and described in more detail in Section 3.2.1
has been analyzed using state-of-the-art methods and data and the design
features described in Section 2.2. This work represents an evolution of
work previously reported in References 1-1 and 1-2. These current
assessments inoicate that containment venting and purging would not need to
be initiated until about 36 hours into the scenario. This provides a
substantial margin over the NRC requirement to maintain containment
integrity for 24 hours following a hypothetical core melt. The radiological
analyses in Section 4 indicate that the radiological consequences of an HCDA
would be acceptable considering the highly improbable nature of the
conditions analyzed.
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In addition, this report is based on a homogeneous core design instead of
the heterogeneous core design that was adopted in Amendment No. 51 to the
PSAR on September 14, 1979. Assessments have been perfenned and indicate

that the conclusions described in this report are appropriate for either

core design. As discussed in Section 4, the radiological doses for the
homogeneous core bound the doses from the heterogeneous core. Consequently,
the core design (i.e., homogeneous vs. heterogeneous) is not a ftctor in
assessing the CRBRP for TMBDB.

O
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SPECIFIC SYSTEMS OR COMPONENTS SYSTEMS OH COMPONENTS WITH

FOR TMBDB AUGMENTED CAPABILITIES FOR TM808

1. REACTOR CAVITY VENT SYSTEM 6. OUAL CONil10L ROOM AlH INTAKES
2. CONTAINMENT CLEANUP SYSTEM (NOT SHOWN)
3. ANNULUS COOLING SYSTEM 1. HE ACT0ll CAVITY AND PIPEWAY
4 CONTAINMENT VENT AND CELL LINEHS

Pi'4GE SYSTEM 3. LINER VENT SYSTEM
5. INST HUMt N T Ail 0N 9. GUAfl0 VESSEL SUPPORT

10. Il[ ACTOR CAVITY TO HEA0 AC':ESS
AREA SEALS

11. RE ACT0H CAVITY HECIRCULATING GAS
COOLING SYSTEM (NOT SHOWN)

12. CONTAINMENT CONFINEMENT SYSTEMS
(INCLUDING INSUL ATION)

13. EMEHGENCY ELECTRICAL POWEH
SYSTEM (NOT SHOWN)

14. RCB STRUCTURES (ADDITION OF
REINFORCING STEEL) (NOT SHOWN)

| igtire 1-1. 1)esign IJeatures l'rmitlisig 'lliernial %1arpin lleyoitti Ilic I)esigit liase
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\s. '2.0 DESIGN FEATURES PROVIDING THERMAL ' MARGIN BEYOND THE DESIGN BASE
'

,

.

This section includes the requirements for and description of features of
the CRBRP design which enhance the Thermal Margin Beyond the Design Base

.

(TMBDB). Table 2-1 gives the features specifically required for TMBDB and
those whose capabilities were augmented to provide TMBDB. The cross

reference to the CRBRP PSAR Section where the festures are described is also
provided. The design of these features is based on the scenario presented
in Section 3.2.1 and on the results of the analyses presented in Sections

,

3.2.2 and 3.2.3 with appropriate margins to reflect uncertainties in the
analysis.

]
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2.1 TMBDB FEATURES REQUIREMENTS

The following requirements are imposed on CRBRP to assure that the CRBRP
third level-of-defense capability established to conservatively mitigate
design basis events is supplemented by margins to reasonably mitigate a
hypothetical core meltdown incident which is beyond the design base.

2.1.1 General

1. General Requirements

a. The design shall provide margins and features to mitigate the
consequences of a hypothetical core meltdown.

b. These features shall be designed to be consistent with safety,
reliability, maintainability and availability of the total plant.

c. These features are not Engineered Safety Features because they are
not required to mitigate any Design Basis Event; however, these
features shall be designed to the specifications and requirements
associated with Safety Class 3 components and systems.

d. TMBDB components shall be designed so that appropriate testing
and/or inspection can be performed af ter installation and
periodically to provide reasonable confidence that functional
capability is maintained throughout the plant life. The
containment isolation valves shall be designed to be testable in
accordance with OPDD-10, Section 7.8.1.1.3, Criteria 43, 44 and 45.

e. The TMBDB controls and associated instrumentation shall be
physically separated from other controls in the reactor control
room. Inadvertant actuation of the TMBDB features shall be
prevented by appropriate provisions such as administrative controls.

O
|

|
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f. There is not a requirement to meet the allowable site boundary or
!

'

low population zone doses of 10CFR100 or the coi. trol room dose of
10CFR50 under TMBDB conditions.

2. Acceptance Criteria

a. The public risk from accidents beyond the design base shall be
comparable to that from light water reactors for events beyond the

'

design base with similar probability of occurrence.

b. Containment' integrity shall be maintained without venting following
initiation of an accident leading to core meltdown for a period of
time sufficient to allow evacuation procedures to be implemented.
Per IRC guidance, the period is taken as 24 hours.

2.1.2 Feature Requirements

i

The'following requirements are imposed on the specific TMBDB features as

well as other systems or components to provide thermal margin beyond the
design base in CRBRP.

2.1.2.1 Reactor Cavity-To-Containment Barrier

'To insure that the heat capacity of the pipeway cells is employed from 1000
seconds to 50 hours after a HCDA, the total leakage of sodium vapor through
the reactor cavity to head access area seals (not through the reactor head
or the planned vent path defined in Section 2.2.6) shall not exceed 10000
pounds (for requirements before 1000 seconds see Section 2.2). These

j~ leakages shall be based on the pressure differential for the reactor cavity
to head access area seals given on Figure 2-1, on the reactor cavity
pressures on Figure 2-2, and on the reactor cavity atmosphere temperatures
on Fis,re 2-3.

f

f
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2.1.2.2 Reactor Cavity Recirculating Gas Cooling System

O
To insure that the Cell 105 hydrogen concentration doc a t exceed 6%, the
leakage from the reactor cavity through the recirculating gas cooling system
to non-inerted cells shall be less than 4000 pounds of sodium. These
leakages shall be based on the reactor cavity pressures and temperatures on
Figures 2-2 and 2-3 and on the differential pressure between the reactor
cavity and Cell 105 given on Figure 2-4.

2.1.2.3 Guard Vessel Support

To insure that sodium and fuel particulate redistribute in the reactor
cavity, a flow area of at least 10 ft2 shall be provided under the guard
vessel skirt bottom flange.

2.1.2.4 Reactor Cavity and Pipeway Cell Liners

To insure that the Reactor Containment Building hydrogen concentration does
not exceed 6% (by volume) and to keep from exceeding the containment vent,
purge and cleanup system capacities, the reactor cavity wall and pipeway
cell liners shall prevent short term (less than 30 hours) sodium-concrete
reactions based on the pressure on Figure 2-2 and the temperatures on Figure
2-9 and Figures 2-11 through 2-16. The results of structural analysis will
be used to determine the liner failure times assumed in the TMBDB scenario.

To limit the consequences of liner failures, the liner system shall have
physical barriers behind the liners between the reactor cavity floor and
reactor cavity wall and at 8 feet and 26 feet above the reactor cavity
floor. Likewise, the pipeway cells shall have physical barriers behind the
liners to separate the vent spaces of the walls, floor, and roof of each
cell. Only the spaces of adjacent walls with different liner failure times
will be separated.

O
2-4



______.

CRBRP-3
Vol.2, R3v.0

p
2.1.2.5 Reactor Cavity and Pipeway Cell Liners Vent System

1. To insure that the pressure buildup, due to the gases released behind
the liners, does not impair the ability of the liners to prevent sodium
from reacting with concrete, all reactor cavity and pipeway cell liner
vent systems shall prevent a pressure buildup behind the liners in
excess of 5 psi.

2. To insure that sodium would be prevented from reaching Cell 105 in the
event of liner failure, the liner vent system for the reactor cavity
floor shall vent the gases released from heated concrete to containment
above the operating floor. The floor liner vent system shall have a

32 of water vapor at a density of 0.02 lb/ft ,capacity of 10 lb/hr-ft

3. The liner vent system for the reactor cavity walls and pipeway cells
shall vent the gases released from heated concrete to Cell 105. The
liner vent system shall have a capacity of 7 lb/hr-f t2 of water vapor

3at a density of 0.02 lb/ft ,

4. To insure that the Cell 105 hydrogen does not exceed 6%, the sodium'

leakage from the reactor cavity through the liner vent system to Cell
105 shall be less than 1000 pounds. This leakage shall be based on the
reactor cavity pressures and temperatures on Figures 2-2 and 2-3 and on
the differential pressure between the reactor cavity and Cell 105 on
Figure 2-4.

2.1.2.6 Reactor Cavity Vent System

1. To prevent reactor cavity structural and liner f ailure by over
pressurization, the vent system shall provide redundant flow paths
between the reactor cavity and reactor containment building when the

pressure differential between the reactor-cavity and containment
exceeds 11.5 + 1.5 psi. Af ter passive initiation, the vent path shall ,

remain open.

l
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2. The vent system shall have a pressure drop of less than 0.1 psi with a
3flow rate of 4000 lb/hr of gases, a density of 0.03 lb/f t , and a

viscosity of 0.05 lb/ft hr. It shall remain functional if up to

450 pounds of sodium oxide aerosol enter the vent at a maximum rate of

8000 lb/hr.

3. The vent system shall be capable of performing all of its intended
functions for 150 hours in the presence of gases and vapors consisting

of Ar, N , H , Na, fission products, and compounds resulting from2 2
fission product reactions.

4. To insure that the heat capacity of the pipeway cells is employed, a
minimum of 25% of the mass flow into the pipeway cells shall enter each
pipeway cell.

5. To allow sodium that condenses in the pipeway cells to drain back into
the reactor cavity, two drain pipes shall be provided between each
pipeway cell and the reactor cavity, at the elevation of the pipeway
cell floor. Each drain pipe shall be capable of a minimum flow rate of
2000 lb/hr of sodium at its boiling point with a pressure head of 0.2
feet of sodium.

6. To assure that the flame at the vent exit does not approach the
containment vessel, the pipeway cell to containment vent line diameter
shall not exceed 12 inches.

2.1.2.7 Containment Purge System

1. To insure that the Reactor Containment Building hydrogen concentration
does not exceed 6% (by volume), the purge system shall be capable of

injecting outside air into containment at a maximum rate of 12,000 scfm
at pressures not exceeding atmospheric.

O
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(]. 2. To insure containment atmosphere mixing before venting, the purge air
g

shall be injected into containment below elevation 840'.

3. The purge system shall prevent backflow from containment to the outside
atmosphere.

4. The purge system, in combination with the containment vent and cleanup

systems, shall maintain containment at a negative pressure af ter the
containment pressure is reduced by the initial venting after 24 hours.

5. The purge system operations shall be by remote manual actuation from
the reactor control room.

2.1.2.8 Containment Vent System

1. To prevent containment failure by excessive pressure, the vent system
shall have a capacity between 24,000 and 26,400 acfm with a containment
pressure of 30 psia, a containment atmosphere density of 0.07 lb/ft3

d and a viscosity of 0.06 lb/f t hr. It shall remain functional if up to

300,000 pounds of aerosol enter the system at a maximum rate of 5,600

lb/hr.

2. The vent system shall exhaust the containment atmosphere from the top
of containment into the containment cleanup system.

3. The containment vent system shall be compatible with the following
gases, vapors and aerosols: Ar, N , H , H 0, CO, CO , 0 , Na 0, Na 0 '

2 2 2 2 2 2 22
C0 , fission products, and compounds resulting from fissionNaOH, Nap 3

product reactions. The system must remain functional for inlet gas
temperatures and pressures given on Figures 2-5 and 2-6.

4. The vent system operations shall be by remote manual actuation from the
reactor control room,

m
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2.1.2.9 TMBDB Containment Cleanup 3ystem

1. The containment cleanup system efficiency shall be a minimum of 99% for

vented materials in the solid or liquid state, 97% for vapors (Nal,
Se0 , and Sb 0 ) subject to condensation in the cleanup system,

2 23
and 0% for noble gases. These efficiencies shall apply when subjected
to the vent rates on Figure 2-7 and containment atmosphere temperatures

3on Figure 2-5 with a containment atmosphere density of 0.07 lb/ft ,
It shall be capable of performing all of its intended functions in the
presence of Ar, N , H , H 0, CO, CO , 0 , Na 0, Na 0 , Na0H, Na 00 ,

2 2 2 2 2 2 22 2 3
fission products, and compounds resulting from fission product
reactions.

2. The containment cleanup system shall remain functional at an aerosol
mass flow rate of up to 5,600 lb/hr and a total mass of 300,000 pounds
of aerosol entering the cleanup system. The principal constitutents of
the aerosol are Na0H and Na 0, the proportions of which can vary from

2

0 to 100% of the aerosol, and Na 00 which can vary from 0 to 8% of2 3
the aerosol.

The aerosol particle properties are:

Mass Mean Radius (microns): 5 < r50 < 10
Aerodynamic Equivalent Radius (microns): 2.3 < AER < 4.7
Density (g/cc): 2.1 < p < 2.5
Mass Geometric Standard Deviation: 3.0 < a < 3.5

Aerodynamic equivalent radius is based on AER = r50 (pa)0.5

where p = 2.21 and a = 0.1

0
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| { .3. The containment cleanup system shall remain functional at fission
products power levels in the accumulated filter aerosol of:

!

Time Fission Product Power

(hours) (MW)

0 0
,.

24 3.1 x 10-5

48 0.16* ,

96 0.16*'

240 0.11

720 0.05
.

4. The containment cleanup system design shall be capable of performing
all its intended ft.nctions with the following chemical and physical
states of the 10 most radiologically significant fission products in
the containment atmosphere:

* Maximum value.

MAXIMUM PERCENTAGE OF THE FISSION PRODUCTS BY CHEMICAL AND PHYSICAL FORM
,

Elemental 0xide.

; Element Vapor Liquid or Solid Vapor Liquid or Solid
Se 1% 1% 100% 100%

Rb 1 1 1 100

Sr 1 1 1 100

Zr 1 1 1 100

Sb 1 1 100 100

Te 1 1 1 100

Cs -1 1 1 100

Ba 1 1 1 100

Ce 1 1 1 100

Nal

I 1 1 33 100
i

O
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5. The exhaust from the containment cleanup system shall have a

temperature compatible with operation of the TMBDB Exhaust-Plant
Effluent Radiation Monitoring System.

6. The containment cleanup system operations shall be by remote manual

actuation from the reactor control room.

2.1.2.10 Annulus Cooling System

1. To insure containment and confinement do not fall from excessive
temperatures, the annulus cooling system shall remove the heat load
into the containment steel shell on Figure 2-8.

2. Steel containment temperatures shall be below those that cause
structural failure or excessive containment leakage.

3. Concrete confinement temperatures shall be below those that cause

structural failure.

O
4. The annulus cooling system operations shall be by remote manual

actuation from the reactor control room.

2.1.2.11 Containment System Leakage Barrier

At any given time, containment leakage shall not exceed the greater of:

1. The design leakrate (0.1 volume percent per day).

2. The design leakrate adjusted for pressures above the containment design
pressure of 10 psig. Leakrate = Design Leakrate x (Actual Pressure
(psig)).5/3.2.

3. One percent of the mass leaving the containment through the containment
vent system.

O
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m) 2.1.2.12 TMBDB Instrumentation SystemI

Operator action to initiate TMBDB systems operation is required only for
events beyond the design base. However, mis-operation of TMBDB systems,
because of incorrect instrument readings in the reactor control room, could
defeat Engineered Safety Features (ESFs) required to mitigate design basis ;

accidents. In accordance with this importance to maintain ESF capability, I
|plant instrumentation has been designated "TMBDB Instrumentation", shall be

designed, manufactured and qualified to all standards applied to Class 1E
instrumentation. Specifically the following subsystems of the Reactor
Containment Instrumentation System (RCIS) and of the Radiation Monitoring
System (RMS) shall be considered TMBDB instrumentation:

(1) Containment Pressure (RCIS)
(2) Containment Atmosphere Temperature (RCIS) |

(3) ContainmentHydrogenConcentration(RCIS)
(4) Containment Vessel Temperature (RCIS)

(5) TMBDB Exhaust-Plant Effluent Radiation Monitoring (RMS)s

) |

Note that the-last subsystem (5), is not in the category of instrumentatien
which could be used to defeat ESFs; however, because of its importance in

assessing releases from the plant during a TMBDB scenario it is included in
the TMBDB instrumentation.

1. The TMBDB instrument ranges shall be:

Minimum Maximum

Containment Atmosphere Temperature (degrees F) 60 1100

Containment Steel Dome Temperature (degrees F) 40 500

Containment Atmosphere Pressure (psia) 14.7 37

Containment Hydrogen Concentration (Volume %) 0 8

O
G |
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Minimum Maximum

Radioactivity of Released Products (ci/sec)*
Particulates 0 7

Radioiodines 0 30

Radiogases 0 6000

Fuels and Transuranics 0 0.01

2. Instrument accuracy shall be:

Temperature (Percent of Maximum Value) 15
Pressure (Percent of Maximum Value) 15
Hydrogen Concentration (Percent of Maximum Value) 15
Radioactivity of Released Products at 95% SCL

(Percent of Maximum Value) +100, -50

3. Instrument response time shall be:

Temperature Less than 5 minutes

Pressure Less than 5 minutes

Hydrogen Concentration Less than 10 minutes

Radioactivity of Released Products Less than 5 minutes

4. Measurement capability after initiation of the TMBDB condition shall be
provided for:

Temperature 500 hours

Pressure 500 hours

Hydrogen Concentration 8,000 hours

Radioactivity of Released Products 8,000 hours

*These are based on total amounts released. Instrument ranges will depend
on the sampling rate.

O
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f3
d 5. The instrument sensor /samplin9 location inside of containment shall be:

Hydrogen Concentration Above 970' Elevation
Containment Atmosphere Temperature Above 955' Elevation
Containment Atmosphere Pressure Above 823' Elevation
Containment Steel Dome Temperatures At 817', 823', 833', 854',

875', and 902', 964', and
974' Elevations

'

6. TMBDB sensors inside containment shall be functional with a maximum
0containment atmosphere temperature of 1100 F and pressure of 37 psia.

7. TMBDB sersors inside containment shall be f unctional with containment
atmosphere maximum constituent concentrations of:

Oxygen 21% (volume)
Nitrogen 90% (volume)
Water Vapor 10% (volume)
Hydrogen 8%

Carbon Dioxide C%

Na0H + Na 0 (any proport W of the 6 x 10-3 lb/ft ,3
2

two from 0 to 100%)
Na 00 5 x 10~4 lb/ft ,3
2 3

8. TMBDB sensors inside containment shall be functional with the following
i

masses of settled and plated aerosols (Na0H, Na 0, and Na C0 ) U"
2 p 3

any unprotected horizontal or vertical surf aces in containment.

2Horizontal Surface 80 lb/ft
2Vertical Surface 0.5 lb/ft

>

*For 0-500 hours.
.

10
,
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9. TMBDB sensors inside containment shall be functional with radiation
levels of:

6Peak radiation level 1 x 10 R/hr
5Average radiation level over 30 days 1 x 10 R/hr
8Total accumulated dose 1 x 10 R

The above doses are the sum of 8 and y releases, which are estimated to
be of equal magnitude.

10. The instruments monitoring radioactivity of products leaving the
cleanup system shall provide count rates for particulate (including
Pu), radioiodine and gaseous release.

11. The radiation monitoring sensors shall be functional with atmosphere
maximum constituent concentrations of:

Oxygen 21%

Nitrogen 90%

Water Vapor Saturated
Hydrogen 8% (volume)
Carbon Dioxide 6% (volume)
NaOH + Na 0 (any proportion of the 6 x 10-5 lb/ft 3

2

two from 0-100%)
Na 00 5 x 10-6 lb/ft 3
2 3

12. The TMBDB instrumentation systems shall be capable of remote manual

actuation from the reactor control room. The indicators shall be
located in the reactor control room.

2.1.2.13 Electrical Power System

1. Class 1E electrical power shall be provided to all TMBDB systems and
components that require electrical power to perform their post accident
functions.

2-14
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2. Electrical loads for TM2LB features shall be remote manually actuated
from .the reactor control room except for the TMBDB instrumentationx

which shall be normally connect d to Class 1E electrical power.

2.1.2.14 Containment Structures

1. The reactor cavity and pipeway structures shall not collapse prior to
sodium boildry. Structural conditions at boildry for the various
scenarios are enveloped by the temperatures on Figures 2-9 through 2-18,

2. The reactor containment building and confinement structure shall retain
their integrity above the basemat indefinitely based on the limiting
temperatures on Figures 2-19 through 2-31.

2.1.2.15 Reactor Control Room Habitability

The exposure to the reactor control room operators following a TMBDB
condition shall not exceed the following limits in 30 days:

O Orgar._ Dose (rem)_

Whole Body * 25

Thyroid 300

Lung 75

Bone 150

Skin (bett: 150

*The whole body ganna dose consists of
contributions from airborne radioactivity
inside and outside the reactor control room,
as well as direct shine frcm fission
products inside the RCB.

w)
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(Because the postulated occurrence of the TMBDB scenario is of such a low

probability as to be excluded from the category of a design basis accident,
exposure limits intended for design basis accidents should not apply. The
25 rem whole body dose limit for the reactor control room operators
corresponds to the once in a lifetime accidental occupation exposure limit
recommended in Reference 2-1. The thyroid limit is based on the 10CFR100
equivalent of a 25 rem whole body dose. The corresponding bone and lur:
limits are the accepted equivalents to the 25 rem whole body dose (Reference

2-2).)

O
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- () ~ 2.2 DESCRIPTION OF DESIGN FEATURES
%) ~

The design features that are provided to meet the requirements in Section
2.1.are described below. These features are considered in the analysis of
thermal and radiological margins discussed in Sections 3 and 4.

Although some of these features may serve ~ a function as Safety Class
equipment or as Engineered Safety Features to mitigate a CRBRP design basis
event, the features are not considered Engineered Safety. Features for the
purpose of performing their function of mitigating a core melt event beyond
the design basis. However, as noted in Section 2.1.1 these features are
designed to the specifications and requirements associated with Safety Class
3 components and systems.

2.2.1 Reactor Cavity to Containment Barrier

The response of the reactor closure head and head-mounted components, and

their associated seals to the TMBDB dynamic loadings requires that the head
I assembly remains intact and integral and the sealing structures remain
V'

functional and meet- their leakage requirements for 1000 seconds after the
dynamic loads. For head mounted components, no special TMBDB seals are

required since the sealing systems used for normal operations and to meet
SMBDB requirements can meet the TMBDB requirements. These sealing systems

are described in Section 5.2.1.3 of the PSAR. For annuli between the head
plugs, a special margin seal is provided to the riser annuli sealing system
(see Section 5.2.4.4 of the PSAR) to meet the TMBDB leakage requirements.
The margin seal design has elastomer-to-metal contact in the area of the
bearing races to limit leakage through the bearing.

The reactor cavity to head access area sealing system consists of the
reactor cavity seal, which is a low alloy steel c'ircular membrane with an
L-shaped cross-section. This reactor cavity seal is bolted to the reactor
vessel closure head and ' che edge of the reactor cavit/ support ledge..

Sealing is provided MM1 tM reactor vessel closure iead and the reactor
cavity seal by a & $ ' isket. High temperature packing provides the seal
between the reacU cavity support ledge and the reactor cavity seal.

(/ ' Gasket caps provide sealing over ?.he reactor vessel holddown . bolts and nuts.

2-17.

-.

. . -. . .-.



CRBRP-3
Vol.2, Rev.0

2.2.2 Reactor Cavity Recirculating Gas Cooling System

The Reactor Cavity Gas Cooling System provides cooling of the atmosphere of
the reactor cavity.

The special features of this system which are not specifically for TMBDB but
which provide additional thermal margin for the plant are the automatic gas
isolation valves on the cavity cooling system inlet and outlet lines which
are capable of withstanding the thermal and pressure conditions encountered
at the valves. The valves are located in Cell 105 just outside the reactor

cavity wall and are actuated by the sodium leak detection system or by a
high gas temperature signal. The process temperature that the valves are
exposed to is expected to be substantially less severe than the conditions
in the reactor cavity because the piping configuration acts like a large
loop seal. Before sodium or sodium vapors could reach the valves the long
run of piping allows cooling of the atmosphere in the piping. In addition,

the closure of the valves would occur within seconds af ter the penetration

of the reacto* vessel and guard vessel so the flow conditions in the piping
would be essentially stagnant. Finally, outside of the isolation valves the
system is a closed circuit system so the small amount of sodium leakage
through the valves would not enter Cell 105.

2.2.3 Guard Vessel Support

The Gesign requirements for the guard vessel support are accomplished by
raising the guard vessel support skirt approximately 5 inches off the floor
on steel blocks. This provides 48 openings which are each approximately 5
inches by 6 inches and allows dispersion of the liquid sodium and fuel
particulate underneath the guard vessel support and into the reactor
cavity. Figure 2-32 depicts the details of this arrangement.

2.2.4 Reactor Cavity and Pipeway Cell Liners

The reactor cavity (RC) and pipeway cell liner are described in Section
3A.8.2 of the PSV and in Section 3.2.2.5 of this report. Two additional

9
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_{ features have been added to reactor cavity cell liner to provide additional
thermal margin. The space'between the RC liner and concrete is divided into
four zones by' horizontal baffle plates which a< welded to the liner. The
reactor cavity liner is fabricated from carbon stal and its purpose is to
protect the concrete from the sodium and to direct the steam generated
behind the liner to the liner vents.

The baffle plates, shown on Figure 3-34, are provided for zoning of the
space behind the RC liner to prevent sodium, steam, or reaction products
propagating from one zone to another and to positively separate the venting
system into four zones (three along the vertical wall and one including the
floor and corner).

The carbon steel solid baffle plates are welded to the liner and extended
two feet radially into the wall. The two foot width is selected to ensure
that the baffle plates er, tend into non-degraded concrete until well past the
time that liner integrity is important. The baffles are attached to the

q back of the liner plates near the RC floor, 8 and 26 feet above the floor
(,/ respecti vely. Similarly, baffle plates are included behind the pipeway cell

liners to separate the walls, floor and roof of each cell.

In addition the anchors for the cell liner are lengthened so that they will
remain anchored in non-degraded concrete until integrity is no longer
important.

2.2.5 Reactor Cavity and Pipeway Cell Liner Vent System

2.2.5.1 General

The Reactor Cavity and Pipway Cell Liner Vent System is a subsystem of the ;

cell . liner steam venting system which functions to remove steam and gases
from behind all inerted cell liners in order to prevent failure of the-

' liners due to pressure buildup behind the liner (See PSAR Section 3A.8.2 for
a description of the cell liner system including the vents). Ine system
consists of embedded piping connected to the 1/4" gap between the liner and

i

l

t.s
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the insulating concrete. The system contains no active features. The
piping system is sized so that with ambient pressure in the cell, the liner
could collect and vent the peak steaming quantities without exceeding 5 psig
differential pressure behind the liner. The pressure drop through the 1/4"
air gap was calculated using Darcy's formula for compressible flow in pipes
using a hydraulic radius appropriate to the configuration of the gap.
Analyses indicated that a 5 psig differential pressure acting behind the
liner would result in acceptable plate deflections and an adequate safety
margin in the design of the liner vent system.

Deflection of the liner would occur under the TMBDB pressure and temperature
conditions; however, the pressure drop behind the liner is a small fraction
of the total vent system pressure drop. The reduction in the 1/4" gap will
not cause a measurable increase in the steam pressure behind the liner, and
cannot cause failure of the liner anchorage system. The close spacing of
liner anchors (12" centers) ensures that sufficient flow passages will
remain open to pass all the steam and gases that will be produced.

The liner venting system piping will be 100% redundantly installed. In
addition, the peak steaming rate occurs imediately af ter reactor vessel and
guard vessel penetration and decreases thereafter; the steaming rate and
pressure behind the liner will be greatly reduced from the system's design
value before any significant degradation of the concrete occurs. Any
reduction of available flow area would be mitigated by the redundancy in the
vent pipes. If partial clogging of vent pipes occurs, it would be
acceptable at the times when structural degradation of the concrete is
expected due to the existing margin available and required vent area. The
redundant lines are physically separated to minimize the comon potential
for line blockage although no mechanism for blockage has been identified.

The steam vent piping integrity will be assured so that the effects of high
temperature transients and the weight of degraded concrete resulting from
cracking of concrete will not result in unacceptable stresses. If

9
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. necessary, the design wil1~ be modified to preclude restrained thermal growth
' by. providing compressible material between the outer pipe wall and the
concrete, thereby allowing for the free thermal expansion of the embedded
vent pipe.

Only a thin layer of concrete, generally the lightweight concrete and a
portion of the structural concrete not exceeding 5% of the thickness, is
expected to be totally degraded before sodium boildry. This degraded
concrete is not expected to impose a significant load on the vent pipes due
to the presence.of the reinforcing steel mesh, the stud anchors, and the
tendency of the sections of the degraded concrete to be self supporting by
arching action over the piping system.

In the cavity walls, the liner anchors, spaced at 12" on center and properly
anchored in non-degraded concrete, will keep the degraded concrete in place
and prevent spalling. The R&D program that confirms this assumption is the

. Sodium Spill Design Qualification Test noted in Appendix A.6.

O) - The redundant liner vent system will. prevent water accumulating behind the(
liners after' construction and during operation. The released water will

! evaporate and be vented into Cell 105 or to containment above the operating
floor. Thus, the potential for any explosions between liquid sodium or fuel
and water immediately after guard vessel penetration does not exist.

The reactor cavity liner venting subsystem has special features to provide
thermal margin in the event of a HCDA. These features are discussed below.

2.2.5.2 Reactor Cavity Floor Liner Vent

The reactor cavity floor liner space is vented directly above the operating
floor because failure of this portion of the liner is postulated early in
the scenario. Venting directly to containment reduces the potential for

-sodium and hydrogen-to enter Cell 105.,

p).L
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2.2.5.3 Reactor Cavity Wall and Pipeway Cell Liner Vents

The submerged RC wall is vented to Cell 105 through a standpipe. The
standpipe is provided because submerged liner f ailure is postulated at 50
hours and the standpipe will prevent sodium from entering Cell 105. The
upper reactor cavity and the pipeway cells liner areas are vented to the
atmosphere of Cell 105. It is desirable to vent these areas to Cell 105 to
reduce the containment atmosphere pressure that would result from additional
volume of gases above the operating floor.

Each liner vent system pipe, upstream of the release point to Cell 105 is
provided with a loop seal to prevent sodium vapors from entering Cell 105
after liner failures. The loop seal is sized such that it will permit steam
venting without exceeding a liner back pressure of 5 psi. Following liner
failure, some sodium vapor could enter the liner venting system; however the
drivint pressure will not exceed 1 psi for this condition (see Figure 2-4).
Sodium condensation in the loop seal and the resulting liquid level will
prevent the passage of sodium vapor beyond the loop seal for driving
pressure up to 1 psi. Thus the liner vent system can meet its requirement
to permit release of steam before liner failure while preventing excessive
release of sodium vapor after liner failure.

2.2.6 Reactor Cavity Vent System

The function of the reactor cavity venting system is to prevent
overpressurization of the reactor cavity af ter penetration of the reactor
vessel and guard vessel and to promote maximum exchange of heat between the

ventad cavity gases and the pipeway cell structures before releasing the
gases above the operating floor. See Figure 2-33 for the system flow
diagram.

The system is actuated by rupture disks. The rupture disks are installed
redundantly so that failure of one disk to break would not affect the

| accident results. The setpoint of the rupture disks is above the predicted
pressure for sodium spills in the reactor cavity, so a design basis accident
would not open the rupture disks.
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(,! . The arrangement of the system reflects these f unctions as follows. The

gases and vapors from the. Reactor Cavity are vented thru the pipeway cells,
which'are isolated from the PHTS cells by flexible, -low leakage bellows.
The venting to the operating floor is accomplished from the North (No. 2)
pipeway cell through shielding labyrinths and straight upward pipes, to
minimize reactor cavity back pressure due to head losses and to promote

- local flaring of the vented hydrogen. Up to 50% of the vented gases enters
the North (No. 2) PHTS pipeway cell directly and the remaining gases are

. first vented through the East and West (No.1 & 3) pipeway cells (>25%
,

each), then through the North (No. 2) pipeway cell. To assure this flow
distribution a ' gas flow labyrinth is provided in the North pipeway cell, to
balance the flow'and pressure thru the different vent paths. In this way,
maximum heat exchange between the gases and the building structures is

facilitated. This will reduce the maximum internal building pressure in the
containment.before venting. In addition, this arrangement ensures that if
only one rupture disk breaks, flow through all pipeway cells occurs,
whereas, if Ja rupture disk were provided for each pipeway, the rupture of

p one disk could lower the pressure in the cavity below the setpoints of the ;

other two without providing heat exchange between all ci the pipeway cells !
and the. vented gases. |

|

Isolation of the rupture disks is provided by remote manually operated gate !

valves located between the cavity and the rupture disk assembly. These
valves are provided to allow periodic replacement of the rupture disks and I

to provide isolation of the reactor cavity atmosphere should a disk be
ruptured under other than TMBDB conditions. To prevent inadvertant
operation of these valves, no local operators will be provided, valve
position indication will be displayed in the Control Room, and appropriate

-physical'.estraints and warning plates will be used for the valve actuation
switches. - These valves are normally open.

UncertainHes'in rupture disk performance were considered in the reactor
cavity venting system. The overall scenario analysis results are not
sensitive to the exact pressure at which the rupture disk breaks because the
rate of pressure increase is large enough so that the rupture' disk will

m
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break at about the same point in time regardless of the exact reactor cavity
pressure. Conmercially available rupture disks are usually guaranteed to
break within 10% of set pressure. In addition, it was assumed in the TMBDB

analysis that only one of the rupture disks breaks.

Analysis has shown that clogging of the piping by sodium reaction products
should not be a problem because of the small quantity of aerosol expected
and because of the large surf ace areas available for deposit in reactor and
pipeway cells as compared to the small surf ace areas of the vent system
piping. Appendix G.3 shows that margin exists to acconmodate a wide range
of postulated vent malfunctions.

The system piping material will be suitable for high temperature service.
The piping is sloped toward the cavity to provide drainage of condensed
sodium. Cell liner penetrations will utilize a combination of bellows

sleeves and flued heads in order to reduce pipe stress to a minimum value
for the non-embedded portions of the piping. For the embedded piping,
anchorage will be provided to prevent piping f ailure due to thermal
expansion and degradation of the supporting concrete.

2.2.7 Containment Purge Capability

The containment purge cabability is provided by the containment cleanup
system exhaust blowers which draw a negative pressure in the containment
building and by the opening of the redundant containment purge
penetrations. The system is shown on Figure 2-34 and has total active
redundant capability.

The two purge pipes penetrating the containment are 18 inches in diameter
and are designed to the requirements of the ASME Boiler and Pressure Vessel
Code, Section III, Division I, Class 2. Each purge line is provided with
redundant normally closed isolation valves outside of the steel containment

vessel (see Section 2.2.11).

O
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Should a purge of the RCB be required, it would be necessary to vent the RCB,.

'~ ' ' fi r st. The venting, along with operation of the containment cleanup system
exhaJst _ blowers,' decreass the RCB pressure below atmospheric pressure.

Operation of the purge reau.res the opening of the purge line isolation
valves from a remote-manual station in the main control room. Flow
direction sensing instrumentation is provided to automatically close the
purge isolation valves in the-event a backflow condition occurs. To prevent

inadvertent operation of the purge, the switches for the valve operators are
located on a control room panel; no local operators are provided at the
valve locations. Valve position indication will be displayed in the Control
Room and appropriate physical restraints and warning plates will be used for
the valve switches.

2.2.8 Containment Vent Capability

The RCB' vent capability is provided by the vent line connected to the
Containment Cleanup System. The connected system is shown in Figure 2-34.
This vent capability allows the blowdown of the RCB at ter some time period,

(J) to reduce the internal pressure and to subsequently reduce the hydrogen '
concentration through purging. Prior to venting complete isolation of the
RCB would be maintained. The vent -line is connected to the TMBDB cleanup

system through two redundant 24-inch inside diameter pipes which penetrate
the RCB with isolation valves located outside the steel containment vessel,

(see section 2.2.11). The vent line and pipes penetrating the RCB are
designed to the requirements of the ASME Boiler and Pressure Vessel Code,
Section III, Division I, Class 2. The pipes penetrating the RCB which are-
used for TMBDB have their valves in the normally closed position.

At the time of. venting (estimated to be approximately 36 hours), the
isolation valves would be opened to allow the depressurization of the RCB at
a maximum rate of 24,000 cfm. The effluent of the depressurization is
processed through the Containment Cleanup System.

To prevent inadvertent operation of the valves, no local operators would be
provided and the valve actuation system would be equipped with appropriate

f')}
physical restraints and warning plates.-

' %
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2.2.9 Containment Cleanup System

The Containment Cleanup System is shown in Figure 2-34 and is provided for
filtering of the Reactor Containment Building (RCB) atmosphere prior to
release to the environment. The RCB atmosphere exhausted by the Containment

Vent System is treated by a wet scrubber filtration system. The discharge
fro' the filters is then directed through an exhaust pipe for release at the
top >f the confinement structure. In addition, the effluent stream is
continuously monitored for the levels of particulates, radioiodine,
radiogases, and plutonium.

The exhaust filter train is comprised of a jet venturi scrubber in series
with a high efficiency wetted fiber bed scrubber unit and redundant
blowers. An air washer is located upstream to ensure that virtually all of
the sodium oxide is reacted to sodium hydroxide prior to reaching the
scrubbers. Additionally, the air washer effectively reduces the air stream

0temperature from a maximum of 1100 F to approximately 160 F during

system operation. The filter train is rated for 24,000 acfm at an air
3density of 0.06 lbs/ft and will provide a minimum overall filtration

system efficiency of 99 percent for all vented solids and liquids and 97%
for all vented vapors (excluding noble gases).

The wet scrubber filter system is designed such that the temperature of the
aerosol leaving the scrubbers would be maintained below 1600F during the
course of the accident. The 150,000 gallon storage capacity of the
scrubbing system would accommodate the design level of 300,000 lbs. of
containment reaction products.

The wet scrubber filter system requires protected water storage on the order
of 150,000 gallons. The recirculation pumps supply approximately 2600 gpm
of continuous water flow from the storage tanks to the sodium scrubbers and
air washer. Discharge water is then returned to the water supply system. A
maximum concentration of sodium hydroxide of 30 percent (by weight) with a

corresponding pH of 13 will result from this recirculation in the storage

9
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~ tanks. A heat e'xchanger, designed for the peak heat load, is provided to~

. ensure -cold wate'r supply to the scrubbers during system operation. Cooling
water for the heat exchanger and make-up water for the storage tanks are

supplied from the Emergency Plant Service Water System.
~

Ilydrogen could only be generated in scrubber units if unreacted sodium were
to enter the system. Due to the availability of oxygen 2nd water vapor in
the containment and the rapid reaction rate of sodium, no elemental sodium

is expected to be.present in the scrubber system. Therefore, hydrogen would
not be generated in the system.

The water storage tadks, recirculation pumps, heat exchanger, air washer,
sodium scrubbers and blowers are located in the Reactor Service Building'

adjacent to the Reactor Containment Building. The Reactor Service Building
is designed as a tornado hardened Seismic Category I structure.

,

All power requirements of the Containment Cleanup System are supplied from
Class 1E redundant power supplies.

v

Failure .of passive components in the Containment Cleanup System is' extremely

unlikely and the system design has no special provisions for such unlikely
failures. However, backup capabilities are provided for all active-
components, such that f ailure of any one active component will not preclude
100% operation of the Containment Cleanup System.

.

2.2.10 Annulus Air Cooling System

The Annulus Air Cooling System is designed to ensure that the structural
integrity of the steel containment vessel and concrete confinement building

is maintained based on realistic evaluation of 'TM80B conditions. These
,

conditions include an increase in _the temperature of the steel containment

vessel, confinement annulus air, and concrete confinement building. Before
actuation of the Annulus Air Cooling System during the postulated TMBDB
event, the containment systems function in the same manner as for the design
basis accidents occurring inside containment as described in the PSAR.

O,
v
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Radionuclides leaking from the RCB will be confined and treated by the
Annulus Filtration System. The control room 'oerator would determine if a
reactor vessel penetration had occurred and iate the TMBDB features
operation at some time beyond 24 hours. It is enimated that the Annulus
Air Cooling System would not need to be placed into operation until )

approximately 36 hours af ter the reactor vessel penetration. However, it
would be permissible to utilize this system any time beyond 24 hours.

When cooling is required, outside air would be introduced into the annulus
area through an opening in the confinement structure. Vane axial fans,
located in the Reactor Service Building supply air to tne annulus space.
Redundant f ans are provided to ensure adequate rc fundancy in the system.

The confinement annulus is partitioned to provide a spiral air flow path
around the containment vessei from the 816 (oot elevation to above the
containment spring line. The annulus partition system is designed such that
an effective annular flow area of between 180 and 250 square feet is
obtained up to elevation 926'-G" and a flow area between 450 to 600 square
feet from elevation 926'-0" to the top of the confinement building. These

flow areas ensure a velocity range of 2200 to 1500 FPM and 850 to 700 FPM,
respectively, are maintained for heat removal. Additionally, the partitions
provide a platform system for periodic inspection of the containment vessel
penetrations.

Operation of the Annulus Air Cooling System limits the peak containment
vessel and confinement structure temperatures to maintain structural
integrity following an HCDA.

Leaktight motorized dampers are provided on the entrance of the f an
enclosur? and on the outlet of the plenum at the top of the confinement
structure. Missile hardened enclosures and |nt .ke debris screens protect
the fans and the exhaust opening.

Should system operation be required, the fa 's m uampers are operated from
a remote-manual station in the main Control Rre- To prevent inadvertent

O
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-O operation of these fans and dampers, no local operators or control stations
will be provided, damper position indication will be displayed in the
Control Room, and restraints and warning switches used for the appropriate
actuation switches.

All power requirements of the Annulus Air Cooling System are supplied from
Class IE redundant power distribution systems.

Backup capabilities are provided for all active components, such that
failure of any one active component will not preclude 100% operation of the
Annulus Cooling System.

2.2.11 Containment System Leakage Barrier

The Containment System is described in PSAR Sections 6.2.1 and 3.8.2. The

Containment Isolation System is described in PSAR Sections 6.2.4 and 7.3.1.

The containment inner cell structures are described in PSAR Section 3A.1 and
are below the operating floor. The TMBDB equipment is located in the
Reactor Service Building and the Reactor Containment Building. The Reactor
Containment Building ar.d Reactor Service Building are Seismic Category I
buildings located on the conmon basemat with other Seismic Category I
buildings.

The design internal pressure for the containment is 10 psig, and the
associated maximum allowable leakage rate is 0.1 (vol.) percent /24 hours.
The design methods to assure integrity of the containment from the design
basis accident conditions are descr' ' in PSAR Section 3.8.2. A negative

pressure is maintained in the confinement / containment annulus space and the
confinement / containment penetrations are . designed to maintain a bypass

leakage value of less than 0.001 wt % per day for design basis accidents.
PSAR Table 6.2-6 lists each containment penetration and its leakage in
Ib/ day.

2-29
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The expectation that the containment isolation system will be capable of
performing its intended function in the containment environment associated
with the TMBDB scenario is based on the f act that the initiation and
isolation of the Reactor Containment Building will occur at a time when the
environmental conditions are the same or less severe than the containment
design basis accident conditions.

Two vent and two purge lines penetrate the reactor containment vessel.
These lines communicate with the Reactor Containment Building atmosphere and

are each provided with (two) redundant isolation valves. These isolation
valves are located outside of the containment. General Design Criterion 47
for the CRBRP specifies one valve inside and one valve outside of the
containment "unless it can be demonstrated that the containment isolation
provisions for a specific clas; of lines ... are acceptable on some other
defined basis". Since the vent and purge isolation valves are only required
to open at least 24 hours into the TMBDB scenario, and the containment
atmosphere conditions are very severe, it was elected to locate these valves
outside of the containment to assure their operability. To meet the intent
of Design criterion 47, that portion of the vent and purge lines outside the
RCB up to and including the second valve is designed and will be tested to
containment standards. Furthermore, the isolation valves are normally
closed, fail-closed types and are locked closed in the control room. No
local operators are provided for these valves and an interlock will be
provided to prevent opening these valves during plant power operation.
Bypass of this interlock will be permitted only when the containment
structural integrity would be challenged as indicated by containment
pressure, temperature and hydrogen concentration measurements. The testing

of these valves will be conducted during refueling shutdowns.
,

2.2.12 TMBDB Instrumentation System

2.2.12.1 Containment Instrumentation

The reactor containment instrumentation system provides measurements of

reactor containment pressure, atmosphere temperature, steel shell

O
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temperature and hydrogen levels. Each of these measurements will be

(f redundant, designed to remain functional following a Safe Shutdown
Earthquake, and qualified to assure operability under the environmental

cnnditions in Section 2.1.2.12. The locations of the various detectors are
shown schematically in Figure 2-35.

2.2.12.1.1 Reactor Containment Pressure

.The Reactor Containment Building pressure is measured at two widely
0 andseparated locations. The instrumentation penetrations are at 108

285 (0 is plant north). The design will be such that the pressure
element and transmitter are located outside of the Reactor Containment

.,

Building and will sense pressure with an impulse or capillary line. This
arrangement will allow sensing of containment pressure at temper .ure up to

01100 F. Each transmitter will send a signal to the main control room.
The channels will be completely independent and physically separated in
accordance with Regulatory Guide 1.75. Each channel will be powered from

the Class 1E power system,

t
\s 2.2.12.1.2 Reactor Containment Atmosphere Temperature

The Reactor Containment atmosphere temperature is measured near the top of
the RCB. The measurement will be redundant so that any single f ailure will
not preclude the operator from receiving temperature data. The channel will

0be designed to operate 500 hours to a maximum temperature of 1100 F.

The signal conditioning for the temperature sensors will be located in the
Steam Generator Building. Each transmitter will send a signal to the main
control room. Each channel will be physically separated in accordance with
IEEE 384-1974- and will be powered from the Class 1E power system.

2.2.12.1.3 Reactor Containment Vessel Temperature
,

The Reactor Containment Vessel temperatures will be measured at selected .

locations on the inside of the steel shell.'

O
Al
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2.2.12.1.4 Hydrogen Measurement System

The containment atmosphere hydrogen concentration measurement system
consists of redundant, independent and continuous hydrogen analyzers located
in the Intermediate Bay of the Steam Generator Building. These are
connected to the containment atmosphere through redundant and independent

sampling lines. The inlet to the sampling lines is located at the top of
containment to prudently protect against hydrogen stratification even though

stratification would not occur (Section 3.2.1). Sample transport time and

sample plate out will be considered in establishing the exact location of
these sampling stations. Each sampling station will include a hydrogen
analyzer which will transmit a signal to the main control room. The
channels will be physically separated and powered from the Class 1E power
system.

The hydrogen measurement system involves severe environmental conditions

arising from high temperature and aerosol contamination which may limit
instrument lifetime. In view of this, early procurement of this equipment
will be initiated. It is anticipated that the procurement process will
provide confirmation as to whether this equipment can be obtained from
existing sources or whether additional development or design verification
requirements are necessary.

2.2.12.2 Radiation Monitoring

Since containment could be vented beyond 24 hours (although such venting is
not needed for 36 hours) and therefore most of the radiological release

would be through the vent and filter systems, radiation monitors are
provided downstream of the filter system where the releases to the
atmosphere would occur.

O
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The redundant filter train monitors provide for determination of the
C' radioactivity-being released from the filter train. Monitoring will be

accomplished using isokinetic sampling nozzles and associated three channel
continuous air monitors (CAMS) which provide one channel each for
particulates, radiciodines, and radiogases. The' detectors and associated

. electronics are shielded to reduce the accident induced radiation background
to levels suitable for system operation.

The three channel CAMS will provide. gross count rates for each channel, The
predicted radioisotopic inventories within the RCB coupled with gross count
rate data will allow estimates of off-site doses to be made and will provide
early identification of rapid and/or significant changes in release
concentrations.

In addition, a suitably shielded plutonium air particulate monitor (PAPM)
specifically designed to measure very low concentration of the long
half-life alpha emitters, such as Pu-239, will be provide d and will also
continuously isokinetically sample the common exhaust. The PAPM provides

I capability for identifying the plutonium releases at the point where such
-\_J

releases would be the most concentrated and in this way maximizes the
sensitivity of the measurement.

Redundancy is provided for the CAMS by the common exhaust monitor and is
required due to the inaccessibility of the channels under accident
conditions. Redundant PAPMs are not required due to the inherent redundancy
of a typical PAPM which is provided as a means of accounting for the natural

.

radon-thoron background (switching collection between dual channels allows
the radon-thoron on the " idle" channel to decay (leaving behind the longer
livedisotopes)).

The power requirements for the plant radiation monitoring system are
supplied by the lE power distribution system, j

-

I

o

2-33



CR3RP-3
Vol.2, Rev.0 1

Provisions for off-site monitoring are described in the TVA Radiological
Emergency Plan, as discussed in Section 13.3.11 of the PSAR.

2.2.13 Electrical Power System

The electrical power requirements for motors, controls, and instruments will
be distributed as part of the Class lE electric power system using the
appropriate standards of quality assurance, structural support, and physical
separation.

The3e loads will, however, be remote manually connected to the lE power
source from the control room af ter removing other loads which are not
essential during TMBDB conditions.

2.2.14 Containment Structures

As a result of the structural analysis of the containment building, a few
changes in the design have been made to provide increased thermal margins.
These include:

1. Modifications of the typical cell liner design have been made in the
Reactor Cavity and the pipeway cells. Specifically the mcdifications
are in the wall studs anchor size, spacing, and length, and in the size
of the supporting beams in the pipeway floor.

2. Additional reinforcing Dars and stirrups are provided in the reactor
cavity wall to resist shear, compressive forces, and bending moments at
the base, near the top and in the regions restrained by vertical
wall'..

3. Additioral reinforcing bars and stirrups are provided in the pipeway
cells to resist the thermal forces and moments.

O
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4. : Additional reinforcing bars are provided in the foundation mat, the
D confinement structure and the containment concrete walls below the

-operating floor,

The results of analysis of these features and compliance with design
c

requirements are included in the structural analysis in Section 3.

2.2.15- Control Room Habitability

The control room habitability design bases and features are described in
PSAR.Section 6.3. The control room HVAC System design includes dual control

air intakes for control r.om pressurization. One control room HVAC intake
is located at the SW corner of the control building roof and the other one
at the NE corner of the steam generator building roof. The HVAC System in
conjunction with the radiation monitoring system is provided with the

~

capability to select the air intake for the control room pressurization
~

which is exposed to a lower airborne contamination.

The assumptions used in the control room dose analysis are as follows: 4

1. Source Term Data: (see case 2 of Section 4.1) ;

a. Initial Release to RCB J
1

l

100% Noble Gases |
I100% Cs and Rb

1000 lb. of Na with 100 PPB Pu
0.026% Fuel, Halogens and Solid Fission Products

b. Release to RCB During Sodium Vaporization

100% halogens

. 100% Te, Se, Sb

1% Solid Fission Products
|

0.015% Fuel )
1.1x106 lb of Na'p

L)
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2. RCB Exhaust Filter Efficiencies Assumed:

Class Efficiency (%)
.

Noble Gases 0

Halogens 97

Se, Sb 97

Solid Fission Products 99

3. Control room filtered intake rate (500 CFM) and Recirculation (8000
CFM). An unfiltered in-leakage of 3 CFM was assumed throughout the
analysis to account for door opening and other unknown leakages.

4. Atmospheric dilution factors (X/Q - values):

a. Wind speed of 1 m/sec with Pasquill Type D
b. Building wake effect is included
c. Long term X/Q adjustment factors are included

d. Dual intakes placed in major (Class 1) buildings
e. Guidelines of References 2-3 and 2-4

Atmospheric diffusion factors based on above conditions are:

Time Intervals: 0-8 hrs 8-24 hrs 10-40 40-300

X/Q-values: 6.18 x 10-4 5.21 x 10-4 2.54 x 10-4 9.10 x 10-5
3(sec/m )

5. Occupancy Factors

Time Intervals: 0-8 hrs 8-24 hrs 10-4D 4D-30D

Occupancy Factors: 1.0 1.0 0.6 0.4

|

@
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g- L6. .,. Breathing Rates
1.
.

.

r.
n -Time Intervals: 0-8 hrs 8-24 hrs- 10-300

1- Breathing Rates: 3.47 x-10-4 1.75 x 10-4 2.32 x 10-4
+

(m3 sec)| /
r
I

i'
|-

{- . The resultant radiation doses for ' control room operators are:
1

!
1

| 30-Day Accumulated Dose (Rem)
!

! -Whole Beta
| Organs Body Skin Thyroid Lung Bone
l'
s Dose (Rem) 4.37 52.9 19.8 0.62 2.01
!
..

', Guide line 25 150 300 - 75 150 !

: !

!@
:
4
1 ,

i

i t

7

I

4

.
4

<

. .-

"

|

I

b

!~ 1
.

)^ ,

I !
t- i

!~ i
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2.3 OPERATOR ACTION SEQUENCE

The operator action sequence following an HCDA would be as follows:

1. Shortly after the HCDA the various core and primary heat transport
system instrumentation would indicate that some unidentified event has

occurred, either because of readings outside the normal band or
indications of failure of the instrumentation. The event might not be
identifiable because the core and PHTS instrumentation is not designed
to withstand an HCDA.

7. Immediately after the unidentified event, only actions such as those
associated with design basis accidents would be taken in the short
term. For instance, containment would isolate and the annulus
filtration system would be activated when the radiation monitors sense
an abnormal radiological release to containment. The operator would
not perform any actions specifically related to TMBDB features.

3. In accordance with PSAR Section 13.3.3, NRC and the Tennessee
Department of Public ifcalth would be notified of the accident.

4. If materials are released to the reactor cavity following an HCDA,
these releases would be expected to be monitored by radiation,
temperature and pressure sensors in the reactor cavity in the short
term. However, no operator actions with respect to TMBDB features are
required or expected as a result of this information.

5. The operator would only act on information from the containment TMBDB

instrumentation that indicates an increase in containment atmosphere
pressure and temperature and the presence of hydrogen in the atmosphere
that would challenge containment integrity. For design base events
(not an HCDA), containment would not be challenged and the operator
would i.o take any action to initiate operation of the TMBDB features.

O
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-(A] '6. No operator actions that would violate containment integrity (such as
venting) or degrade the operation of Engineered Safety Features would
be required or expected during the first 24 hours.

7. Beyond 24 hours, the operator would initiate operation of TMBDB
features as required to maintain long term structural integrity of the
containment. Detailed technical specifications and administrative
controls will!be included in the information provided for the operating
~ license review. The following are typical of' actions that would be
taken by the operator:

A. The annulus cooling system would be activated when the containment

steel shell temperature reaches a prescribed value (#400 to
0500 F). At this-time the annulus filtration system (design base

system) would be deactivated.

>

; B. The operator would vent containment through the TMBDB venting
'

system when the pressure reaches a prescribed value (e15 to 20
.(;
x._ psig), or the hydrogen concentration reaches a prescribed value

(such that.the concentration does not exceed 6% either before or'

afterventing). Imediately preceding the containment venting, the
cleanup system would be activated. (The TMBDB containment cleanup

system is separate from the design base annulus filtration
system). Preceding both of these actions the TMBDB features would
be manually connected to 1E power supply system.

4

C. When it is decided to vent the RCB, the Containment Vent isolation
valves would be opened so that the pressure in the RCB can decrease
to the atmospheric pressure.

D. After-the RCB has been depressurized, the Containment Cleanup

System Exhaust blowers would be turned on and the purge isolation
valves opened.. The cleanup system exhaust blower would produce a

suction to pull purge air through the containment.

.O'
% ,1
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E. When the gases released from concrete and the reactions in

containment cease, the venting, purging, and cleanup systems
operation could be terminated.

F. When the containment steel shell temperature falls below 2000F,
the operation of the annulus cooling system could be terminated.

The results of analyses in Section 3 indicate that activation of TMBDB
features by operator action would not be required for about 36 hours

(although permitted after 24 hours) following an HCDA. Because of the long
time available before operator action would be required, the actions are not
sensitive to variations in the scenario, such as reactor vessel penetration
times ranging from 100 to 10,000 seconds.

O

O
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TABLE 2-1

CRBRP FEATURES PROVIDING THERMAL MARGIN BEYOND THE DESIGN BASE

Specific Systems or Components for TMBDB PSAR Section

1. Reactor Cavity Vent Sys'.em 3.8

2. Containment Cleanup System 6.2

3. Annulus Cooling System 6.2

4. Containment Vent and Purge System 9.6

5. Instrumentation and Radiation Monitoring 6.2

Systems or Components with Augmented Capabilities
for TMBDB

6. Dual Control Room Air Intakes 6.3

7. Reactor Cavity and Pipeway Cell Liners 3 A. 8

8. Liner Vent System 3.8

9. Guard Vessel Support 5.2

10. Reactor Cavity to Head Access Area Seals 3A.1

11. Reactor Cavity Recirculating Gas Cooling System 9.7

12. Containment-Confinement System (including insulation) 6.2

13. Emergency Electrical Power System 8.2 & 8.3

14. Reactor Containment Structures *

(Addition of Reinforcing Steel)

* Details Pertinent to TMBDB not provided in the PSAR.

O
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- 3.0 . ASSESSMENT OF THERMAL MARGIN,

i

LThe core damage associated with a hypothetical core disruptive accident
(HCDA) is postulated to result in extensive fuel redistribution. This
section considers the redistribution of the core debris, the heat removal
characteristics of the primary sodium, and the capability of TM808 marginl-

: features to accomodate the. decay heat and the energy associated with sodium!

burning and its reactions with water vapor, carbon dioxide, and concrete
;

following-the hypothetical release of core debris from the reactor and guardi

vessel to the reactor cavity.

The computer codes applied to the TM808 analysac are discussed in Appendix A
,

of the PSAR.
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3.1 THERMAL MARGIN WITHIN THE REACTOR VESSEL

During a hypothetical core disruptive accident, a large fraction of the fuel
and blanket material may be ejected upward from the core region. Upon
interacting with sodium, the fuel would particulate, and portions of this
material would subsequently settle back into the core, deposit on structural
components within the upper and lower reactor vessel plena, deposit on the
reactor vessel lower head, or enter the primary heat transport system
(PHTS). In this section, an evaluation of the distribution of the core
debris within the reactor system is made, the ability of in-vessei and PHTS
structures to potentially contain core debris in sodium is considered,
secondary criticality is evaluated, and potential penetration times fur the
reactor and guard vessels are analyzed. The consequences of fuel in the
PHTS after reactor vessel and guard vessel penetration and subsequent

draining of sodium are given in Appendix 1.

3.1.1 Core Debris Distribution

The degree of core damage which may result from an HCDA covers a wide

spectrum, i.e. at one extreme is relatively limited damage in which a small
fraction of the core leaves the core region and at the other extreme is a
whole core meltdown. The redistribution of fuel debris from its original
location is dependent on energetics and the timescale for accident
progression relative to pump coastdown times. Accident initiators (LOF and
TOP) and resulting energetics are discussed in Volume 1 of this document.

In this section, an assessment of the directional distributions of the
debris relative to the core is considered for various HCDA sequences. The

consequences of the debris distribution are considered in the three j

subsequent sections (3.1.2, 3.1.3, and 3.1.4). |

3.1.1.1 Upward Debris Distribution
|

In this section, the analysis of upward debris distribution is primarily
concerned with estimating the amount of material entering the outlet
piping. Thus, assumptions have been made in this part of the analysis to

O
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. maximize the amount of fuel entering the piping. It should be noted that'

7m
- these assumptions are inconsistent with those analyses presented in Sections -

3.2 and 3.3 which consider that 100% of the fuel and non-volatile fission
products are spilled onto the reactor cavity floor to bound the thermal

,

loads in the reactor cavity thereby ensuring conservatism.

The quantity of core debris that would be ejected upward during an HCDA
depends on the type of initiator. The LOF and TOP initiators are considered

in this determination of fuel redistribution.

For the LOF sequence that is predicted to result in a non-energetic core
j

meltdown (transition phase), partial blockages would be expected above and
below the core early in the progression. Continued heating and potential
pressurization would open other paths from the core to permit additional
fuel ejection. This could occur in both the upward and downward direction.,

Nominally, this transition phase is estimated to result in approximately
half the fuel being ejected in each direction because the flow resistance in<

each direction would be expected to be similar."

If a mechanical disassembly occurs that is sufficiently energetic to'v

relocate or damage structures, the debris distribution would be different.
Because of the differences in the structural strength of the above and below
core structures, less damage would be sustained by the lower structure. The
upper structure would be damaged or displaced to the extent that openings i

would be provided so that the core materials could be ejected more easily i4

into the upper plenum. For large energetics, where the upward flow
resistance would be relatively small, an upward ejection of 90% of the fuel. I

would be possible. |

Since the percentage of material ejected upward is estimated to he in the
range of 50% to 90%, a nominal LOF case has been defined as having 70%

upward fuel ejection.

For the TOP initiator, the SAS-3A code analyses predict tennination by fuel
sweepout with less than 4% of the core ejected upward.

'

.t
V' ;

!
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Analytical Model

The fuel and steel debris ejected into the upper plenum would form
particulate as a result of interactions with sodium. The debris settling in
the upper plenum and in the piping was assessed by considering the settling
of the various particle size groups making up the particle cloud. Because
of the low particle concentration (0.7 v/o), settling would occur without
hinderance (Reference 3-1), and since agglomeration of particles would
enhance in-vessel settling and reduce fuel carried into the piping, it was
assumed that no agglomeration occurs.

The tra,iectory taken by a particle in the upper plenum would be determined
by the drag forces exerted on the particle by the surrounding fluid, the
buoyancy force generated by the displacement of fluid by the particle, and
the gravitational force. The drag forces on a particle are a function of
the relative velocity between the particle and its surrounding fluid, acting
in both the horizontal and the vertical direction. The buoyancy force acts

in an upward direction, and the gravitational force acts in the downward
direction. When an imbalance exists between these forces, the particle

would be accelerated in the direction of the imbalance until the forces have
equalized. As a limit, the particle approaches the velocity of the fluid in
the horizontal plane; and in the vertical plane, the particle velocity

approaches the vector sum of the fluid velocity and the particle f ree
settling velocity.

The particle free settling velocity is the velocity of a single particle in
a stagnant pool of fluid. In this situation, a particle is exposed to an

upward force due to both buoyancy effects resulting from forces exerted by
the fluid, and to drag effects resulting f rom the relative motions of the
fluid and the particle (assuming a coordinate system relative to the
particle velocity, the force is exerted in the direction of the fluid
velocity). The single downward force is created by gravitational effects.
When upward and downward forces are in balance, the particle is said to have
reached its terminal velocity.

O
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y
(j For the evaluation of particle transport in the upper plenum of the reactor

' vessel, these forces, and the subsequent particle motion, have been
evaluated using a version of the VARR 11 computer code (Reference 3-19)
which incorporates a subroutine for calculating particle motion. .This
subroutine, using the fluid velocities calculated by the main program,
calculates both the horizontal and vertical drag force acting on the
particle using the equation:

I

C U0pAD p
pD, 2gc

where

FD = drag force, Ibf
D = drag coefficient obtained from standard curves (Reference 3-1)C

0 = relative velocity between the particle and fluid, ft/secU

p = fluid density, lb,/ft
2A = cross-sectional area of the particle, ft

p
2

g = gravitational constant, Ib ,ft/lbf sec
c

For the vertical component, the buoyancy and gravitational forces are
- calculated using the equation:

4

F). = *[c (1-pf/p)

where

FT = combined buoyancy and gravitational force, Ibf
m = particle mass, lb m,

3
ppa fluid density, lb /ftm

3p = particle density, lb ,/ft
2g = gravitational constant, Ib ft/lb sec

c m f
2g = acceleration of gravity, ft/sec

The resulting particle velocity change is then calculated using the
1

- relationship:
_

! 3-5
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F = 3 = "-- dV/d t
9 OC C

dy = g dt
c

where

F = total force, lb
f

m = particle mass, Ib
m

2g = gravitational constant, Ib ft/lbf secc m
dt = problem time step, sec
a = acceleration, ft/sec2
V = velocity, ft/sec

A schematic of the VARR II computational model used is shown in Figure 3-1.
This is the same model that was used to study thermal transients in the
upper plenum (Reference 3-15). The VARR 11 code uses finite element
techniques; thus, the upper plenum is represented as a series of connected
fluid nodes. The upper internals structure (UIS) is represented as obstacle
nodes (non-fluid nodes) and the suppressor plate is represented as a flow
resistance between the fluid nodes at the suppressor plate elevation.

Particles are injected into the fluid stream at the entrance to the UIS

chimneys (coordinates 2, 3 and 4, 3 on Figure 3-1) 13.4 seconds af ter the
initiation of the flow coastdown. This value was chosen on the basis of
studies that show fuel motion initiation 13.4 to 15.9 seconds af ter the
initiation of the flow coastdown (References 3-17 and 3-18).

'

The flow coastdown data input are given in Table 3-1; the data are
consistent with those used in Reference 3-17.

Settling in PHTS Piping

Much of the work on particle settling in horizontal pipe rans has been
directed at determining the minimum fluid velocity needed to keep solid
particles in suspension so that they can be transported by pipeline. The
data from thesa studies have been used to develop a correlation for the

O
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g fluid velocity below which the turbulent action of the fluid is not

CI sufficient to keep the particles in suspension, and the particles would
settle onto the pining. The correlation developed was*

0.5 . 5 (9 )0.5 (S-1)0.3 (Reference 3-16)- V = 3.87 C C 0y D

where

V = fluid velocity, ft/sec

Cy = total volumetric solids concentration
g = acceleration of gravity, ft/sec2
0 = pipe diameter, ft

S = particle density / fluid density

CD = single particle drag coefficient (see Table 3-4)

When the bulk fluid velocity falls below this value, the particles can no
longer be kept in suspension and accumulation of debris on the lower surface
of the pipe begins.

Once particle settling begins, the particles are assumed to fall through the

h fluid at a rate equal to their settling velocity, and, at the same time, the
'

fluid velocity is superimposed on the vertical velocity; thus, the particles
will deposit along the length of the piping rather than a single location.
The larger particles which have a higher settling velocity will settle
quickly, and the smaller particles, which have a lower settling velocity,
will be distributed further along the length of the piping. Since there_is
a wide variance in the size of the particles considered in this evaluation,
one would expect a high concentration of particles (composed of all particle
sizes) in the upstream portion of the piping (i.e., nearer the reactor

vessel outlet) and a low concentration of particles (composed of only the
smaller sizes) in the downstream portion of the piping.

The amount of material that settles in a given region can be determined by
calculating the amount of settling that occurs when a given fluid increment
passes through the region. For the purpose of discussion, a fluid increment
is defined as a finite circular fluid plug in which the particles initially
are uniformly dispersed. As this plug flows through the piping system, the

| o,
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pa*ticles settle and an upper increment of the plug becomes devoid of
particles (see Figure 3-2). The net change in the volume of this " void"
section multiplied by the initial particle concentration in the element
equals the quantity of material which has settled over the given section.

No deposition occurs in the vertical piping sections. However, in vertical
sections where the fluid flow is upward, it is possible (due to a flow
coastdown) for the net particle velocity (vector sum of the fluid and
particle settling velocity) to change from positive to negative. In this

instance, these particles, which are initially traveling upward, are

calculated to settle in the elbow upstream of the vertical section.

Results

The results of the evaluation are shown in Tables 3-2 and 3-3. Because of

the small amount of fuel involved in the TOP event, 4% of the core, the
consequences of this event would be bounded by the LOF evaluation. Thus

only the LOF, which involves a nominal 70% of the core ejected upward has
been evaluated.

The particle size distributions observed during the several molten
fuel-sodium interaction tests * can be seen in Figure 3-3 (Reference 3-5).
The EDT-1 test contained the highest percentage of " fines", the 53 test has
the highest " coarse" content, and the remainder of the distributions tend
toward a median in the vicinity of the M-1, M-2 and M-3 distributions. If

the 53 distribution, which appears to deviate significantly from the median,
is conservatively ignored, the median distribution curve falls in the
vicinity of the M-3 distribution. For this reason, the data from the M-3
distribution have been chosen as most representative of the distribution
that would result from a loss-of-flow initiated HCDA. However, as a
sensitivity study, the EDT-1 distribution has also been analyzed.

*For additional details of these tests, see Appendix G.1.A.

O
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,A From the data of Table 3-3, it can be seen that more than half of the upward
)(V ejected fuel is predicted to remain in-vessel; however, a significant

quantity is predicted to leave the reactor vessel and enter the outlet
piping. The quantity entering the piping, as expected, is greater for the
finer distribution.

The majority of the material entering the piping settles out upstream of the4

PHTS cell wall; approximately 0 to 2% settles in the piping between the PHTS
cell walls and the pumps, and another 0 to 6% reaches the IPX. The
consequences of these quantities of fuel in the primary piping prior to
reactor vessel and guard vessel penetration and draining-of sodium from the
piping are addressed in Section 3.1.2. Appendix I addresses the

consequences of fucl in the piping following sodium draining.

3.1.1.2 Downward Debris Distribution

For LOF events, downward movement of the fuel is possible. The fuel would
either melt the continuously forming steel plug below the molten fuel front
or flow through the flow paths in the shield / orifice blocks into the

,

module. Here some particulation may occur; however, the capability of the~'

lower inlet modules to retain fuel either as a debris bed or as molten fuel
is limited by the geometry of the module and any fuel in excess of the lower
inlet modules capability would enter the lower plenum. Here particulation

^

would occur in the bulk sodium. These progression paths represent the
limiting extremes for delivery times to the lower plenum.

4

As previously described, the percentage of the core estimated to initially
move downward ranges from 10 to 50% of the active core for all mechanical
disassembly or transition phase scenarios. The resultant debris bed on the
lower head of the vessel could exceed the maximum stable bed depth described
in Section 3.1.2 and cause penetration of the reactor and guard vessels

(Section 3.1.4).

/O
Lj
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3.1.2 In-Vessel Debris Retention Capability

The in-vessel debris retention capability was determined ay comparing the
predicted debris dist.'ibution in Section 3.1.1 with the maximtsn oebris
capacity of the major horizontal surf aces within the reactor systen:. This
section describes debris bed heat removal phenomena followed by an
evaluation of the fuel holding capacity of each of the horizontal surf aces
in the reactor system.

Debris Bed Heat Removal Phenomena

The fuel debris particulate that settles on horizontal surf aces would be
generating heat due to the fission products associated with the fuel. The
debris bed can be cooled by internal sodium convection within the bed. The
heat rejection capability of such a bed is a function of the bed depth and
the heat generation rate. If the heat generation or depth is sufficient to
result in bed dryout (sodium film boiling throughout the bed), then particle
recoalescence can occur forming a molten pool of fuel and steel which would
probably melt through the surf ace containing the bed.

Using experimental data from References 3-3 and 3-5 for dryout heat flux and
the CRBRP decay heat f rom Table 3-5, the maximum debris bed depth which

could be accommodated without debris bed dryout and fuel recoalescence was
calculated. The stable debris bed depths are shown in Table 3-6. The decay

heat shown in Table 3-5 includes an allowance for all uncertainties; thus,

it is more conservative than required for best estimate calculations.
Irrespective of the spatial distribution of the debris, the fission products

would be distributed within the system according to their type. The fission
products can be classified as gaseous, halogens, volatile and non-volatile.
The gaseous fission products, the noble gases, would rise to the cover gas
space above the upper sodium plenum. Initially these account for about 5%
of the total decay heat. The halogens and volatiles, for example, iodine
and cesium, are expected to volatilize from the fuel and dissolve in or
react with the bulk sodium where they would largely remain. These account
for over 25% of the initial heat generation rate. Thus, over 30% of the

O
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h fission product heat would be initially relocated from the fuel debris. The
'

d impact of their removal from the debris was assessed and is shown in Table

3-6. Approximately 70% of the total decqy heat cwes from the non-volatile
fission products (i.e. solids) that remain with the fuel debris.

Since the cooling capability of a bed is a function of the heat generation
and the bed constituents, the following assumptions are made:

1. The whole core, axial blankets and first row of radial blanket
assemblies are involved in the core meltdown.

2. The steel from the clad, wire wrap and ducts of the affected assemblies
over the height of the core and axial blankets is associated with the
debris.

.

3. Any particulate bed fonned has a porosity of 0.5 (Reference 3-3).

4. The oxide and steel particulates are mixed uniformly on an equi-volume
I basis. This reduces the allowable heat flux for a given bed loading ofy

oxide and is conservative. Furthermore, layering in the bed due to the
steel settling before the fuel is not considered. This is also

conservative. Since the steel particles are larger than the oxide
particles, they will tend to settle faster, thus depleting the

proportion of steel in the particle cloud. The effect of no steel in
the debris beds was assessed as an upper bound indication of the effect
of steel depletion in the bed such as may occur in beds in the piping.

5. The times for fonnation of the particulate beds were considered
parametrically in a range considered pertinent to the loss of flow
HCDA. However, the results can be ad usted for consideration ofJj

transient overpower events. The detailed numerical computations are
identified in the appropriate sections.

t

j 6. Sufficient heat capacity is available to prevent sodium in the PHTS and
vessel from reaching saturation conditions.

| /
'

(
.
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The assumptions stated above were applied to four cases having the following
characteristics:

(a) The particulates are oxide and steel mixed on a one-to-one basis and
all the fission products are retained in the fuel.

(b) The bed has a similar constitution to that described above except that
the noble gases and soditsn soluble fission products were assumed to
have left the oxide particles, thus reducing the heat load.

(c) The bed has a 50% porosity. No steel particles are included. All the
fission products are included in the bed heat generation rate.

(d) The bed consists of oxide particles only, and the gaseous and sodium
soluble fission products are not included. .

The times at which bed formation occurs were taken to be 30,100, and 200

seconds after subcriticality, and are considered suitable for scoping bed
formation calculations for various HCDAs. The stable depths of debris beds
are indicated in Table 3-6 for the conditions indicated above. Table 3-6
indicates that the stable bed depth is relatively insensitive to time of
formation.

Recent out-of-pile experimental data (Reference 3-6) indicate higher debris
bed dryout fluxes than those used to generate Table 3-6. Furthermore,

recent in-pile experiments (Reference 3-20) indicate that bed dryout may not
be a sufficient condition for fuel melting. The experiments, which were
conducted in the Annular Core Pulsed Reactor (ACPR), tended to demonstrate

that the threshold power required to produce dryout in both medium-depth and
deep beds of 100 to 1000 micron uranium particles does not lead to extremely
high temperatures or to melting of the fuel. Thus, the bed depth at which
fuel melting would occur would be greater than that predicted by the data of
Reference 3-6. Therefore, the maximum coolable debris bed depth is higher

than the table indicates and the fuel retention capability of the structures
described in the next paragraphs is conservative.

O
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.

Fuel Retention Capability in the Upper Plenum
%s'

The major surface for debris accumulation in the upper plenum is the
horizontal baffle. Following the core disruption and neutronic shutdown,
the transition and core debris ejection phases are assumed to last 15
seconds and particulate settling occurs over the next 15 seconds. The
results are not sensitive to either 15 second assumption. The fractions of

the core and blanket assemblies which can be accommodated on the baffle
(assuming it remains horizontal) for the cases indicated in the previous
section are in the range 28 to 46%. Other' surfaces in the upper plenum
primarily associated with the upper internals structure represent added
capabilities not currently considered but which may provide additional4

surfaces for particle bed cooling.

|
Fuel Retention Capability in the Lower Plenum

:

The capabilities of the lower inlet modules and the vessel lower head have
been assessed for various melt-through times of the lower structures of the
fuel assemblies and for various PHTS loop transport times. A range of times
after attaining subcriticality for fuel and steel to reach the module inlet
ports was considered. The range was from 10 to 5000 seconds in order to
assess a wide range of melt-through sequences from no holdup to complete
shield / orifice block plugging and subsequent melting. The modules could
contain in a stable debris bed from 0.9 to 2.5% of the fuel and upper and
lower axial blankets of assemblies associated with the module depending upon

debris delivery time and fraction of steel in the bed (in the range 0 to 50%
of the particulates). The value of 2.5% represents an upper limit for a bed
due to the geometry of the module which limits the maximum bed depth before
debris overflows through the inlet ports and assumes that the fuel debris is
delivered to all the modules. The lower head of the vessel has the
capability to retain debris beds with . thicknesses in the range 1.6 to 6.4
inches depending on melt-through time (30 to 5000 seconds), fraction of
decay heat retained in the bed (70 to 100%) and percentage of steel in the
particulates (0 to 50%). These conditions scope those associated with
debris transport around the loop. This represents 0.8 to 8.1% of the core,
upper and lower axial blankets and radial blanket.p

.CI
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Fuel Retention Capability in the PHTS System

O
The fuel retention capability of the outlet pipe elbow, the hot leg piping,
and the IHX were evaluated using the stable debris bed depths on Table 3-6,
the geometry of the system, and the flow and debris settling characteristic
f rom Section 3.1.1. The combined capability of the three outlet elbows is
3-4% of the core, axial blankets and first row of radial blankets; for the
outlet piping before the PHTS cells, it is 17-31%; for the piping between
the PHTS wall and pump, it is 20-37%; and for the inlet annulus of the IHX,
it is 7-14%.

Comparison of Fuel Retention Capability with Predicted Fuel Distribution

The comparison of the fuel retention capability of the various structures of
the reactor system is given on Table 3-7. The table also indicates the
predicted quantities of fuel debris on the structures.

Fuel retention capability of the lower head is much less than the predicted
fuel deposited on it; thus penetration would probably occur. Penetration
time predictions are described in Section 3.1.4 and the consequences are

described in Section 3.2. Penetratinn of both the horizontal haffle and the
outlet piping in the reactor cavity is also a possibility, alth1 ugh less
probable than for the case of the lower head of the vessel. Penetration of
the piping within the reactor cavity would not impact the analysis reported
in Section 3.2. Penetration of the horizontal baffle would not alter the
consequences. Penetration of the other structures does not appear to be
probable as the fuel retention capability is much greater than the predicted
fuel distribution.

The fuel retention capabilities given in Table 3-7 are based on a sodium
cooled debris bed. After guard vessel penetration and draining of sodium
from the primary system, melt-through of the piping within the pipeway cells
may occur. This is addressed in Appendix 1.

O
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Q 3.1.3 Secondary Criticality Considerations
v

The potential for criticality of the debris bed on the lower head of the
vessel was considered. Calculations were performed using the ANISN

transport theory program in a one-cimensional slab geometry. The slab was
infinite in the transverse direction. Several cases were considered using

'the beginnin3 of equlibrium cycle core fuel and lower axial blanket, the
associated clad and wire wrap steel and a 40% bed porosity. Variations were
considered including the duct steel, increased porosity, removal of fission
products and bed layering. No case represented a critical configuration;
however for a complete core and lower axial blanket, the calculated

effective multiplication factor keff was in the range 0.91 to 0.98. This
leaves little margin for uncertainties (calculational, geometric, inventory
ad temperature). However the inclusion of a larger fraction of blanket
fuel or steel would result in a noticeable reduction in keff;

consideration of the curvature of the head would also reduce reactivity.

Reduced core fractions also reduce reactivity; a keff of 0.8 corresponds
to 37 to 47% of the active core and lower axial blankets for cases
considered.G

Combining the above results with the predictions of downward fuel movement

from Section 3.1.1 it is concluded that criticality on the lower head would
not occur. However, even if criticality is postulated, the increased heat
in the bed would cause the bed to boilup and disperse by sodium or steel
vaporization to a less reactive configuration. No substantial energetics
would be associated with such a criticality. Since the potenti ' debris bed
thickness is greater on the curved lower vessel head, than on t .er surfaces

that may be flat (such as the core support plate) criticalit .,n other

debris collecting surf aces would be even less likely.

3.1.4 Penetration of the Reactor and Guard Vessels

As indicated in Section 3.1.2 the fuel retention capability of the lower
vessel head is less than the predicted amount of fuel settling on it
following an HCDA that results in whole core involvement. Therefore,

/'s,

|'
,
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penetration is probable in that case. The holdup time for the core debris

and sodium within the reactor and guard vessel before penetration was
conservatively taken to be 1000 seconds in the evaluation of plant thermal
margins. This penetration time was determined from the computational model
described in Appendix B based on the following assumptions:

o All of the active core fuel is in the debris bed (realistically

some of the fuel will be ejected upward which will increase
penetration time),

o No holdup in the reactor internals.

o A level debris bed is formed on the reactor and guard vessel bottom
heads.

o The lower axial blanket and from 10,000 to 15,000 pounds of steel
are included in the debris bed. This amount of blanket and the
steel from cladding, wire wrap, duct tubes, etc. , are considered to
be part of the debris bed since this is the minimum amount of
blanket and steel that would be expected to be melted by a complete
core meltdown.

o The entire decay power including uncertainties is generated in the
fuel debris (realistically noble gases, halogens and sodium soluble
fission products should not be present in the fuel debris).

The dependence of penetration time on the amount of blanket material in the
debris bed, the quantity of steel debris present, the holdup time in the

core and core support structure, and the depth of the debris bed is also
given in Appendix B.

Analyses with penetration times ranging from 100 to 10,000 seconds have
indicated that the TMBDB containment transients are not significantly
affected by penetration times in this range. Table 3-8 shows the variance
from the 1000 second penetration analysis of containment conditions at 24

9
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hours described in Section 3.2.2. From this table, it is evident that

V penetration time is not a significant factor and no operator actions are
. required other'than those discussed in Section 2.3.

The lack of sensitivity of the containment conditions at 24 hours to the
reactor vessel and guard vessel penetration time is the result of competing
effects. As penetration time increases, containment conditions would be
improved because less energy of reaction enters the sodium pool from gases
released from concrete. On the other' hand, the reactor coolant boundary is
a less effective heat sink than the reactor cavity and pipway structures.
The net effect is a minor improvement in containment conditions (and the
resulting radiological consequences) as the penetration time increases from
100 to 10,000 seconds.

The sodium temperature at penetration of the reactor and guard vessels
ranges from 9600F to 11600F for the 100 to 10,000 second penetration
time range. Since the containment conditions are slightly less severe as
penetration times increase, these results can be extrapolated to conclude

) that containment conditions and radiological consequences would not be-
v

significantly different if vessel penetration would be delayed until sodium
boiling temperatures are reached in the reactor vessel.

.

1

.
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3.2 THERMAL MARGIN EXTERNAL TO THE REACTOR VESSEL

This section evaluates the thermal margin beyond the design base provided to
mitigate the effects of reactor and guard vessel penetration following an
HCDA.

3.2.1 Scenario

The predicted progression of an HCDA based on current state-of-the-art
analyses (Sections 3.2.2 and 3.2.3) is sumarized below. This progression
is based on the assumption of initiators of an HCDA that are considered
incredible, but is nonetheless evaluated for assessment of Thermal Margin
Beyond the Design Base, i.e. TMBDB.

1. HCDA is assumed to occur with energetics up to 661 MJ (equivalent work
energy if the fuel vapor pressure-volume curve were expanded to one
atmosphere). The reactor vessel and head are designed to remain intact
following the dynamic loads. The head leak rate would not exceed 1000
scc /sec for the first 1000 seconds. Although leakage paths for release
of sodium have not been identified,1000 pounds are assumed to be
ejected during this time. Containment isolation based on radiation
levels in the RCB would occur from the initial release through the head
or, if those releases are very small, from releases through the planned
vent path from the reactor cavity to the RCB (see item 8).

2. Core debris from the HCDA would settle on the reactor structures. The
fuel particulate debris bed would dry out (no longer adequately cooled
by the sodium within the bed because the thickness of the bed exceeds

the stable thickness for the associated decay heat). Following dryout,
the fuel would increase in temperature and cause the bottom of the
reactor vessel to overheat and fail. The process of fuel
particulation, bed formation, dryout and f ailure would be repeated for
the bottom of the guard vessel. The time for penetration of both
vessels would be in excess of 1000 seconds. Penetration times ranging
from 100 to 10,000 seconds have been evaluated and do not change the

basic scenario or consequences (Table 3-8). A penetration time of 1000
seconds has been used in the subsequent analyses.

3-18



CRBRP-3
Vol.2, Rav.0

(m'; The~ core debris (the complete fuel and blanket inventory) is assumed to3.

be released into the reactor cavity along with the sodium that would
drain and siphon from the reactor vessel and primary heat transport
system following reactor vessel and guard vessel penetration (1.1 x
106 lbs). The average sodium temperature is estimated to be 9900F,
based on no heat loss from the vessel prior to penetration.

4. The core debris would be distributed in the sodium over the 40 ft.
diameter reactor cavity floor. The small size of the fuel particulate
formed by interaction with the sodium (0.1 - 6000 pm; Figure 3-3)
would allow the fuel to be carried by the sodium under the guard vessel
skirt into the reactor cavity. Fuel particles would be suspended in
the sodium due to either turbulent mixing as they penetrate the guard
vessel or during the reparticulation of molten fuel within the reactor

cavity. Debris beds also would self-level from the action of boiling
sodium in the bed, causing the bed to be approximately level over the
reactor cavity floor (Reference 3-5). Also, if penetration of the

m guard vessel would occur outside the skirt (esame diameter as guard
vessel), self-leveling would be even more rapid because of the large

2area outside the skirt (#900 ft ) compared to the area within the
2skirt (e300 ft ),

The stable debris bed depths are calculated using data obtained from

experiments in which UO2 particles ranging in size from 0-1000 pm
were heated. It has been shown, Reference 3-5, that the addition of
finer material to this mixture increases the dryout heat flux because
the finer particles are levitated, creating better heat transfer
conditions. A second experiment was conducted in which I cm
cylindrical pellets were added to the mixture, and no noticeable I

changes in the dryout heat flux was noted.

Sodium subcooling does not appear to have a large effect on bed dryout
heat fluxes. Experiments at ANL (Reference 3-6) indicate a subcooled
sodium pool'has either no effect or may increase slightly the dryout

'

v
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heat flux of a debris bed. Thus the ef fect of subcooled soditsn may
increase the margin between the bed dryout thickness and the depth of a
debris bed uniformly distributed over the reactor cavity floor *.

A coolable debris bed geometry would result because of the phenomena

previously discussed and because sufficient margin exists between the
depth of debris bed that would result in dryout (no longer coolable
<5.3 inches), and the average debris bed depth over the reactor cavity
floor (#1.5 inches) to allow for uneven distribution or incomplete
self-levelling.

Appendix G.1 discusses debris bed formation, spreading and levelling in
the reactor cavity in greater detail.

5. Af ter the fuel particulate and sodium enter the reactor cavity, the
entire floor liner is assuned to f ail for analysis purposes. This is a
pessimistic assumption since experiments indicate the liner should not
f ail (Reference 3-6) and, if f ailure occurs, the f ailure should be
localized. The f ailed liner assumption implies that flow of gases and
liquids between the sodium pool and the concrete would not be impeded
but that the physical presence of the liner would impede the moveinent
of solid reaction products f rom the sodium-concrete reaction. Thus,
any removal of the sodium-concrete reaction products would be a
localized effect if it were to occur. The treatment of sodium-concrete
reactions is described in Section C.l.2.3 and sensitivity studies are

provided in Section G.2. Subsequent reactor cavity and pipeway cell

liner f allures assumed in the analysis are presented in Table 3-12.

* Particulate formation due to dropwise condensation of UO2 vapor would be
expected to produce a finer particle size distribution than used in the
debris bed cooling analysis. As the droplets would have a large surf ace
area-to-volune ratio, the heat transfer from the particles would be rapid,
and the resulting thermal shock would be expected to fragment the particles
even more finely than when molten U02 is quenched in sodium. This would
result in a more coolable bed due to levitation of the finer particles.

O
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0 6. Hydrogen would be generated by the sodium reacting with water released
from the heated reactor cavity floor concrete.

7. Carbon dioxide would be released by the concrete if it is heated to
sufficiently high temperatures. The release is small for temperatures

less than 12000F (References 3-7). It would react with the sodium
forming solid reaction products.

8. After 1000 seconds and innediately following the penetration of the
reactor vessel and guard vessel, the rupture disk in the vent line
between the reactor cavity and containment would burst because of the
rapid pressure rise in the reactor cavity and pipeway cells. This
pressure rise would result from heating of the atmosphere by the sodium
entering the cavity and the combustion of the oxygen (2%) in the
reactor cavity and pipeway cells atmosphere (sodium vapor leaks from
the reactor cavity to the pipeway cells). As soon as the rupture disk
bursts, the venting reduces the pressure differential betmen the
reactor cavity and pipeway cells and the reactor containment building
to a fraction of 1 psi. The noble gases would be released to the
containment atmosphere and would provide a heat source.

Appendix G.3 indicates that credible mal-operation of the RC-RCB vent
system would not result in unacceptable consequences.

9. The decay heat associated with the halogens and volatiles is assumed to
be contained in and carried with the sodium. The remainder of the
decay heat (associated with the solid fission products and fuel) would
provide a heat source in the sodium pool in the reactor cavity. The
sodium in the reactor cavity would increase in temperature due to the
energies from the fission products, fuel, sodium-24 activity,
sodium-concrete reactica, sodium-water reaction, and the sodium-carbon

dioxide reaction. The heat sinks.due to conduction into the reactor
cavity walls are also considered in the energy balance. Sodium boiling
is calculated to begin at about 9 hours.

~
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10. The sodium vapor, as well as hydrogen and any remaining nitrogen and

argon, would pass through the three pipeway cells into containment
through the reactor cavity - containment vent system. Since the flow
resistance of head leakage paths is high compared to the vent
resistance, the flow would be through the pipeway cells, which serve as
heat sinks. The effect of reactor head leakage is shown in Appendix

F.6 to be insignificant.

11. The water vapor and carbon dioxide, released from the concrete when it
is heated, would be vented f rom behind the reactor cavity and pipeway
wall liners by the liner vent system, to spaces below the operating
floor (except the reactor cavity floor which is vented to the RCB
atmos phere )*.

12. Upon reaching containment, the sodium vapor would react with the
oxygen, carbon dioxide, and water vapor according to their molar
concentrations. The reaction with water vapor would take place if the
water vapor concentration is greater than the oxygen concentration. If

the water vapor concentration is less than the oxygen concentration the
sodium vapor would react with oxygen and carbon dioxide according to

their molar ratios.

13. Upon reaching containment, the hydrogen generated in the reactor cavity
and in the pipeway cells (af ter 30 hours) and hydrogen generated by the
sodium-water reaction in containment would react with oxygen when

either criterion (a) or (b) below is met in combination with criterion
(c) (Appendix H.1 describes the hydrogen burning criteria in detail).

*The accumulation of water prior to a HCDA would be prevented by the liner
vent system. The water would evaporate and would be vented to the
atmosphere of Cell 105 or the containment building above the operating
floor. Steam explosions would be precluded since no liquid water would be
present.

O
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fl Criteria for hydrogen burning:
J^

a. The hydrogen-nitrogen mixture entering containment is above-

1450 F.

b, The hydrogen-sodium-nitrogen mixture entering containment contains
; at least 6 g/m3 of sodium at temperatures above 5000F.

c. The oxygen concentration is above 8%. With the oxygen
concentration above 5% and the hydrogen concentration above 4%, the

hydrogen in excess of 4% would burn. Figure 3-4 illustrates this
burning criterion.

Criterion (a) is not met for the analyses reported herein. The sodium
concentration entering the reactor containment building would satisfy
criterion (b) after about ten hours following vessel penetration. At
the end of this time the hydrogen concentration in containment would
reach approximately 4.5%. This hydrogen would burn while the burning
criteria are satisfied as the natural circulation in containment moves
the hydrogen through the flame. The oxygen concentration is predicted
to remain above 8% (satisfying criterion c) for 36 hours; thus, no
hydrogen accumulation would occur during this time (i.e. AG co 36
hours).

The flame characteristics are shown in Appendix H.2 to be such that4

excessive local containment steel temperatures would not occur.

When hydrogen burning criteria are no longer satisfied, hydrogen would
accumulate in the containment. The hydrogen concentration would be

controlled to less than 6% by purging (see item 17). Since the

,

.
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hydrogen concentration is maintained well below explosive levels, the
containcent integrity would not be challenged by hydrogen reactions.*

14. Water vapor from concrete in the operating floor and head access area
would enter the containment atmosphere.

The soaium oxide created by the sodium-oxygen, sodium-carbon dioxide,

and sodium-water reactions in containment would react with the excess
water vapor in the containment atmosphere to form sodium-hydroxide.

15. The maximum containment pressure of 22 psig (peak pressure results from

assumption that accumulated hydrogen burns instantly) is well below the
failure pressure. Scoping calculations indicate that thE failure
pressure is in excess of 30 psig for these conditions (see Table 3-10).

16. At 36 hours the annulus cooling system is assumed to be activated to
maintain the containment temperature at an acceptable level and the
containment is vented to avoid excessive long term pressure and to

allow a purge of fresh air to be initiated.

* Hydrogen stratification would not occur at the top of the containment af ter
hydrogen flame extinguishment. The f ree convective currents and rapid
diff usion of hydrngen in air prevent stratification. The free convective
buoyant forces are about twice as large as those due to the density
diff erence between hydrogen and air at the time of hydrogen flame
extinguishment in containment. The diffusion coefficient of hydrogen in air
is triple that of oxygen in air - thus rapid diff usion of hydrogen
throughout a gaseous system will occur.

After 36 hours, when venting and purging begin, hydrogen stratification
would not be detrimental, even if it were to occur, as venting would be f rom j

the top of containment. Any hydrogen assumed to be stratified would then be {

preferentially vented.

Even though hydrogen stratification should not occur, the containment
hydrogen concentration sensors will prudently be located at the top of
containment as described in Section 2. Thus, even if hydrogen
stratification were to occur, explosive concentrations would not be reached
because the purge rate would maintain the hydrogen concentration (at the
most likely stratification point) to less than 6%.

O
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17. At 39 hours a purge of fresh outside air is assumed to be initiated and(m)
(, / maintained at a rate sufficient to keep the hydrogen concentration

below explosive levels.

18. To reduce radiological consequences, all radioactive materials (except
gases) vented from containment would be filtered by the cleanup
system. The radiological releases are discussed in Section 4.0.

19. Upon sodium boil-dry, at about 130 hours, the fuel in the reactor
cavity would penetrate into the concrete. Shortly after sodium
boil-dry, the annulus air cooling system operation could be terminated
since sodium reactions are the principal containment heat source.

20. After the sodium boils away and the sodium reactions in containment
cease, the vent and purge rates could be reduced. Steam and carbon
dioxide from the reactor cavity concrete and possible hydrogen and
carbon monoxide from the steam and carbon dioxide reacting with molten

'

steel are the only gases being produced which would necessitate venting
and purging.,

At approximately 8000 hours, the quantity of gases generated would be
sufficiently small that containment venting and purging could be
discontinued.

21. The fuel is calculated to penetrate 10 to 20 feet into the basemat or
about 40 to 80% of the total concrete thickness below the reactor
cavity before reaching a stable configuration. This maximum

penetration would occur approximately 2 to 6 months af ter the event was
initiated.

The molten fuel-concrete pool would freeze in that location.
Therefore, the HCDA progression would be complete. The only residual

energy would be a small decay power that would be reFly conducted and ]
convected to the environment by natural processes. j

- (A)
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22. Long term containment structural capability is maintained above the
basemat even though reactor cavity structures and the basemat below the
reactor cavity may be degraded.

3.2.2 Containment Transients Prior to Sodium Bolldry

3.2.2.1 Containment Pressure, Temperature and Mass Transient Analyses

Analytical Model

Hypothetical containment transients were determined by performing energy and
mass balances, including chemical reactions, on four interconnected cells
using the CACECO computer code (Figure 3-5). These cells represent the
reactor cavity (RC), the three pipeway cells located adjacent to the reactor
cavity, the containment volume above the operating floor and reactor head
(RCB), and the air atmosphere cell belcw the operating floor (Cell 105).
The analytical model is summarized in this section. Appendix C.1 provides
the details of the model and its data base.

The analysis considers the following:

1. The steel liners that cover and protect the concrete roofs, walls and
floors of the pipeway cells and the walls and roof of the reactor
cavity are vented to Cell 105.

2. Fuel / steel on the reactor cavity liner would be expected to be in the
form of particulate cooled by sodium. Consequently, liner failure in
the reactor cavity is considered to be unlikely or of limited extent
early in the scenario. If liner failure occurred, it is not expected

to be by melting but by local rupture due to excessive strains. Fuel
is expected to be in particulate form because (1) it should remain in
particulate form when penetrating the reactor and guard vessels and (2)
even if it is in molten form, the M series of experiments of ANL

(Reference 3-6) indicate that it will particulate when contacted by
sodium before liner penetration occurs. The M series of experiments

O
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also show that any molten steel will particulate in a manner similar to
that of molten fuel (Appendix G.1 discusses these phenomena in greater

detail).

The fuel would be expected to remain in particulate form while penetrating
the reactor and guard vessels because the physical sequence of events is

predicted to be:

Immediately after the HCDA, fuel would be quenched in the sodiuma.

and settle on the reactor vessel lower head.

b. Due to the probable thickness of the debris bed and the heat

generation rate the debris bed would dryout,

j c. When this occurs the bed would rise rapidly in temperature to the

melting point of steel.
,

d. When the melting point of steel is reached, the steel in the debris

y bed would melt and provide a media for transporting heat to the
vessel,

e. With molten steel in contact with the vessel, it would fail before
the debris bed temperature increases significantly above the

melting point of steel.

Therefore the debris bed temperature when it reaches the reactor cavity
liner would be near the melting point of steel (#25000F) and not at
molten fuel temperatures (40000F).

Consequently, liner penetration by melting is not expected because
either the fuel should be in particulate form at the time of vessel
penetration, or even if molten fuel did contact the liner following
penetration of the vessel, experiments show that'particulation'would
occur when soditsn contacts the fuel on the liner. Appendix G.1
investigates the sensitivity to bed levelling characteristics in the
reactor cavity.

J
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3. Water and carbon dioxide released by heating the concrete floor of the
reactor cavity (and other surf ace areas with f ailed liners) reacts
exothermically with the sodium pool (or sodium atmosphere) producing

hydrogen, sodium hydroxide, sodium carbonate, and carbon.

Sodium-concrete reactions occur over the areas with failed liners in
contact with liquid sodium until an accumulation of reaction products
limits the reaction ( Appendix C.1).*

4. Water released by heating the concrete floor of the RCB exothermically
reacts with sodium forming hydrogen and sodium oxide and reacts with

sodium oxide, producing sodium hydroxide.

5. The CACECO modeling, which is appropriate prior to sodium boildry, does

not consider any fuel-concrete reactions. The reasons are:

a. Section 3.2.1 and Appendix G.1 indicate that the fuel would in a
coolable debris bed spread over the reactor cavity floor at boiling
sodium temperatures. Fuel would not melt through the liner. Liner
failures, if they occur, would be localized. Therefore, with a

Umaximum temperature of #1700 F, fuel melting into concrete

would not occur.

b. Chemical reactions between the oxides in the concrete (Mg0 and Ca0)

and fuel would not occur at boiling sodium temperatures (the
carbonates in the concrete would decompose into oxides).

Experiments at ANL with concrete at molten fuel temperatures

*0ther gases released by heating the concrete floor of the RC are given in
Table 6b of Reference 3-7. The combustible gases released are (other than
hydrogen) a small fraction of the total gases released (a maximum of 6%).
When the gases released from the concrete are mixed with the much greater
mass of gases in the atmosphere of the containment building, the
contribution to the explosive potential is sufficiently small so that it can
be neglected. The energy released when the other combustible gases burn is
insignificant when compared to the energy released from burning sodium and
hydrogen.

O
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(Reference 3-6), and at Westinghouse Advanced Reactors Division
-

' with Mg0 refractory at molten fuel temperatures (Reference 3-14)
did not indicate any chemical reactions. If reactions were not
observed at molten fuel temperatures, they would not occur at the

much lower temperatures associated with boiling sodium.,

6. The reactor containment building is vented to atmospheric pressure
beginning at 36 hours after the accident. After depressurization, an
air purge is provided to maintain the hydrogen concentration below 6,

percent.

7. At the assumed time of reactor and guard vessel penetration (1000

seconds), direct interconnection between the reactor cavity, pipeway
cells, and RCB was assumed to simulate the burst disk rupture and the
reactor cavity-to-containment vent system. Simultaneously a direct
interconnection was assumed between Cell 105 and the RCB to simulate
leak paths between these spaces.

8. Heat was conducted from the reactor cavity, pipeway cells, containment,
and Cell 105 by a series of one-dimensional heat structures. The heat
capacity of the steel structures in the reactor cavity and containment
were also considered.

Processes Considered

1. The fission product decay heat is based on steady-state operation at
975 PW. The decay heat associated with the noble gases is directed to
the containment atmosphere inmediately. The heat associated with the

halogens and velatiles is conservatively assumed to be contained in and
carried with the sodium. The remainder of the decay heat is released
to the sodium pool at the bottom of the reactor cavity.

62. Approximately 1.1 x 10 pounds of the primary system sodium inventory
would be released into the reactor cavity af ter penetration of the
reactor and guard vessels. The initial sodium mixed mean temperature

OG
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would be 990 F which assumes no heat loss from the reactor cavity

prior to penetration at 1000 seconds. The sndium pool in the reactor
cavity would be approximately 17 feet deep. This is the elevation that
would be obtained assuning a uniform level in the reactor cavity.
However, to accommodate the possible pressurization of the reactor
vessel, relative to the reactor cavity atmosphere, the horizontal
baffles behind the reactor cavity liners described in Sections 2.1.2.4
and 2.2.4 are placed at an elevation of 26 feet above the reactor
cavity floor. The opening in the bottom of the reactor vessel would
limit the effects of vessel pressurization to that associated with
displacement of the sodium in the vessel. Complete displacement of the
sodium in the reactor vessel would result in an increase in the sodium
level in the reactor cavity to less than the 26 foot elevation (see
Figure 3-33).

3. The decay energy of the Na-24 is added to the sodium.

4. In the containment atmosphere, sodium vapor reacts with the oxygen,

carbon dioxide and water vapor.

5. Hydrogen that is vented from the pipeway cells to containment reacts
with oxygen if the hydrogen burning criteria are satisified.

6. At vessel penetration 1000 lb of sodium is assumed to be injected
through the head to containment and is assumed to burn instantaneously.

Analysis Results For 36 Hour Vent

The analysis results are based on the scenario in Section 3.2.1 and on the
analytical model in the previous section and are described in more detail in
Appendix C.l.

The maximum reactor cavity transient pressure peak (29 psig) is calculated
to occur immediately after quard vessel penetration. The value is
conservative since the CACECO code assows insi .mt.umous, complete

combustion of the 2% oxygen initially in the cavity. In reality, the

O
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(3 combustion would require some time: thus the pressure rise would be at a

(.) slower rate, which would result in a lower maximum pressure because the
reactor cavity would relieve its own pressure through the reactor |

cavity-to-containment vent system. The maximum pipeway cells transient
pressure peak (13 psig) was found to occur in less than one minute after
vessel penetration. The corresponding reactor cavity and pipeway cell
atmosphere temperatures were found to be 12400F and 5000F respectively.

The sodium in the reactor cavity would increase in temperature due to the
energies from the fission products, fuel, sodium 24 activity,
sodium-concrete reaction, sodium-water reaction, and the sodium-carbon
dioxide reaction. The reactor cavity atmosphere temperature history is
shown in Figure 3-6. Figure 3-7 gives the cavity pressure history. Sodium
boiling would begin at about 9 hours as shown by the increase in sodium
entering containment in Figure 3-8. l

|

The sodium vapor, as well as hydrogen and any remaining nitrogen and argon,
would pass through the three pipeway cells into containment through the
renctor cavity-to-containment vent system. The rate of sodium entering the

U containment from the reactor cavity is shown in Figure 3-8.

The water vapor and carbon dioxide, released from the concrete when it is
heated, would he vented from behind the reactor cavity and pipeway wall
liners by the liner vent system, to spaces below the operating floor. The

,

water releases per unit area are shown in Figure 3-9. Water and carbon

dioxide from the cavity floor would react with the sodium pool.

Upon reaching containment, the hydrogen generated in the reactor cavity and-
hydrogen generated by the sodium-water reaction in containment would react
with oxygen if either criterion (a) or (b) is met in combination with
criterion (c) as discussed in Sectiore 3.2.1. The sodium concentration

entering the reactor containment building, shown in Figure 3-10 would
satisfy criterion (b) after approximately ten hours following vessel
penetration. During this time the hydrogen concentration in containment
would reach 4.5%. This hydrogen would burn while the burning criteria are

f~')\L

3-31



CRBRP-3
Vol.2, Rev.0

satisfied as the natural circulation in containment moves the hydrogen

through the flame zone. The oxygen concentration as indicated in Figure
3-12 remains above 8% for 36 hours and above 5% for 38 hours (satisfying

criterion c). Hydrogen does not burn between 36 and 38 hours since the
containment accumulation is less than 4%.

When the hydrogen burning criteria are no longer satisfied, hydrogen would
accumulate in the containment as shown on Figure 3-11. As the figure
indicates the hydrogen concenti ation would remain below 6% well beyond 24
hours. Containment integrity th..s would not be challenged by excessive
hydrogen concentration.

The maximum containment pressure is 22 psig at 10 hours, from Figure 3-7,
well below the calculated failure pressure of containment (greater than 30
psig). The maximum containment pressure results from the assumption that
the accumulated hydrogen burns instantly. Section 3.2.2.5 discusses the
containment pressure capability.

At 36 hcurs the annulus cooling system is activated and containment is
vented at the rate shown in Figure 3-13 to avoid excessive containment

temperatures and long term pressures.

At 39 hours a purge of fresh outside air is initiated and maintained at a
rate (8000 scfm) sufficient to keep the hydrogen concentration below
explosive levels as indicated on Figure 3-11. The purge rate is shown on

Figure 3-14.

The sodium boils away in approximately 130 hours.

The sodium oxide and sodium hydroxide formed in containment (neglecting

aerosol leakage) is presented in Figure 3-15 as a function of time.

The concrete structure temperature transients are shown in Figures 3-16

through 3-26. The steel containment vessel temperature history calculated

O
3-32



CRBRP-3
Vol.2, Rev.0

rN by CACECO is included in Figure 3-6. More detailed thermal analyses of the
containment and confinement structures are provided in Section 3.2.2.2 and
the structural assessments are provided in Section 3.2.2.5.

The temperatures for structures adjacent to the reactor cavity and pipeway
cell atmospheres in Figures 3-16 through 3-26 are based on free convective
heat transfer coefficients (see Appendix C.1) during the early part of the

scenario when non-condensible vapors (H , N , Ar) are present in the2 2
reactor cavity and pipeway cells. Af ter depletion of the non-condensible
vapors the analysis considers condensing sodium heat transfer coefficients.

Analysis Results For 24 Hour Vent

Since the NRC requirement is to maintain containment integrity without
venting for 24 hours, additional analyses were performed to determine the
impact on containment conditions of initiating RCB venting and the annulus
cooling system operation at 24 hours.

With containment pressure less at 24 hours than at 36 hours without venting
(11.1 psig versus 13.1 psig) the vent rate would be reduced from 24,000 acfm
to 21,000 acfm. Containment would be depressurized at approximately 27.6

hours at which time purging would be initiated. If an 8000 scfm purge rate
is used (same as the base case) there would be no hydrogen accumulation in
containment since the oxygen concentration would be sufficient (greater than
8%) to burn all of the hydrogen. Alternatively, the purge rate could be
reduced to approximately 5,500 scfm, which would maintain sufficient oxygen
(greater than 8%) to prevent any hydrogen accumulation in the containment

t,uilding for the first 80 hours into the scenario. Af ter 80 hours, the
hydrogen concentration level would be maintained at approximately 4%, which
is comparable to the case with venting at 36 hours.

Based on a peak vent rate of 21,000 acfm initiated at 24 hours and a purge
rate of 8000 and 5500 scfm initiated at 27.6 hours, the containment

conditions are shown in Figures 3-79 through 3-83.

O
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3.2.2.2 Thermal Analysis of the Containment-Confinement Stri ctures

The containment and confinement thermal transients computed by the CACECO

code are one-dimensional. For proper structural analysis of these
structures, considering the design of the annulus cooling system,
two-dimensional transient analyses are required. Consequently, additional
thermal analyses were performed to define the temperatures in the
containment and confinement structures.

Model

These analyses used the thermal model shown in Figure 3-27 with the TRUMP
computer code. The thermal transients imposed on both the containment and

confinement are based on the scenario of Section 3.2.1. The forcing
function for the TRUMP model is the heat load to the steel containment,

shown in Figure 2-8, and the heat load to the operating floor, both based on
CACECO analyses (but increased about 10% to allow for variations in the base

case scenario).

Heat is transferred from the RCB atmosphere to the steel containment and the
operating floor by convectio.i. Subsequently, heat is transferred from the
steel containment to the ar.nulus cooling air (by convection) and to the
concrete confinement (by both convection and radiation).

Air flow through the annulus is modelled by nodes 1 through 5. Overall flow
is from the 80 F external atmosphere (node 8100) to nodes 1, 2, 3, 4, 5
and finally, back to the external atmosphere. In the annulus, various

baffling structures produce different velocities (and hence convective heat
transfer coefficients) at different elevations. In the cylindrical region
and upwards te 20 feet above the critical structural reginn, the baffles
spiral around the annulus producing high velocity flow and enhance
convective heat transfer. In the upper dome region, where the space between

the containment vessel and confinement building increases, the cooling air
velocity (and hence convective heat transfer coefficients) are relatively
low. The annulus flowrate is 400,000 scfm and the coolant flow is assumed

O
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' to be initiated at 36 hours, consistent with the scenario defined in Section
3.2.1. To reduce steel containment temperatures near the 816 ft, level,'

insulation on the interior surface is used between elevations 816 ft. and
823 ft. The analysis assumed this was Aluminum Silicate insulation material
(7 ft. high and 0.5 ft. thick). The thermal properties of this insulation
are included in Table 3-9, along with the thermal properties used for other
structures studied.

Results

At 24 hours, the peak containment vessel temperature is #350 F; the
0containment vessel temperature at the 816 ft. level (node 1101) is <140 F;

,

and the peak confinement building temperature is <180 F. Between 24 and

36 hours temperatures continue to rise, but peak temperatures occur af ter 36
hours. Figures 3-28 through 3-32 show the containment vessel and
confinement building temperatures at selected locations i etween 36 hours and

0200 hours. The peak steel containment vessel temperature is e640 F. The
maximum steel containment vessel temperature at the 816 ft. level is

0
) 220 F. The peak concrete confinement building temperature at the

0operating floor elevation is #170 F. The peak concrete confinement

building temperature is #380 F, occurring at the 977.5 ft. level (node
315). Also, the concrete confinment building temperature exceeds 350 F
for nodes 305 through 314. These nodes represent 6 inches of the

confinement building structure in the dome region (i.e., above <925 ft).

The temperature spike observed is caused by the increase in the heat
generation rate in the system due to initiation of venting at 36 hou:s
(which decreases the RCB pressure and results in an increased boiloff

rate). At that time, the heat generation rate momentarily exceeds the
cooling system capability, and there is a rise in temperature which is
abated as the generation and removal rates equalize. Later, removal and

generation rates are approximately equal and temperatures level out. During
this time period, the concrete confinement building temperatures exceed
350 F for nodes 311 through 315. Eventually, the removal rate exceeds the
generation rate, and temperatures drop.

G(~'N
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3.2.2.3 Thermal Analysis of Reactor Cavity Ledge

O
The TRUMP finite element model used to analyze the reactor cavity ledge

thermal transients prior to sodium boildry is shown in Figure 3-75. The

input to the calculation consists of two boundi conditions, one imposed

above the vessel support where the reactor containment building atmosphere
contacts the concrete; the other is imposed below the reactor vessel support
where the reactor cavity atmosphere contacts the walls. The boundary
conditions consist of the time dependent temperatures and heat transfer
coefficients obtained from the CACECO code output. These are given in lable

3-13. The concrete thermal properties are those listed in Table C.1-6.

Results

Figures 3-77 and 3-78 show the temperature response of the ledge at selected
locations. These temperatures were used ic the structural assessment of the
reactor cavity ledge discussed later.

3.2.2.4 Peak Concrete Water Release Analysis

The CACECO code was used in a simple one-dimensional analysis of the reactor

cavity floor and of the reactor cavi!/ submerged wall to determine the peak
concrete water release rate behind the liner to define the required liner
venting capability.

Model

In the model the cavity liner was represented as a separate heat structure.
The insulating concrete (or Mg0 aggregate-cavity floor) and 12 inches of
limestone concrete were represented by 8 heat structures with 25 nodes per
structure. The fine nodal representation was developed to provide a
realistic water release. The first calculation modelled the reactor cavity

floor and employed a sodium pool temperature boundary condition which
assumed no floor liner f ailure in the scenario described in Section 3.2.1.
The second calculation modelled the reactor cavity submerged wall liner and

O
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,6 used the appropriate boundary condition from the Section 3.2.2 analysis

h results. Radiation and conduction modes of heat transfer were modelled
across the 0.25 inch air gap between the liner and insulating concrete
surface (or Mg0 aggregate surface).

Results

The peak water release rates were found to be 6.3 lb/hr-f t2 and 8.9
lb/hr-ft2 for the submerged wall and floor respectively. Figure 3-84
presents the water release as a function of time f or the two calculations.

3.2.2.5 Structural Assessments Prior to Boildty

Structural assessments were made to determine whether the internal
structures in the RCB as well as the outer containment and confinement
structures can withstand the imposed TMBDB temperatures and pressures and

meet the scenario requirements. These assessments are preliminary and for

this reason the attention in the numerical evaluation was focused on those
structures or regions of structures which were considered most critical.

V Detailed structural evaluations will be carried out in the future and will
be incorporated in this report when completed.

The structural assessments include evaluations prior to and af ter sodium
boildry. In the pre-boildry period particular attention is given to the
integrity of structures up to 24 hours af ter the HCDA, and to the times of
potential liner or other structural failures. The post boildry assessments
examine long term containment integrity and are presented in Section
3.2.3.3.

3.2.2.5.1 Evaluation of Reactor Cavity

The Reactor Cavity is essentially a cylindrical structure that extends
approximately 70 feet above the foundation mat (Figure 3-33). The lower
portion is 40 feet in diameter with a wall 7 feet thick while the upper 16
foot section provides a ledge for the reactor vessel and varies in diameter
and thickness.

[vI

3-37



CRBRP-3
Vol.2, R;v.0

A typical section of the Reactor Cavity wall is shown in Figure 3-34. The

wall is lined with a 3/8'' thick carbon steel plate anchored to the

reinforced concrete wall with Nelson studs. Between the liner and the
concrete wall there is a 1/4 inch air gap which is provided to allow venting
of the gases produced in the concrete by the elevated temperatures. The
interior 4 inches of the Reactor Cavity concrete wall consists of a layer of
lightweight insulating concrete provided to protect the outer structural
concrete from the effects of the elevated temperature during a postulated
sodium spill accident.

The floor liner is anchored to the structural concrete of the floor by 1/2
inch web I beams. Between the floor liner and the floor structural concrete
there is a 4 inch layer of insulating gravel which, in the case of a sodium
spill event, provides protection to the structural concrete and at the same

time a venting path for the gases generated by the elevated temperatures.

The vent space behind the liner is separated by baffle plates into four
regions, the floor, the lower and upper submerged wall, and the
non-submerged wall in order to prevent sodium or sodium vapor from entering
one region when liner failure occurs in another region. The floor space is
vented in the containment above the operating floor while the spaces between
the concrete wall and the liner are vented into Cell 105.

Integrity evaluations were made for the Reactor Cavity concrete wall and the
steel liner under the temperature gradients and the pressures specified for
the pre-boildry period in Figures 2-1 to 2-18 of this report. The methods
of analysis, structural models and criteria are discussed in the following
sections. The results of the evaluations may be summarized as follows:

1. The analysis at 24 hours indicates that the steel liners and

concrete structures would be intact.

2. Failure of the various steel liners is estimated to occur at the
following times:

O
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Reactor Cavity Floor 0 hours (assumed)
Lower Submerged Reactor Cavity Wall 50 hoursv

(up to 8 ft above the floor)
Upper Submerged Reactor Cavity Wall 70 hours

Non-Submerged Reactor Cavity Wall 80 hours

3. The Reactor Cavity concrete wall will be severely cracked with some
degradation shortly after the liner failure times. However, this

wall is not expected to collapse before sodium boildry time.

The above conclusions are in accordance with the scenario requirements

described in Section 3.2.1.

3.2.2.5.1.1 Reactor Cavity Liner

3.2.2.5.1.1.1 Evaluation for First 24 Hours

The Reactor Cavity liner is a 3/8" plate of SA 516 (Grade 55) a low carbon
steel. The wall portion is anchored to the concrete with 3/4 inch diameter
Nelson studs welded at 12 inches on centers * while the floor liner is
supported on 1/2" web I beams (Figure 3-34). The material properties and
failure criteria for this type of steel are given in Appendix C.3.

According to the scenario, sodium is released in the Reactor Cavity 1000 -

seconds af ter the HCDA at a temperature of about 9900F and fills to a

level 26 feet above the floor. The imposed temperatures on the liner range
0 0from about 990 F imediately after the sodium release to over 1800 F at

the time of sodium boil-dry. The corresponding differential pressures vary
as shown in Figures 2-1 and 2-4 with a maximum value of 30 psi shortly after
the accident. In addition to the differential pressures the sodium imposes
a hydrostatic pressure on the submerged portion of the cavity.

* The typical design of the cell liners utilizes 1/2 inch diameter studs
welded to the liner plate on 15 inch centers. The reactor cavity liner
anchor stud design has been augmented for TMBDB as described above,

q
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Assumptions and Criteria

The following assumptions were made with regard to the liner, the degraded
concrete and floor insulating gravel:

a. The material properties and f ailure criteria for the liner are
those described in Section C.3.4.

b. The floor liner fails completely and the sodium fills the voids of
the insulating aggregate above the floor structural concrete. The
flow of sodium will be limited by the embedment plate of the
vertical wall liner.

This is a conservative assumption in the calculation of pressures
and temperatures in that the liner would likely fail in localized
areas, and sodium-concrete reactions muld not occur over the

entire floor area.

c. As a result of thermal stresses and the self-limiting reaction
between-sodium and concrete about 12-14 inches of floor structural
concrete will be degraded in 24 hours af ter the HCDA (employing
conservative estimates). The portion of concrete degraded by the
sodium-concrete reaction is 2 inches, which corresponds to the rate
of 0.5 inches per hour for four hours, as discussed in Section
C.1.2.3.

d. The degradation of the concrete and of the floor insulating gravel
does not affect the given temperature. distributions.

e. The. wall liner anchors will be given sufficient length such that
they will be e bedded in sound structural concrete during the timem

that liner integrity is essential,

f. The wall liner holds the degraded concrete in place preventing the
spalled concrete from falling..

O
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9 The degraded concrete allows the liner anchors to bend but support
V the liner plate against out-of-plane deflection caused by the

internal pressure. Also, the degraded concrete provides enough
support to prevent the anchors from buckling.

Method of Analysis

The Reactor Cavity wall liner was analyzed by elastic-plastic finite element
techniques using the computer program ANSYS. The analyses were carried out
applying the temperature and pressure incrementally and using the large
deflection theory. The mathematical model of the lower section of the wall
liner included the plates that anchor the liner into the wall (Figure
3-35). The portion away from the lower embedment was modeled as a

restrained panel supported by the studs (Figure 3-36). The junction of the
liner and baffle plate at 26 feet above the floor was represented by the
model shown on Figure 3-37.

The lateral displacement of the liner in the outward direction is limited by
the Reactor Cavity concrete wall. This was included in the analysis by
introducing in the models gap (or friction) elements in the direction of the
concrete. In using these elements the computer program iterates internally
and when the limiting value of the displacement is reached at a point (that
is when the liner comes in contact with the wall) the gap closes and
reaction forces are developed at that point.

Results

The results of the investigation using models of restrained panels, which
represent the liner away from the floor or other irregularities, show that
shortly af ter the HCDA the liner undergoes significant deformations and
comes in contact with the concrete wall in the region at the center of each
panel. As the temperature increases, and the potential outward deflection
is prevented by the concrete wall, the liner plate near the stud anchors
begins to deflect inward imposing forces on the studs in the same direction
(Figure 3-38). Thus, the stud anchors go in tension and the internal

3-41
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pressure is transmitted to the concrete wall through the central region of
each panel. The liner plate is generally in compression except around the
anchor where the bending stresses become significant and the inward face of
the plate goes into tension. These effects continue until the temperature
reaches 1350 F at about 4 hours after the HCDA at which point the average
coefficient of thermal expansion, a for steel, begins to decrease

ave
(Figure C.3-20) due to changes in the internal structure of the material
(Appendix C.3.4.2). From this point on unloading takes place up to
T = 1550 F where n begins to increase with temperature again. The

ave
liner plate is generally in tension and the studs in compression at and near
1550 F and go back to compression and tension respectively at higher
temperatures.

The typical design for the cell liners includes 1/2 inch studs anchored in
the concrete wall at 15 inches on centers. The results of the analyses for
the reactor cavity indicated that with such a system the generalized strains
in the stud anchors would exceed the allowable values in tension when the
temperature reached 1350 F only a few hours after the HCDA. An analysis
with the same model and including the effects of creep indicated that
sufficient relief in the mechanical strains wou'd occur because of creep and
the allowable limits might not be exceeded at least away from the junction
with the floor. The strains, however, were still high and considering the
sensitivity of the strains in the studs to certain parameters it was

considered essential to introduce changes in the system in order to easure
integrity. Subsequently, the reactor cavity design was augmented by using

3/4 inch studs welded to the liner at 12 inches on centers. The discussion
that follows refers to this particular design.

For the submerged oortion of the wall liner the calculated values of the von
Mises generalized strains at times which are either critical or of
particular interest it. this stedy are sumarized in Table 3-14. For the
portion away from tne floor, represented by a restrained panel (Figure

3-36(b)) results are tabulated for T = 1350 F which occurs at
approximately 4 hours after the HC0A and for T = 17000F at 10 to 24

hours. At 1350 F the maximum value of the generalized von Mises strain

O
3-42



CRBRP-3
Vol.2, Rev.0

for the wall plate under biaxial compression, although high, is below the
V allowable. The strain in the studr which are in tension, is small. At

01700 F all the values of the generalized strains fall below the
allowable. The same is true in the ranga near 15500F where the liner
plate goes into tension and the anchors in compression. For the portion of
the liner near the floor, represented by the model in Figure 3-35, the
results indicate large strains but within the allowable values at
temperature of 13400F.

For the liner above the sodium pool the results, which are similar to those
for the submerged portion, are suninarized in Table 3-15 for T = 13500F
which results in the maximum strain at approximately 9 hours af ter the
HCDA. The generalized von Mises strain for the liner, and the studs are
within the allowable values.

Certain analyses were carried out to determine whether the wall liner could
sustain pressure build up behind the liner in the inward direction. The
results of these analyses, using the model in Figure 3-36(b) and the large
deflection theory, indicate that the liner will retain its integrity for

V differential pressures of at least 5 psi in the inward direction.

The effect of creep on the response of the liner was examined using a model
representing a restrained panel of the submerged portion of the liner.
Incremental analyses between zero and 24 hours, taking into consideration
the effect of creep in the temperature range above 10000F, showed that |

Icreep strains relieve significantly the mechanical strains resulting from
temperature. This relieving effect btgins early and provides a significant
additional margin of safety at the time when the temperature reaches the i

critical level of 13500F.

-In all the analysec discussed so far the material properties used were those
corresponding to testing strain rates of 10-4 in/in/sec., which show
higher deterioration of the strength at higher temperatures. In the
scenario under consideration, however, with the sodium initially at 9900F,
it is expected that the liner temperature will reach this level in a short |

V(%
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time and then continue to rise at a slower rate. To account for the
different rates of temperature rise, and consequently different strain
rates, an analysis was carried out using a restrained panel model and
material properties corresponding to strain rates of 10-1 in/in/sec up to
9900F and rates of 10-4 in/in/sec at higher temperatures. The results
of this analysis in terms of generalized strains were almost identical to
those where material properties corresponding to the slower strain rates
were used throughout the analysis.

Conclusions

The results of the investigation show that if the effects of creep are not
considered, the wall liner plate and certain studs near the floor are
subjected to large but permissible deformations early after the HCDA. When
creep is taken into account substantial relief in the mechanical strains

begins (at T = 12000F) and the margins increase significantly.

Based on findings of this study, it is expected that the submerged wall
liner and the portion above the sodium pool will retain their integrity for
at least 24 hours af ter the HCDA.

3.2.2.5.1.1.2 Evaluation of RC Liner Beyond 24 Hrs.

Based on results from the 24 hour evaluation and considering material
properties and temperatures at later times, it can be concluded that the RC
liner will retain its integrity as long as the deformations, degradation and
cracking of the supporting concrete are not excessive. This conclusion was

used as a basis for the preliminary investigations to determine the time ef
potential liner failure. The expected degradation of the concrete wall at
different times was calculated as explained in Section 3.2.2.5.1.2 and it
was found to be generally small. The RC wall deformations were found to be
insignificant for the flexible liner plate, and generally in the direction
that would be relieving the liner strains, as long as the capacity of the RC
wall is not exceeded. When the capacity of the concrete wall is exceeded,
indicating plastic hinging or shear slip, it was assumed that the imposed
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_- deformations on the liner would be excessive and failure would occur at that
time. This method provides a conservative estimate of liner failure time
(early) and considerably simplifies a very complicated interaction problem.

The times that the capacity of the reactor cavity is exceeded either in
flexure or shear were calculated using the methods and models described in
Section 3.2.2.5.1.2 and are as follows:

Lower Submerged Wall (up to 8 ft. above floor) 50 hours

Upper Submerged Wall 70 hours

Non-Submerged Wall 80 hours

3.2.2.5.1.2 Reactor Cavity Concrete Wall'

The evaluation of the Reactor Cavity concrete wall was performed by the
analysis of the following sections which were considered representative of
the structure:

1. The wall as a long cylinder, away from boundaries;

2. The portion near the floor to consider the effects of the restraint

that prevents radial deflection and rotation of the cylinder.

3. The portion near the Head Access Area which is radially restrained
by the slabs at Elev. 786 ft.

4. A horizontal section of the reactor cavity to consider the effects
of radial restraints, representing the massive concrete shield
walls.

The temperature gradients and pressures considered are given in figures 2-1
to 2-11. In addition, the dead load and the hydrostatic pressure due to the
liquid sodium were included in the evaluations.

The radial temperature distribution is different in the submerged portion of
the wall from the portion above the pool, and it is assumed uniform within

LJ
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each of these regions. A smooth transition exists between the two
distributions, flowever, even if the change in temperature were considered
to occur abruptly at the interface the effect of the restraint imposed on
the hotter section by the cooler section would be small compared to the
similar effect at the base.

The temperature effects on reinforcing steel were accounted for by using
temperature dependent properties ( Appendix C.3). The concrete cover on the
reinforcing steel is such that no contact with liquid sodium is expected
before sodium boildry. Even if there is contact of the reinforcing steel
with sodium, test results reported in References 3-21 and 3-22 show that
there is no significant chemical reaction of carbon steel with sodium.

The dynamic loads associated with the HCDA occur within a few hundred

milliseconds as upward and downward impactive type forces. These dynamic

loads act several minutes before the thermal loads start acting on the
structure. The reactor support ledge is designed to withstand these dynamic
loads. The total support ledge load was distributed along the shear section
proportional to the stiff ness developed by the ledge. The allowable
stresses are in accordance with A.C.I. Building Code Requirements 318-77,
Section 11.7. The maximum shear stress allowed is 20% of the compressive

strength (4000 psi) or a maximum of 800 psi.

Checking the critical section for shear friction in the reactor vessel
support ledge, the following maximum shear stresses were calculated:

a - In the plane of anchor bolts: 400 psi.

b - In the critical shear plane: 650 psi.

The results are well below the 800 psi allowed.

The TMBDB loads start seconds af ter the HCDA dynamic load and therefore the
two loads do not act simultaneously. Only the dead weight of the vessel
acts on the ledge simultaneously with the TMUDB thermal loads. Based on the

O
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h current analytical results of the Reactor Cavity wall under the TMBDB loads,D it can be concluded that the ledge will be capable of withstanding the
vessel weight for at least twenty-four hours af ter the TMBDB event.

Assumptions and Criteria

The following assumptions were used in the investigation:

a. No concrete strength gain with age is considered.

b. The stress-strain relationship for concrete and steel is
temperature dependent and defined by the curves in Figures C.3-9
and C.3-15. Other properties are as described in Appendix C.3.

c. The temperature distribution through the RC wall thickness is
constant in the regions above and below the sodium pool.

d. In the flexural analysis of the concrete sections, the liner
interaction can be neglected.

,

The following criteria were used in the investigation:

a. Concrete at temperatures of 12000F or more is totally degraded

i and incapable of carrying stress.
4

b. Concrete with a stress inducing strain exceeding the limits defined
in Appendix C.3 is crushed and therefore does not develop any

stress.

Reactor Cavity Wall as a Long Cylinder i

Elasto-plastic finite element analysis with th computer program ANSYS was

j performed to determine radial displacements and stresses in a cylinder of
infinite length. The simplified analytical model used, consists of a
vertical cylinder of-the same diameter and wall thickness as the Reactor

- tv

!
l
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Cavity (Figure 3-39). Although the 1er.gth of the model is three inches, the
boundary conditions of the model permit free radial and longitudinal
expansion through the wall thickness, thus simulating a cylinder infinitely
long. The computer program ANSYS does not have the capability to account
for different tensile and compressive material properties, as is the case
with concrete, and for this reason cracking was included in the analysis by
an iterative process. First, the same properties were assumed in
compression and in tension and then the solution was iterated, each time
changing the properties of the elements in tension, until the process
converged.

Ar.alyses of this type were carried out at different times up to sodium
boildry to determine the condition of the cavity wall away from the
restraints and to provide information on the potential radial and vertical
displacements. Typical results on the distribution of stresses across the
wall thickness are shown in Figures 3-40 and 3-41 at 132 hours (boildry
time). Bending moments were calculated from these stress distributions and
were compared with the ultimate capacity of the section in question.

The results of this analysis indicate that the properties of the Reactor
Cavity wall away from restraining elements can sustain the imposed loads at
24 hours af ter the HCDA with substantial margin and its capacity will not be
exceeded before sodium boildry.

Reactor Cavity Wall Section at the Base

The analysis for the infinitely long cylinder provided information on the
potential radial displacements of a cylinder free of restraints. The fixity
at the base, however, prevents the radial displacement and any rotation of
the section. The moment, radial shear, and hoop force required to meet the
boundary conditions were calculated and were superimposed on the values

calculated for the reactor cavity wall as a long cylinder.

The results of this analysis indicate that the reactor cavity wall near the

base, with additional vertical and hoop reinforcing bars and shear

O
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(N reinforcement, can withstand the imposed temperature gradients and other
' loads for at least 50 hours before its capacity is exceeded. It should be'

pointed out, however, that a small relative slip between sections is
expected to relieve u.e thermal effects and prevent excessive damage. For
this reason, and in view of the results of the long cylinder analysis beyond
50 hours and the naturally stable configuration of the cylindrical shape,
collapse of the cavity is not expected to occur before sodium boildry. At
24 hours the cavity near the base can sustain the imposed loads with a
substantial margin.

Reactor Cavity Section at Elev. 786 Ft

The non-submerged Reactor Cavity wall near the Head Access Area is

restrained radially by the slabs at Elev. 786 f t and the effect is similar
to that near the base.

The results of analysis indicate that the portion of the wall in this
region, with augmented reinforcing of vertical and hoop bars and stirrups,
can withstand the imposed temperature gradients and other loads for at least
80 hours after the HCDA at which time the shear capacity of the wall is
exceeded. Due to the self relieving nature of the thermal forces no failure
in the form of collapse is expected before sodium boildry. At 24 hours the
thermal effects in this region were found to be substantially below the
capacity levels.

Effect of Radial Restraints

1

The presence of thick concrete shield walls around part of the Reactor |

Cavity wall (about half of the circumference) stiffens that part of the
structure providing a restraint to the unstiffened part. To consider this
effect in the lower portion of the Reactor Cavity, a horizontal strip of the

cavity wall was modeled as an arch (Figure 3-42) for finite element analysis
using the computer program ANSYS. The boundary conditions were as follows:

)v
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a. At the axis of symetry the section was assumed restrained against
rotation and circumferential displacement,

b. The section at the support of the rr.athematical model was assumed

restrained against rotation and was given an inward radial
deflection (the " free" radial displacement of the long cylinder).
This represents the effect of the " stiff" section of the reactor

cavity which would not allow the " free" radial displacement.

To consider the effect of the two carallel walls on the non-submerged
portion of the Reactor Cavity a horizontal strip of the cavity wall was
modeled as an arch (Figure 3-43) for finite element analysis using ANSYS.
The boundary conditions were as follows:

a. At the two end supports the section was assumed restrained against
rotation and circumferential displacement.

b. The support opposite the restraining wall was assumed to be
restrained against horizontal movement to simulate the reactions at
the base and near the top of the cylinder.

c. At the intersection with the vertical wall the arch was given an
inward deflection along the line of the wall equal to the component
of the radial displacement of the cylinder in that direction.

The analyses were carried out using iterative orcadures in order to account
for cracking of the concrete under tension. Thus, the stiffness at first
was based on gross section properties, then the stiffness of those elements
under tension, exceeding the cracking strength of the concrete, was
substituted by values based on cracked sectional properties.

The results of the analysis show that with some additional shear and
flexural reinforcing the portion of the cavity wall near the vertical walls
can sustain the imposed loads for the following times with some margin:

O
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r Submerged Region 70 hours

b Non-Submerged Region 80 hours

At later times the capacity of the cavity wall will be exceeded in bending
and compression. However, no total failure is expected to occur before
bolldry since additional cracking and hinging at the critical regions will
have a relieving effect.

3 . ? '' . 5 .1. 3 Pipeway Cells

The Pipeway Cells (Figures 3-44 and 3-45) are adjacent to the upper portion
of the Reactor Cavity between Cell 105 and the operating floor. The floor
of these cells which is 63 inches thick, for shielding purposes, consists of
limestone concrete with 4 inches insulating gravel on top and is lined with
SA 516, Grade 55 steel supported on I steel beams. The roof is 6 ft.-3
inches thick and the typical walls are 2 ft.-6 inches, 4 f t.-0 inches, and 4
ft.-3 inches in thickness. Both roof and walls have details similar to the
Reactor Cavity wall. The interior is lined with SA 516, Grade 55 steel

b) anchored to the concrete with Nelson studs. The structural concrete, a

limestone mix is protected with 4 inches of lightweight concrete

; insulation. Between the liner and the lightweight concrete there is a 1/4
inch vent space. The walls between the pipeway cells and the Reactor Cavity
(double heated walls) vary in thickness (Figure 3-44) and have a steel liner
on both sides.

Integrity evaluations or assessments were made for the floor, the 2 ft.-6
inch and 4 f t.-0 inch thick walls and the double heated wall. The methods
of analysis, structural models and criteria are discussed in the following
sections. The results of the evaluations may be summarized as follows:

'

1. The concrete walls and the steel liners will retain their
,

structural integrity for at least 24 hours with a margin of safety.

2. The steel liners are not expected to fail for at least the
following times:

o
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Pipeway Cell Floor and Roof 30 hours

2 f t. 6 inch Thick Pipeway Wall 35 hours

4 ft. Thick Pipeway Wall 40 hours

Double-Heated Pipeway Wall 70 hours

The vent space between regions when the liner is expected to f ail at
different times will be separated by baffle plates.

3,, The pipeway cell floors must be designed as a two layer system with
sacrificial concrete on top (2 feet thick) in order to prevent
severe cracking and leakage to Cell 105 before sodium boildry.

4. The 2 f t.-6 inch, and 4 f t.-0 inch pipeway cell walls will have
severe cracking with some degradation beyond 60-70 hours, and

leakage cannot be prevented beyond this point. These walls
separate the pipeway cells from the PHTS cells. However, collapse

"

of these structures is not expected .to occur before sodium boildry.

5. Severe cracking of the double heated walls is expected to occur
between 70 and 132 hours.

The 70 hour f ailure time for the double heated wall liner is less than the
time assumed in the present scenario (90 hours). Parametric studies
(Appendix F.7.2), however, indicated that f ailure of this liner even as
early as 45 hours would be acceptable to the scenario.

3.2.2.5.1.3.1 Pipeway Cell Liners

The wall and roof liners in the pipeway cells are of the same material and
have, except for corner details, the same structural system as the Reactor
Cavity wall liner. Since these liners experience lower temperatures it may
be concluded in this preliminary evaluation that the results of the Reactor
Cavity liner for the first 24 hours after the HCDA are applicable to the
pipeway liners for the same time period, and the modifications in the stud
size, spacing, and. length made in the Reactor Cavity are also adequate for
the pipeway cell liners.

O
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rs The pipeway floor liners are supported on I beams which although embedded in

fb sacrificial concrete will be anchored to the structural concrete below
(Figure 3-47). A conceptual evaluation based on the results for the RC
liner, discussed earlier, indicates that the floor liner will retain its
integrity for the first 24 hours with margins of safety similar to those for
the wall liner.

The evaluation of the pipeway liners beyond 24 hours has the same basis as
~

for the Reactor Cavity liner, i.e., that the liner will retain its integrity
as long as the deformations and the degradation of the supporting concrete
are not excessive. Thus, in this preliminary assessment liner failures in
the pipeway cells are assumed to occur when the capacity of the supporting

concrete is exceeded. Based on the evaluation of the behavior of the
various concrete components which will be described later the liners in the
pipeway cells will retain structural integrity for at least the times
describ.ed in Section 3.2.2.5.1.3.

It should be pointed out that the time of failure for the floor liner was

[3 based on the response of a concrete slab without sacrificial concrete. With.

the present design, however, the capacity of the supporting structural
concrete is not exceeded before sodium boildry, and for this reason it is
expected that the 30 hour failure time represents a conservative estimate.'

3.2.2.5.1.3.2 Pipeway Cell Floor and Walls

The pipeway cell floor and walls were investigated under the temperatures
and pressures in Figures 2-12, 2-15 and 3-19. The thermal moments were

calculated using one way strips which were modeled for finite element
analysis with the computer program ANSYS. The analytical model for the
calculation of thermal moments (Figure 3-46) is similar to that for the long
cylinder except that the boundary conditions represent a strip of wall,
restrained against rotation, rather than an axisymmetric structure. The
cracking of the concrete was accounted for in the analysis by iterations.

I
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Thermal moments and forces were calculated from the stresses in the elements
of the model. The moments were then multiplied by an appropriate factor to
account for the two way action.

Analysis was carried out for the following bounding conditions in the
evaluations associated with liner integrity.

1. Walls and slabs completely restrained against rotation but free to
translate axially.

2. Walls and slabs completely restrainea against rotation and
translation.

In the evaluations beyond liner failure, calculations indicated that full
restraint against translation was too severe a bounding condition and 50 to
75 percent axial fixity is more realistic when the defonnations of the
restraining structures are considered,

n

In addition to the dead load, thermal gradients, and pressure, the pipeway
floor must sustain the deformations resulting from the relative vertical
displacement between the Reactor Cavity wall and the Cell 105 wall. This
effect was considered in the evaluations.

A. Assumptions and Criteria

Assumptions a, b and d and criteria and b described under the
Reactor Cavity (Section 3.2.2.5.1.2) are applicable to the pipeway
cell evaluations. l

B. Results for Pipevay Flecr
|

Evaluations werc made using a structural concrete thickness of 59
inches consistent with the design of the pipe floor. The results |
of these evaluations indicated that due primarily to temperature

O
3-54



CRBRP-3
Vol.2, R2v.0

gradients and the deformations imposed by the relative movement of
. d the massive Reactor Cavity wall and the Cell 105 wall, the bending

capacity of the pipeway cell floor would be exceeded at 30 hours
after the accident. This would cause the development of a plastic
hinge at the support, and although no collapse of the floor is
expected, the severe deformations at the hinge would cause liner |
failure at this time.

Eva'l'uations beyond 30 hours, however, showed that due to large

rotations, at the region where the capacity was exceeded, there
would be severe degradation of the concrete and possibly leakage to j

Cell 105 in 50 to 60 hours af ter the HCDA. Since such leakage is I

unacceptable in the scenario the structural system of the floor has ;

been changed to the two layer system shown in Figure 3-47. This !

design consists of the same overall thickness but with a structural
slab only 35 inches thick and 24 inches of sacrificial concrete
above. In this manner the structural concrete is subjected to less
severe temperature gradients, and due to its flexibility can
sustain better tte deformations imposed by the growth of the cavity0 in the vertical direction.

Numerical evaluations using the double layer system showed that the
capacity of the structural slab will not be exceeded before sodium
boildry.

C. Results for 2'-6" and 4'-0" Pipeway Walls

The analytical evaluations for the 2'-6" and 4'-0" py:vay walls,
using the bounding conditions with respect to axial and rotational
restraints (100%), showed that the capacity of the walls will not
be exceeded for at least 35 and 40 hours respectively. When the
less severe condition of 50 to 75 percent axial fixity was used,

'

the above times increased to 50 and 60 hours. Beyond 60 to 70
hours the walls will have severe structural damage, and leakage is

bu
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likely. Based on judgement, however, in view of the self relieving
nature of thermal forces, collapse of these structures is not
expected to occur before sodium boildry.

D. Results for Double Heated Wall

The evaluations for the Double Heated Wall showed that it can
sustain the imposed temperatures in Figures 2-12 and 3-19 for at
least 70 hours before its capacity is exceeded in compression and
bending. Beyond this time the wall will be severely degraded but
no collapse is expected before sodium boildry.

3.2.2.5.2 Evaluation of Containment Vessel Structural Integrity Prior to
Sodium Boildry

The following structural assessments are based on the temperature
"distributions in Section 3.2.2.2.

3.2.2.5.2.1 Containment Vessel at 24 Hours

The temperatures of the containment vessel as a function of time are shown

on Figure 3-28 for selected nodes shown on Figure 3-27. The maximum

temperatures are not reached until well af ter 24 hours.

The internal pressure capability of the containment vessel was determined
from the internal pressure forces and the dead weight of the structures.

The primary stresses resulting from the pressure load were determined and
local primary stresses at the discontinuity were added to the membrane
stresses. The maximum stress intensity was determined in terms of the
pressure. The membrane stress intensity in the upper cylinder was found to
be controlling the allowable pressure. Since the allowable stress intensity
is a function of temperature (Reference 3-13), a functional relationship
betweeen the pressure and the temperature was established. Pressure

O
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) capability based on two different primary stress intensity allowable
criteria given in Reference 3-12 were considered. Allowable pressure at
selected temperatures were tabulated and are shown in Table 3-10. Based on

a peak containment vessel- temperature at 24 hours of 3500F, the first

criterion, namely P, < S , gave the critical allowable pressure as 41 psig.y
The second criterion which states that the primary stress intensity should
be less than 85% of the allowable specified in ASME Code, Section III.

Appendix F, gave the critical allowable pressure as 57 psig.

The maximum pressure in containment during the first 24 hours is 22 psig.
Thus, containment vessel structural integrity would not be challenged during

the first 24 hours af ter an HCDA.

The potential for the containment vessel to buckle with the constraint at
the operating floor was examined. Calculations indicate the worst instance
of interf acing stresses will be less than the critical value if the -

containment vessel temperature at the operating floor level is less than
,

240 F. At 24 hours the containment temperature at the 816' level is onlyp
(_) 1400F; therefore, the containment vessel would not buckle at 24 hours.

Buckling calculations for the hatch cover also indicate that stresses are
under the critical values.

It is concluded that containment structural integrity would be maintained at

24 hours.

1 3.2.2.5.2.2 Containment Vessel between 24 Hours and Boildry

During this time period, the peak pressure in containment is 13 psig. The
peak containment vessel temperature is 6400F. At this temperature, the
first allowable criterion indicates a pressure capability of 34 psig (seej

Table 3-10). The second criterion indicates a pressure capability of 52
psig. Thus, the containment vessel can accomodate the pressures between 24
hours and sodium boildry. In addition, the peak containment vessel
temperature at the operating floor level during this time period is 2200F |

(see Figure 3-28) which is less than the 2400F. critical temperature for !

n :m ;
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containment vessel buckling, therefore the containment vessel will not
buckle. Thus, containment vessel integrity is maintained between 24 hours
and sodium boildry.

3.2.2.5.3 Evaluation of Confinement Building Structural Integrity Prior to
Sodium Boildry

The confinement building (Figure 3-50) above the operating floor consists of
a cylindrical portion,196 ft. in diameter and 94 ft. high and a dome that
rises approximately 84 ft. above the spring line. The wall thickness is
4'-0" in the cylindrical part and tapers to 3'-0" in the dome. The upper
portion of the dome near the apex is partitioned as shown in Figure 3-50.
The structure is restrained against thermal expansion at the operating floor
and by the roof slabs of the Steam Generator Building (El. 857.5), and the
Reactor Service Building (El. 882.5).

The following structural assessments are based on the temperature
distributions in Section 3.2.2.2.

O
3.2.2.5.3.1 Confinement Building at 24 Hours

The peak temperature in the confinement structure during the first 24 hours
is 180 F. An assessment of the effect of the temperature transient during
this period indicates that the integrity of the structure will be maintained.

|

|

3.2.2.5.3.2 Confinement Building Between 24 Hours and Sodium Boildry

A preliminary evaluation of the confinement structure was made for the
combination of dead load and the temperatures in Section 3.2.2.2 which
correspond to an annulus cooling rate of 400,000 scfm with flow entering
near grade level and exiting near the top of the building, and the systent
initiated at 36 hours. Specifically, the evaluation considered the tempera-
ture gradients at two times. First, the time at which the temperature at
the f ace of the wall reached their peak values was considereo (40
hours);second, the time near sodium boildry was considered when the interior

O
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m c'oncrete temperatures were higher than at 40 hours, although the face
temperatures were below their peak values.

The structural analysis was carried out using the computer program ANSYS
with axisyninetric finite element models restrained at the base (operating

floor) and at the intersections of the shell with the Reactor Service
Building and Steam Generator Building roof slabs described earlier. The
variation of the temperature along the height of the structure was 'taken
into account. Assumptions (a), (b) and (d) and criteria (a) and (b) of
Section 3.2.2.5.1.2 apply to this evaluation as well. Cracking of the
concrete was accounted for by an iterative process where the element
properties were examined after each iteration and were changed accordingly.
Properties based on the cracked section were substituted for those elements

with tensile stresses in excess of the limit in C.3.2.4.

The results of this investigation indicate that for the temperat;ure
gradients under consideration, the critical regions for structural integrity
are at the junction of the confinement wall with the roof slabs. At these
locations the restraining effect of the slabs result in high bending
mornts, compressive forces, and shears. With additional flexural and shear
reinforcing steel in these regions, the allowable capacity of the concrete
sections taken as 90% ultimate capacity is not exceeded. Elsewhere in the
structure, including the upper portion where the temperatures are the
highest, the forces and moments are also within the allowable values.

It is concluded that the confinment building will retain its structural
integrity between 24 hours and sodium boildry time.

3.2.2.5.4 Evaluation of Foundation Mat Structural Integrity Prior to Sodium
Boildry

-3.2.2.5.4.1 Foundation Mat at 24 Hours

The foundation mat does not undergo any temperature rise during the first
24 hours after an HCDA. Therefore structural integrity is maintained at
24 hours.Ov

3-59

.

-
- e ,-e , -, . . ~, . < - - - - ,



CRBRP-3
Vol.2 Rev.00

3.2.2.5.4.2 Foundation Mat Between 24 Hours and Sodium Boildry

During the sodium boiling phase of the accident scenario the temperature
rise in the reactor cavity floor has not progressed to the point where anv
challenge is present to foundation mat integrity. The reactor cavity floor
temperature profile is shown on Figure 3-17.

3.2.3 Containment Transients Af ter Sodium Boildry

3.2.3.1 Chemical Reactions and Reaction Products

This section addresses the chemical reactions during the post boildry
period. Following sodium boildry, the heat generated in the fuel would be
transferred to both the structures in the reactor cavity and the concrete
composing the reactor cavity floor and walls. This heating would result in
a melting of the steel structures within the reactor cavity, the release of

C02 and H 0 'from the concrete floor, and the melting of the concrete.2
The most important reactions occur between the molten steel and the gases
released by the concrete. The products of these reactions, principally
hydrogen and carbon monoxide, would be released to the reactor containment
building.

Reactions between other components in the molten steel, molter, fuel, molten
concrete mixture are unlikely. The highly reactive halogens would be
removed from the fuel in the initial phases (prior to boildry) of the
incident; thus, they would not be present at sodium boildry. The remaining
constituents would be in an oxidized state and not result in substantial
further reactions.

Experiments with molten fuel and molten steel on concrete (Reference 3-6)
confirm the previous assessments. When concrete was contacted with molten
steel, the gases evolving from the concrete reacted with the molten steel.
There were no reactions between the oxides in the concrete and the steel.

When molten UO2 contacted concrete, thermal effects were noted. There was

no chemical reaction between the U02 and the concrete constituents.

O
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The basic chemical react'ons occurring during the post boildry period are:

3 Fe + 4 H 0 1 Fe 034+4Hgp

2 Cr + 3 H O 1 Cr 023+3H22

4 CO2 + 3 Fe Fe 034+4C0

Other reactions which could conceivably occur to produce CO and H w uld have
2

the same limiting net effect: one mole of water produces one mole of hydrogen,
and one mole of carbon monoxide is produced from one mole of carbon dioxide.

UThese reactions become accelerated at #2600 F, the melting point of steel
(Reference 3-6) because of the change from a gas-solid reaction with a limited
exposed steel surface area to a gas-liquid reaction with a large exposed steel
surface area.

For this evaluation, the following assumptions have been made:
,

1. The reactions are constrained by the availability of H O and CO
2 2

released from the concrete and these materials react completely.4

'

2. No equilibrium compositions exist.

3. The reaction is instantaneous.

4. The reaction rate is independent of the relative amounts of Fe and Fe 0 -
, 23

5. Gas evolution from the concrete is controlled by the 95% downward
heat transfer case in Section 3.2.3.2.

These assumptions will provide a very conservative estimate of the C0 and H
2

quantities that could enter the reactor containment building.

The concentration of C0 and CO in containment was calculated by assuming
2

that the reactor containment building behaves as a well mixed vessel having a

On
U
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uniform distribution of all constituents; therefore, venting and purging
*

affects all constituents equally. For equal feed and vent rates, the
equation governing the component concentration for such a vessel is (see
Figure 3-85)-

deVg=qe -gcgn g

(accumulation) (input) (output)

' 3V = volume of containment, ft

3c = concentration of either hydrogen or carbon monoxide, moles /ft

q = feed and vent rateg

c = concentration of either hydrogen or carbon monoxide in feedg

stream .

The solution to this equation is:

-q t
g

g (1 - e y)c = c

and limit c = c g
t+=

Thus, for equal feed and 'ent rates, the concentration of either hydrogen orv

carbon monoxide cannot exceed the concentration of the incoming stream.

Because of the system's relatively short time constant, #8 hours for the
nonnal purge rate, the limiting equation is used for concentration
calculations.

*The assumption of uniform mixing is reasonable considering the turbulence
due to the release of very hot gases from the reactor cavity and the
purging / venting operations.

O
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O if the feed and vent rates are different, the analysis is more complicated
V because of the changing mass inventory of the reactor containment building

which must be considered. However, a qualitative assessment of the
situation will show that that the concentration of a component can be
bounded.

If the vent rate temporarily exceeds the feed rate, the containment building i

inventory will decrease, resulting in a decreased pressure and a reduced
vent rate 'until it equals the feed rate. At that time, the previously
developed equations would apply. If the feed rate temporarily exceeds the
vent rate, the net influx of material into the containment would increase
the pressure, resulting in a higher vent rate until the vent and feed rates
equalize. Again, the earlier developed equation would then apply.

The quantity of C0 and H2 produced as a function of time and the resulting
concentrations in the containment atmosphere are summarized in Figures 3-86
through 3-89. The concentrations are based on a purge rate of 8000 scfm,
which is well below the design requirement of 12,000 scfm.

O,
,

The peak concentrations of hydrogen (1.4%) and carbon monoxide (3.1%) are
well below the criteria established for hydrogen (6%), and the lower
flamability limit for carbon mnnoxide (12.5%) (Reference 3-23). The
combined concentration of hydrogen and carbon monoxide (4.5%) is also well

below the lower detonation limit of 19% for such mixtures (Reference 3-23).

Heat evolved from the post boildry reactions is not expected to exceed
500,000 Btu /hr at the peak reaction rates. At any point in time, this
reaction energy woald be 5% or less of the decay heat during the post
boildry period. This small additional heat source would not have a
significant impact on the post boildry thermal analyses in Section 3.2.3.2.

It is concluded that the TMBDB features are adquate to limit hydrogen and
carbon monoxide concentrations to acceptable levels following sodium
boildry, and the heat added to the system as a result of the chemical
reactions which produce CO and H 2 is insignificant relative to the decay
heat.

C,/
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3.2.3.2 Containment Thermal Analyses

The post bo11 dry containment thermal analyses consider oniy the effects of
decay heating. As shown in Section 3.2.3.1, the chemical reactions
following boildry represents an additional heat release that is small
relative to the decay heating.

The post boildry analyses which follow, use as their in tial condition thei

temperature distribution at boildry. The transient tunperature response of
major containment structures and cell atmospheres was determined af ter
sodium boildry. Fuel penetration into the basemat was also calculated.
These temperature histories are employed in Section 3.2.3.3 to assess
structural capability.

The penetration of fuel into the basemat was considered to be a melting
process. This is because experimental evidence exists (References 3-6 and

~ '

3-10) that the oxides in the molten pool of fuel and concrete are well mixed
and that concrete spalling and cracking are not significant modes of
penetration. Details of the model are given in Appendix C.2.

A parametric approach was adopted in the thermal analyses to bracket the
consequences, including the effects of the following uncertainties:

1. Heat transfer f rom the molten pool, including the effects of vapor
and gas release from concrete, potential gas film at the
solid-liquid interf ace, and convection within the pool.

O
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2. Thennophysical ' properties of concrete at very high temperatures.
w/

3. Size and properties of an overlying crust.

The parametric approach used a very wide range (covering two orders of
magnitude) of crust thermal resistances. This resulted in a large variation
in the upward heat transfer. For the three parametric cases considered, the
upward heat transfer percentages were 80 to 90%, 40 to 55%, and 5 to 15%.
The remaining energy is transferred in the radial and downward directions.
Structural failure criteria were a midplane temperature of 7000F for
concrete structures and the approximate melting point for the reactor head
(25000F). A high (melting point) reactor head f ailure temperature is
conservative because a later f ailure results in higher containment
temperatures below the operating floor. A lower failure temperature would
result in higher containment temperatures above the operating floor;
however, these would still be less than before sodium boildry.
Specifically, the following 3 cases were investigated:

e

\v) Case 1 - The thermal resistance of the crust above the molten pool of(

concrete and fuel was 0.10 hr-ft2 oF/ Btu. This resulted in an upward
heat transfer percentage of 80-90%. The reactor cavity wall and reactor
vessel head f ailed at 400 hours af ter the HCDA and the annulus cooling
system was assumed to be operating.

Case 2 - The thermal resistance of the crust above the molten pool of
2concrete and fuel was 1.0 hr-ft OF/ Btu. This resulted in an upward

heat transfer percentage of 40-55%. The reactor cavity wall and reactor
vessel head failed at 600 hours after the HCDA and the annulus cooling
system was assumed to be operating.

Case 3 - The thermal resistance of the crust above the molten pool of
2concrete and fuel was 10.0 hr-f t 0F/8tu. This resulted in an upward

heat transfer percentage of 5-15%. No structural failure cccurred and the
annulus cooling system was assumed to be operating.

m
v
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Figures 3-51 through 3-68 give temperature histories for Case 2
(Intermediate Crust resistance) for the major containment structures
described in Appendix C.2 plus the atmosphere temperatures of the PHTS

cells, Cell 105, the containment building, and the containment-confinement
annulus below the operating deck. The Cell 102 atmosphere temperature was
nearly equal to that of Cell 105 and is therefore not provided as a separate
curve. Atmosphere temperatures and key structural temperatures are shown

for Cases 1 and 3 in Figures 3-69 through 3-72. The temperature response of

the structures outside of the reactor cavity was very similar for Cases 1
and 2 (small and intermediate crust resistances). Following wall failure,
the Cell 105 atmosphere would become mixed with the reactor cavity
atmosphere, reaching thermal equilibrium with the reactor cavity shortly
after wall failure. The Cell 105 atmosphere would convect large quantities
of heat to the large surf ace area with which it is in contact, and a maximum
temperature of 350-400 F would be reached in the cell after wall failure.

The depth to which the fuel was predicted to penetrate the basemat varied

from several feet to about 20 feet for the three crust resistances
considered. For the largest crust resistance (10-20% upward heat transfer),
the molten pool was predicted to penetrate to a depth of r20 feet and to a

radius of about 23 feet in the lower mat (below elevation 733). With the
intermediate crust (40-55% upward heat transfer), the molten pool would
penetrate approximately 10 feet into the RC floor. The radius of the pool
was predicted to be about 23 feet at elevation 737. Thus, the fuel should
not penetrate the basemat; however, with the unmelted concrete thickness

being as small as 6 feet the remaining portion of the basemat could be
degraded and cracked and could come into contact with ground water seepage
through cracks. The gases released from the concrete basemat or the ground
below the basemat could contribute to the containment pressure. The rate at
which the containment is pressurized would be determined by the rate at
which the temperature wave conducts into the basemat and the ground and the
flow resistance of these materials to the gases. This increase in pressure
is expected to be gradual relative to the containment pressure buildup prior
to boildry. If venting is required after sodium boildry, the vent rate

O
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would be much less than the rates _ required prior to sodium boildry. Thep)(. radiological consequences of ground water interaction with fuel was
investigated in Section 4.3.

The temperatures outside of the reactor cavity and basemat are .substantially
less for the case with the large crust resistance than for the small and
intermediate crust. The containment wall adjacent to Cell 105 reaches a
maximum temperature of 3000F for the large crust while it reaches 360 and

0370 F for the intermediate and small crust respectively. Figures 3-56,
3-69 and 3-70 show the temperature history for the three cases. Section
3.2.3.3 indicates that these temperatures will not cause containment
structural failures.

3.2.3.3 Structural Assessments After Sodium Boildry

3.2.3.3.1 Structural Integrity After Sodium Boildry

Long term integrity is required for the confinement structure, the outer
containment wall above the foundation mat, and the containment steel shell.

U -Integrity of the foundation mat is important in the region where it provides
support to the containment and confinement walls. Evaluations of these

-

structures are discussed below.

3.2.3.3.1.1 Evaluation of RCB Outer Wall Below Operating Floor
i

A thermal analysis of the RCB internal structures below the operating floor
was performed as described in Section 3.2.3.2. The maximum temperature of

'

the interior surface of the RCB outer wall is 3700F as shown on Figure
~

' 3-56. A preliminary assessment of this condition, including the
corresponding temperature gradient through the RCB outer wall, indicates
that structural integrity of the RCB outer wall will be maintained.

3.2.3.3.1.2 Foundation Mat Analysis

A preliminary evaluation of the foundation mat under the conditions of the
Thermal Margin Beyond the Design Base has been conducted. The evaluation is

O
V
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based on an elasto-plastic analysis using the computer pi y am ANSYS. The
temperature distribution for one year af ter the accident shown on Figure
3-48 was used as input in the analysis. The temperature is actually based
on a thermal analysis made for a previous scenario; however, a comparison
with the temperature distributions shown in Figures 3-65 to 3-66 indicates
that for a preliminary assessment the results are applicable to the present
condition. The properties for concrete and reinforcing steel were based on
preliminary relationships which have been revised to those in Appendix C.3.
The actual relationships used were generally on the conservative side
compared to those in Appendix C.3. The criteria for material f ailure are
given in Sections C.3.2.2 and C.3.3.1.

Since the part of the overall Nuclear Island mat affected by the accident is
below the RCB, the analysis was conducted on an axisymmetrical model,
concentric with the RCB and with a 106 f t radius, which is 4 f t beyond the
wall of the confinement.

The mathematical model is shown in Figure 3-48. From the center to a radius
of 90 ft the mat thickness is 15 ft; beyond this radius, the thickness is
18 ft. An amount of reinforcing steel equal to 7.5 in.2/ft was assumed at
the top and bottom in each direction. The liner and fill slab were not

included in the model. The bottom of the mat was allowed to slide on the
underlying rock. The exterior edge was assumed restrained against radial
displacement and rotation.

Results

The results of the analysis are summarized in Figure 3-49. Between the

center and a radius of 40 ft, there will be a complete degradation of the
mat and this section will have no structural strength. Beyond a 60 f t
radius, the mat will remain structurally sound with possible cracking at the
step where the thickness is increased (radius 90 ft). If the final

evaluation of the mat shows that the cracking in this region is excessive,
reinforcing steel will be provided for cracking control.

O
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'

:

A Between a radius of 40 to 60 ft there will be partial degradation of the
O concrete. With nominal reinforcing steel in the vertical and horizontal

direction this degradation would be contained. Since the outer part of the
mat which supports the RCB exterior wall will be structurally sound, and is
suppnrted by rock which has a high hearing capacity, no collapse of the RCB
exterior walls due to foundation failure is expected.

3.2.3.3.1.3 Evaluation of Containment Vessel Structural Integrity After
Sodium Boildry

After boildry the pressure in containment is essentially atmospheric. The
peak containment vessel temperature is 4900F. At this temperature, the
first allowable criterion (see Table 3-10) indicates a pressure capability
of 37 psig. The second criterion indicates a pressure capability of 56
psig. Thus, containment can accomodate post-boildry pressures. In

addition, since the containment vessel temperature at the operating floor
level after boildry (see Figure 3-28) is less than the 2400F critical
containment vessel buckling temperature the containment vessel will not

\ buckle. Thus, long term containment vessel integrity would be maintained.
L.!

3.2.3.3.1.4 Evaluation of Confinement Building Structural Integrity After
Sodium Boildry

,

Since confinement temperatures after boildry are very close to those that
occur during the time period prior to boildry, the conclusions of Section
3.2.2.5.3.2 apply; i.e., preliminary assessments indicate confinement
building integrity would be maintained.

f

3.2.3.3.2 Sumary and Conclusions on Long Term Structural Integrity

As noted earlier, the analyses presented were based on an earlier thermal
analysis. Accordingly the conclusion given is also strictly applicable only
to that case, and is as follows: Analysis of the capability of the
foundation mat to support the RCB outer walls has shown that adequate
structural strength is available to support the RCB outer wall. In

A
'

.,
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addition, progressive f ailure of the RCB internal structures below the
operating floor has been assessed and does not represent a severe challenge
to the RCB outer walls. Operation of the annulus cooling system coupled
with an increase in the spiral arrangement (as discussed above) will assure
acceptable containment vessel and confinement building temperatures above
the operating floor. Therefore, it can be concluded that integrity of the
reactor containment vessel and confinement building above the basemat would
be maintained indefinitely. Subsequent more detailed analyses are expected
to confirm this conclusion.

3.2.4 Secondary Criticality Considerations (Ex-Vessel)

The potential for criticality in the reactor cavity following reactor vessel
and guard vessel penetration was assessed.

The calculations were performed using a one dimensional (slab) geometry in
the code ANISN with no transverse (radial) leakage. Since the ENDF/B-III
library used in these analyses does not contain calcium, an effective
magnesium atom density was used, based on the relative scattering properties
of the two elements.

Three basic cases were considered representing:

1. A boiling sodium pool (a particulate debris bed with the steel bed
above the fuel in a sodium pool with a 40 foot diameter).

2. A just dry pool (the fuel and blanket are dissolved in approximately 2
inches thick lqyer mixed with concrete under a layer of steel with a
diameter of 40 feet).

3. A " steady state" case representing a potential fuel distribution after
a few months. The fuel was assumed to be distributed through a 12.8
feet thick layer of dry concrete and oxidized steel of thirty feet
diameter. These geometries are shown in Figures 3-73, 74 and 75. All

of these cases considered 100% of the fuel and blankets. A fourth

9
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calculation was performed for sensitivity purposes representing the
s.,) steady state case but using a reflective boundary condition on the

! upper surface of the fuel mixture (essentially doubling the fuel mass)
and helving the non-fuel atom number densities.

The results of the analyses are provided in Table 3-11. The selected
configurations, which are representative of various stages of the accident

iafter vessel failure, are all so far from critical that uncertainties in

material composition and neutron cross sections would not result in any
approach to criticality. Additional conservatism included is the omission
of fission products and omission of any transverse leakage in the
one-dimensional slab calculations.

It is concluded that the potential configurations in the reactor cavity
would not result in a recriticality.

.

O

,

.

O
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3.3 CONCLUSIONS ON THERMAL MARGIN BEYOND THE DESIGN BASE

The above analyses and assessments lead to the following conclusions:

1. Thermal loads resulting from an HCDA could cause failure of the reactor
and guard vessels.

2. Containment integrity (without venting and purging) would be maintained
for more than 24 hours. This provides time to implement evacuation
procedures and. meets the requirement imposed by NRC. (Analyses
indicate capability of about 36 hours.)

3. Uncontrolled failure of containment beyond 24 hours would be prevented
by venting and purging.

4. Containment structural capability above the basemat would be maintained
indefinitely.

5. The thermal analysis of meltfront progression indicate that basemat
penetration would be unlikely.

O
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TABLE 3-1

PUMP C0ASTDOWN DATA

Time, Seconds Fraction of Full Flow

0.0 1.0

1.3 0.8

3.2 0.6

6.2 0.4

10.4 0.28

16.2 0.2

300.0 0.1

0

!

O
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|i TABLE-3-2

| PARTICLE DISTRIBUTION FOLLOWING
IN-VESSEL SETTLING,

1

, . Fraction
. Mean Particle Wt% of Core Settling In-Vessel

t - p. M-3 EDT-1,

4-
;. 50 14 53 0.53
,

f 100 32 18 O.611
'

200 24 16 0.811

; 300 8- 5 0.907.4

i

[ 400 _6~ 2 0.956 '
,

t '500 3 1 0.972

800 13 4 0.989 -

1000 1 1.00 i
--

.

:
1

(

!
;

;

i
-

ir

?

h

I

j ..
;

j-
4

i

j.
!

i

f.,'

: 0
;
,
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TABLE 3-3

DISTRIBUTION OF UPWARD EJECTED DEBRIS

| Particle Size Distribution

M-3 EDT-1

(% of Core) (% of Core)[

Renaining In-Vessel 52 45

Piping Before HTS Cells 18 17

Piping Between Cell Walls <0.1 2
and Pumps

| IHX 0 6

Total Upward Ejection 70 e70
I
1

!
|

tilll

;

l

|

|

|

t

|

|

.
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TABLE 3-4

PARTICLE DRAG COEFFICIENTS,

i
J

!

' Particle Size Settling Velocity;

u ft/sec Drag Coefficieret
[
!

<

!! 50 0.07 16.9 .

'

~

100 0.15 7.4e
e

i 200 0.28 4.2 ,

i

300 0.40 3.1
'

400 0.53 2.4

500 0.61 2.2

i 800 0.77 2.2
;

i
*

i

4
.

I- ,

, .

J

;
,

F
4

1

.

|.
!'

1
,

"
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TABLE 3-5

MAXIMUM CRBR FULL EQUILIERIlN CYCLE DECAY POWER BY REGION *

Time After Inner Core Outer Core Radial Blanket Full Cycle
Shutdown (Fraction of E0EC (Fraction of E0EC (Fraction of E0EC (Fraction of

(Seconds) Region Power) Region Power) Region Power) Full Poweri

0.0 8.31-2 8.'O-2 9.83-2 8.45-2
1.00+0** 7.97-2 7.76-2 9.49-2 8.11-2
3.16+0 7.02-2 6.80-2 8.54-2 7.15-2
1.00+0 5.96-2 5.75-2 7.48-2 6.09-2
3.16+1 4.94-2 4.72-2 6.45-2 5.06-2
1.00+2 4.04-2 3.83-2 5.52-2 4.15-2
3.16+2 3.25-2 3.04-2 4.65-2 3.34-2 .:

1.00+3 2.54-2 2.37-2 3.75-2 2.63-2 S. c,
3.16+3 1.88-2 1.74-2 2.76-2 1.94-2 'm E
1.00+4 1.34 2 1.24-2 2.05-2 1.39-2 *4m

8 3.16+4 9.77-3 3.73-3 1.63-2 1.02-2 5'a
8 1.00+5 6.02-3 6.12-3 1.21-2 7.23-3 *

.

3.16+5 4.52-3 4.09-3 6.97-3 4.66-3
1.00+6 2.70-3 2.53-3 2.95-3 2.70-3
3.16+6 1.63-3 1.56-3 1.68-3 1.62-3
1.00+7 8.84-4 S.36-4 1.68-3 8.78-4
3.16+7 4.11-4 3.86-4 9.54-4 4.13-4
1.00+8 1.55-4 1.45-4 2.11-4 1.58-4
3.16+8 4.87-5 4.54-5 7.41-5 5.06-5
1.00+9 1.36-3 1.27-5 2.21-5 1.43-5

* Values include fission products power and Np239 and U239 decay power with respective
uncertainties added.

**1.00 + 0 = 1.0 x 100

0 0 0
-
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TABLE 3-6
,

,.

STABLE DEBRIS BED DEPTHS

4

Full Decay 70% Decay * Full Decay 70% Decay *,

Time From Heat; Heat; Heat; Heat; |,

Subcriticality, Particulate Particulate Particulate Particulate ,

Seconds 50% Steel 50% Steel 100% 0xide 100% 0xide

30 .4.4 inches 4.9 inches 2.8 inches 3.6 inches

100 4.7 inches 5.2 inches 3.4 inches 3.9 inches !

200 4.85 inches 5.4 inches 3.5 inches 4.0 inches

:i

i

* Exclude gaseous fission products, halogens and volatiles.

O'

:
a

i

:

'

,

f

r

g

'
'
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TABLE 3-7

COM? TRIS 0N OF FUEL RElENTION CAPABILITY
WITH PREDICTED FUEL DISTRIBUTION

Pere.entage of Fuel *

Predicted Fuel Fuel Retention
S truc tu_rfc Distr'bution Capability

Horizontal Saffle 45-52 28-46

Outlet Pipe Elbow 0 3 -4

Outlet Piping Before 17-18 17-31
PHTS Cells

Outlet Piping Between 0-2 20-37
PHTS Cell Wall and Pump

IHX Inlet Annulus 0-6 7-14

Vessel Lower Head 10-50 1-8

O
* Core fuel plus axial blankets and the first row of the radial blenkets
equals 100%.

O
3-82 !
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,
TABLE 3-8

i

! SENSITIVITY OF CONTAINMENT PARAMETERS AT 24 HOURS AFTER i

|- AN HCDA TO VESSEL PENETRATION TIME !

|- I
:

Reference Section 3.2.2 Other Penetration Times

Penecration Time 103 seconds 102 seconds 104 seconds
!, i

RCB Temperature 450 450 430
(OF);.

1
RC3 Pressure 11.1 11.1 10.1,

(Psi )9,

RCB H2 Concentration 0.0 0.0 0.0-

|
-

(volume %)

:
1-

1

!O:
: ;

j !

!
i

)
:
4

*
,

1

'

.

+

! ,

I

I

h

|

|

1

d
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TABLE 3-9

ANNULUS COOLING SYSTEM ANALYSIS DATA

Reference

Annulus Cooling System Flow Rate 400,000 scfm

Heat Transfer Coefficients

2RCB Air to Containment 1.5 BTV/hr-ft OF 3-10
2Containment to Cooling Air * 3.5 BTU /hr-ft _oF 3-9
2Cooling Air to Confinement * 3.5 BTV/hr-ft _oF 3-9

Emissivity

Concrete 0.93 3-10
Steel 0.73 3-10

Heat Capacity

3 **Insulation 4.3 BTV/ft _op
324 BTV/ft _oF 0700F See Appendix C.1Concrete
342 BTV/ft _of 97500F
3Steel 59 BTV/ft _of See Appendix C.1

Themal Conductivity

Insulation 0.042 BTV/hr-ft OF **

Concrete 1.0 BTV/hr-ft OF 0700F See Appendix C.1
0.65 BTU /hr-ft OF 09500F

Steel 25. BTV/hr-ft OF See Appendix C.1

*Value corresponding to a velocity of 2162 FPM; at other velocities (v),

h=3.5(d)0.8 ,

y
**0ata obtained from Johns Manville Vendor Infomation Catalog.

,

9
3-84 1
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TABLE 3-10
'

CONTAINMENT STRUCTURAL CAPABILITY
,

Primary Stress < 85% (0.7 Su)Pm 5. Sy-

!

Temperature -Sa = Sy Pressure Su Pressure.

(OF) (psi) (psig) (psi) (psig)
*

100 38,000 46.8 70,000 51.1

150 35,700 43.9 72,900 53.5
' 200 34,700 42.7 75,300 55.2

250 34,000 41.9 77,000 56.5
i 300 33,600 41.4 78,200 57.3
'

350 33,200 41.0 78,800 57.8
'

400 32,700 40.3 78,900 57.8
,

450 31,800 39.2 78,400 57.5

500 30,600 37.7 77,400 56.7t

550 29,200 36.0 75,800 55.6
,

600 28,200 34.7 73,800 54.1

| 650 27,600 34.0 71,200 52.2
! 700 27,300 33.6 68,100 49.9

i'

Note:

Pm = Primary membrane stress

Sy = Yield stress'

Sa = Allowable stress

Su = Ultimate stress

;

i

O4

3-85
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TABLE 3-11

keffective OF VARIOUS GE0METRIES

Case Identification Approximate keff

a) Boiling pool 0.51

b) Dry debris 0.51

c) " Steady State" 0.25

" Steady State" with 0.38
reflective upper boundary
and half non-fuel atom
densities

O

!

!

]

|
i

O
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TABLE 3-12

REACTOR CAVITY AND PIPEWAY CELL LINER FAILURE TIMES

,

Area
,

_,,,, Liner Failure Time (Hours)
?

|
Reactor Cavity Floor 0

| Pipeway Cell Floor and Roof 30

3 2'-6" Thick Pipeway Wall 35 *

4' Thick Pipeway Wall 40
|

*

Lcwer Submerged Reactor Cavity Wall 50

! Head Access Area Pipeway Wall 55

Upper Submerged Reactor Cavity Wall 70

: Noir Submerged Reactor Cavity Wall 80
F
.i Double-Heated Pipeway Wall 90

O,

j

!

|

!

4

!_

!

i

|

!

O
| 3-87
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TABLE 3-13

HEAT TRANSFER COEFFICIENT USED IN THERMAL
ANALYSIS OF THE REACTOR CAVITY LEDGE

t

2h , 8tu/hr-ft2 OF h , 8tu/hr-ft OF
|

Time, Hr. i 2

0. 1.25 .6

| 7. 1.25 2.1

l 19. 1.25 24.2

23. 1.25 14.6

30. 1.25 36.1

35. 1.25 25.9

45. 1.25 50.
|

| 55. 1.25 21.8

70. 1.25 26.3

90. 1.25 9.6

125. 1.25 7.4

140. 1.25 .7

,

O
|

| 3-88
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TABLE 3-14

SUMARY OF RESULTS FOR SUBMERGED LINER

(WITHOUT CREEP)

Max Generalized Strain at Ultimate!

von Mises Strain Tensile Stress Actual Allowable
i Description C C C C C Ce u e/ u e/ u

Portion Away From _

'

Floor
1

4 Hrs. , T = 13500F
i

Wall Plate 0.031 (B.C.) 0.038 0.82 0.90
4

Stud Anchor. 0.0002 (T) 0.038 0.005 0.90t .

10-24_ Hrs _. , T = 17000F
_

! Wall Plant 0.017 (B.C.) 0.061 0.28 0.90
Stud Anchor 0.0002 (T) 0.061 0.003 0.090

Portion Near FloorO
; #4 Hrs. , T = 13500F

Wall Plate 0.033 (B.C.) 0.038 0.87 0.90
Stud Anchor 0.036 (T)* 0.038 0.95 0.95

Stud Anchor 0.033 (C)* 0.038 0.87 0.95
,

2

Note: Creep effects reduce the listed ' actual strains'.

B.C. = Biaxial Compression

T = Tension
1

*; = Includes Bending Strains

t

t

O
3-89
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TABLE 3-15

SUMMARY OF RESULTS FOR LINE' ABOVE S0DIUM P0OL

(WITHOUTCREEP)

Max. Generalized Strain at Ultimate
von Mises Strain Tensile Stress Actual Allowable

C C C C C FDescription e u e/ u e/ _

M Hrs. , T = 13500F

Wall Plate 0.031 (B.C.) 0.038 0.82 0.90

Stud Anchor 0.0005 (T) 0.038 0.01 0.90

Note: Creep effects reduce the listed ' actual strains'.

B.C. = Biaxial Compression

T = Tension

= Includes Bending Strains*

,

I

|

O
.
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SUPPRESSOR PLATE SIMULATION
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sj ^

l
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|

Figure 3-1. 10 X 11 Array VARR-il Outlet I'lenum Model with
Comples UlS Geometry
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4.0 ASSESSMENT OF RADIOLOGICAL CONSEQUENCES

This section addresses the radiological consequences associated with an HCDA.

These radiological analyses are based on the design described in Section 2 and
the thermal and structural analyses presented in Section 3. Section 4.1

discusses the development of the radiological source terms considered in the
cases analyzed. A wide range of assumptions on materials initially released
to the RCB is used. Section 4.2 provides the results of radiological
calculations for atmospheric releases. Section 4.3 considers potential
releases to the groundwater.

The radiological calculations are based on the homogeneous core design.
Section 4.4 discusses the impact of the heterogeneous core design and

concludes that the radiological consequences for the heterogeneous core are
bounded by the homogeneous core results. The overall conclusions on
radiological consequences are provided in Section 4.5.

4.1 HCDA RADIOLOGICAL SOURCE TERM

The radiological consequences associated with the TMBDB scenario are based on

a complete core meltdown. The release of radioactive material from the
reactor cavity to the RCB is considered in two parts: an initial release

,

phase, and a sodium boil-up phase. The types and amounts of radioactivity
released from the RC depend on how much damage occurs to the head as a result

of the HCDA, which in turn, depends on how much energy is assumed to be
released as a result of the HCDA. Four cases, representing varying degrees of
imediate leakage through the head, were evaluated. The first case represents
the best estimate consequence of a hypothetical core disruptive accident.
Subsequent cases assume greater initial releases through the reactor vessel

head.

b)
'O
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4.1.1 Non-Energetic Core Meltdown

O
Initial Release Phase

The initial release phase includes materials that, because of their physical
state or high volatility, are not expected to be retained to an appreciable
extent in the liquid sodium. For a non-energetic meltdown,100% of the noble
gases (Kr, Xe) and 100% of the more volatile elements (Cs, Rb) are assumed to
be released imediately from the molten fuel. Although no appreciable release
of these nuclides tn the RCB would be expected until af ter the 9enetration of
the reactor vessel and guard vessel and subsequent release through the RC to

RCB vent (beyond 1000 seconds), the radiological analyses conservatively are

based on the release at time zero.

Boil-Up Phase

During the sodium boil-up phase the non-gaseous radioactivity trapped in the
sodium pool enters the RCB atmosphere as the sodium pool buils.

One hundred percent of the halogens (principally I) and the remaining
volatile elements (Se, Sb, Te) are assumed to have been released from the
molten fuel, uniformly distributed in the sodium pool, and then released to
the RCB atmosphere in proportion to the sodium vaporization (i.e., no
credit for partitioning).

The term volatile, as used here, refers to the elements Cesium (Cs),
Rubidium (Rb), Tellurium (Te), Selenium (Se), and Antimony (Sb). In

addition to these five, Reference 4-1 includes Xenon (Xe), Krypton (Kr),
Iodine (I), and Bromine (Br) in the category of volatile fission products.
This report refers to these four additional elements as noble gases (Xe and
Kr) and halogens (I and Br), but it does recognize the volatility of these
four additional elements as they are also considered to be 100% released
from the molten fuel, References 4-2 and 4-3 present the results of a

study of existing experimental and theoretical data on the volatility of
elements in molten fuel. This study generated a list of volatility f actors

O
4-2
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s for fission products. These factors represent conservative estimates of
the percent release of elements from molten fuel. The volatility of Xe,
Kr, I, and Br are given as 100%. The volatility of Cs, Rb, Te, Se, and Sb
are given as 90%. The next largest volatility factor given is 4% which is
significantly lower than the 90 to 100% values. Elements with f actors of
4% and lower are considered in the class of non-volatiles.

It was assumed that af ter release from the sodium pool 100% of the

volatiles will co-agglomerate with sodium based particulates. That
assumption is based on two premises. First, the volatiles are in a
non-gaseous state (i.e., they are either a liquid or solid aerosol) and as
such are capable of agglomerating. Secnnd, an aerosol composed of
different chemical species will coagulate into single aggregates and settle
as one material.

An evaluation of the first premise, based on the physical conditions
associated with the release of volatile fission products from the sodium
pool, residence in the RCB and release from the RCB has been made. The
volatiles are assumed to be released from the sodium pool as a gas at a

temperature corresponding to the temperature of burning sodium. The time
required for these volatile fission products to reach thermal equilibrium
with the RCB atmosphere (minutes) is short compared to the average
residence time in the RCB (hours). The RCB atmosphere temperature (peak

4000F, average <750 F over the release period) is well below the0

boiling points of the volatile fission products and their oxides so they
would condense to liquids or solids very quickly and have ample time to
agglomerate before being vented. Experimental evidence supporting the
second premise is reported in Reference 4-11.

The non-volatile fission products would be quenched in the sodium and form
particulates. Based on measurements of particle size distributions in the
ANL M-series tests, approximately 15% of the fuel could exist in particles
small enoegh to remain suspended in the sodium pool (Reference 4-4), These

suspended fuel particles would contain a proportionate amount of solid
fission products.

4-3
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Based on a recent survey (Reference 4-5) of experimental data on liquid
carry-over from comercial evaporators and entrainment of solid particles
in the vapor stream # rom an evaporating liquid pool, it was concluded that
the decontamination yactor (partitinning f actor) for plutonium particles
would be at least a f actor of 1000.

Partitioning of solid fission products in the sodium as it vaporizes is
based on the method sumarized in Reference 4-6. The combined partitioning

of the fuel and sodium results in a release of 1% of the total non-volatile
solid fission product inventory. A more detailed evaluation of the overall
solid fission product release is presented in Appendix E.

The fuel release during the sodium boilup phase is estimated by considering
the two attenuating mechanisms discussed above, i.e. ,15% of the fuel
particulate remaining in suspension following meltdown and reparticulation,
and a partition factor of 1000. This would result in approximately 300
grams of plutonium being carried into the RCB atmosphere with the boiling
sodium. See Appendix E for a more detailed discussion of plutonium release
from the boiling sodium.

O
Additional mechanisms for transporting plutonium from the reactor cavity to
the RCB have been investigated and found to be negligible in comparison to
the 300 grams considered above. These additional mechanisms are also
discussed in Appendix E.

The initial release phase and boilup phase source terms described above for
a non-energetic core meltdown are used in Case 1 in Table 4-1.

Post Boil-Dry Phase

Af ter the sodium pool in the reactor cavity has evaporated a bare
fuel / steel debris bed is left. Most of the fission product releas, is
expected to occur prior to boil-off (Reference 4-1). Potential mechanisms

for further release of fission products and plutonium from the dry debris
bed are: (1) surface vaporization; (2) particle levitation; and (3) gas |

O
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sparging. The first two mechanisms are considered for plutonium ins

Appendix E and are shown to result in a negligible contribution to the
release associated witn the boiling sodium pool. The volatile fission
products are assumed to have been completely released. The non-volatile
fission products have vapor pressures similar to or lower than the vapor
pressure of fuel (Reference 4-4). Thus, like the fuel, no significant
fraction of the remaining fission products would be released from the
molten surface due to the first two mechanisms.

The release of fission products and plutonium due to gas sparging has also
been evaluated (see Appendix E). The results of this evaluation show that
those products whose releases are enhanced the most by sparging are the
more volatile products which the analysis already considers to be totally
released. The release of the other less volatile products by sparging is
accounted for by the 1% release fraction assigned to the non-volatile
fission products in the boil-up phase source term. Plutonium release from
the molten pool by sparging could be on the order of 13 Kg over a several
month period and this has been assumed to be released to the RCB. The
evaluation of this additional plutonium source is discussed in Appendix E.

d Assuming a 99% filter efficiency and taking credit for aerosol fallout and
plate-out, about 45 grams of plutonium could be released to the atmosphere

over a several month period beginning at sodium boildry (# 5 days) after
I the start of the accident.

4.1.2 Energetic HCDA
,

Initial Release Phase

The case described in Section 4.1.1 is based on the expected consequence of
a hypothetical core disruptive accident; namely a non-energetic condition
and consequently, no significant ihediate release of sodium or
non-volatile fission products through the reactor vessel head. Several
variations of the expected case were analyzed using successively more

! pessimistic assumptions on the initial releases through the reactor vessel
head.

| -
t

.%

!
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The second case analyzed (Case 2 in Table 4-1) is similar to the expected
case (Case 1) except that an energetic hypothetical core disruptive
accident is assumed. The available work energy, if the fuel vapor were
expanded to one atmosphere, is 661 MJ. The fraction of the core inventory
of fuel which is vaporized and transported to the cover gas region as a
vapor is conservatively based on a single hemispherical bubble model which
takes no credit for heat losses from the bubble while rising through the
sodium pool and core structure (Reference 4-3). The results of this
analysis indicate that 7.3% of the core fuel inventory could reach the
cover gas space in the form of vapor. Since the reactor vessel, head and
primary system are designed to retain their structural integrity for the
dynamic loadings corresponding to the 661 MJ condition, the imediate
releases would still be limited. To represent this condition, an imediate
release of 1000 pounds of sodium and gas leak rate of 1000 standard cubic

centimeters per second for the first 1000 seconds are used.

The combination of the 1000 scc /sec leak rate and aerosol depletion in the

cover gas region would limit the amount of fuel and fission products in the
initial release phase to 0.026% of the core inventory. This fraction was
assumed to be released at time zero in Case 2 described in Table 4-1.

The twa additional cases evaluated (Cases 3 and 4) arbitrarily employed

progressively larger initial releases of fuel, sodium, a d the lessn

volatile fission products. These cases were useful to examine the
sensitivity of the consequences to releases that are much larger than
expected.

Boil-Up Phase

The release avociated with the sodium vapor phase for Case 2 is similar to

that of Casa 1. As Cases 3 and 4 were considered more severe and released
more fuel aid fission products in the initial phase, correspondingly lesser
amounts of these products would be present in the sodium boil-up phase.
The source terms for these four hypothetical accident scenarios are

sumarized in Table 4-1.

O
4-6

_



, . - . - . - . . . . . . - - . _ . . _._.--__----._.-.- -..- - - --.- -_ _-_-__ _ _ - - _ _

,

1

1

! CRBRP-3
Vol.2, Rev.0 [

t,

i _

Fission product and activation product activity levels are based on the1

t

end-of-equilibrium-cyc'e core inventory identified in Table 12.1-32 of the |
.

;

PSAR. Tha beginning-of-equilibrium-cycle plutonium inventory was used f

i because it results in a slightly higher dose value than for |
.

1

end-of-equilibrium-cycle plutonium. i
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! Post Boil-Dry Phase ,
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The same considerations apply here as discussed in Section 4.1.1.
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4.2 RADIOLOGICAL DOSES FROM ATMOSPHERIC RELEASES

4.2.1 Methods and Data Base

Aerosol Depletion

The radiological release from the RCB to the environment depends on the
concentration of suspended radioactivity in the RCS and the RCB vent rate.
The RCB vent rate (which includes the effect of purging) is varied as
required to maintain the hydrogen concentration at an acceptable level

(<6%) (see Section 3.2.2). The suspended concentr' tion of radioactivity
in the RCB is a function of the source generation rate, RCB vent rate, and
aerosol deposition rate. The HAA-3 computer code calculates the time
dependent " suspended aerosol concentration taking these interacting effects
into account. For a more detailed discussion of the HAA-3 code and its
basis see Appendix 0. The rate of aerosol depletion calculated by HAA-3 is
input to the COMRADEX code.

COMRADEX Radiological Analysis

O
COMRADEX computes the time-rate of release of radioactivity from the RCB.
The COMRADEX calculations include the effects of radioactivity decay and
aerosol depletion within containment. COMRADEX also determines, as a

function of time and downwind location, doses resulting from direct ganna
shine, inhalation of radioactive material, and cloud submersion taking into
account atmospheric dispersion.

Meteorology

The atmospheric dispersion parameters (X/Q's) used for the TMBDB evaluation
are provided in Table 4-2. These dispersion f actors are based on the "50%

cumulative frequency" (atmospheric dispersion more f avorable 50% of the

time) X/Q values (Reference 4-7).

O
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Dose Factorsfs

' (v)
Dose conversion factors (rem /ci) used in the COMRADEX code to calculate
specific organ doses were taken from References 4-8 and 4-9 where
possible. Factors for isotopes not given in these References are from~

Reference 4-10.

Containment Modeling

The time dependent radiological source term is released directly to the
RCB. The release rate from the RCB is that calculated by the CACECO code.
For the first 36 hours of the scenario the RCB atmosphere leaks at a low
rate (based on 0.1%/ day at 10 psig) to the annulus filter system (described
in Section 6.2.5 of the PSAR). During this 36 hour period unfiltered
bypass leakage at the rate of 1% of the filtered leakage is considered.
Af ter.36 hours the RCB is vented and subsequently purged (Figures 3-13 and

3-14) to maintain the hydrogen concentration at an acceptable level.
During this phase filtering is by the TMBDB filter system which is designed

[3 for the higher vent rates. The efficiency of the TMBDB filter system is
99% for solid fission products and fuel and 97% for condensible fission

,

products (halogens, Se, and Sb). Noble gases are assumed to pass through
the filter system unattenuated. (There is some question of the

effectiveness of the filter system to remove Na C03 and the fission2

products which may be tied up with this aerosol component. This subject is
addressed in Appendix E.) Because the bypass leakage rate is expected to
be so small relative ts the high vent rate af ter 36 hours, the bypass
leakage is not expected to make a significant contribution to the released
radioactivity and is therefore not considered beyond 36 hours.

The direct gama contribution to the whole body dose considers the
shielding provided by the steel RCB and the concrete confinement building.

Figure 4-1 shows the dose rate inside the reactor containment building for
Case 2.'

; p

|

I
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4.2.2 Radiological Doses

Using the methods described in Section 4.2.1 the radiological doses at the
Exclusion Boundary (0.42 miles) and the Low Population Zone (2.5 miles)

were calculated for the four different source terms described in Section
4.1. These doses are suninarized in Table 4-3. The 30 day LPZ doses

include the plutonium released after boil-dry to 30 days. Plutonium
release beyond 30 days could result in an additional 10 rem to the LPZ bone
dose. Control room doses were provided in Section 2.2.15.

The dose consequences of the four cases that assumed varying degrees of

severity of the hypothetical accident are all quite low for accidents
beyond the design base. For example, the maximum whole body dose is
predicted to be about 3 rem and the maximum thyroid dose would be about 100

rem. Bone doses are about 30 rem.

The results also show that the consequences are not strongly sensitive to

the degree of severity of the initial release source term. As the initial
release to the RCB increases, the rate of aerosol depletion increases which

acts as an inverse feedback to limit the release f rom the RCB.
Consequently, 50 long as the initial release does not result in f ailure of
the containment barrier, the radiological consequences are relatively
insensitive to the magnitude of the release. Fcr the full range of
releases considered in Cases 1 through 4, the RCB pressure and temperatures

would not result in f ailure of the containment barrier.

Table 4-4 compares the consequences, in terms of curies released, of a

comparable scenario (core meltdown with enough containment leakage to

prevent containment f ailure by overpressure) for CRBRP and light water

reactors (LWR). The CRBRP values are 'or the worst of the above four
The LWR releases are for the accident scenarios PWR-6 and BWR-4cases.

described in Section 2 of Appendix VI of WASH-1400. This comparison shows

the atmospheric releases for CRBRP to be comparable to those for LWRs.

Figure 4-2 st:ows the integrated radioactivity released to the environment
for Case 2.

O
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4.3 GROUNDWATER CONSIDERATIONS

b(
The radiological consequences associated with the release of radioactive
material to the groundwater following a hypothetical core disruptive
accident (HCDA) have also been evaluated and the consequences are compared

to those determined for typical light water rc. actors.

As noted in Section 3.2.1 of this report, followine an HCDA that results in
penetration of the reactor vessel and guard vessel, the fuel, fission
products and sodium would spread on the reactor cavity floor. The sodium
would heat to its boiling temperature as a result of the decay heat in the
fuel and fission products and subsequently boil. Following boiloff of the
sodium (between 100 and 150 hours), the residual decay heat could cause
fuel to melt and penetrate into the concrete in the floor of the reactor

cavity. Under these conditions it is not certain whether the reactor

containment steel liner (located beneath 11 feet of concrete) would be
penetrated. If it is penetrated, the meltfront could proceed some distance

into the 15 feet of concrete located beneath the reactor containment
m building steel liner. Although calculations indicate that complete

)
penetration of this concrete is unlikely (Section 3.2.3), for purposes of
the following analysis, complete penetration is assumed to occur. This
assumption provides a mechanism to ass 6s the radiological impact on the
groundwater in a very conservative manner. The following analyses are
similar to those performed for the Reactor Safety Study and reported in
Appendix VII of WASH-1400. The primary exceptions are that:

1. at melt-through, no water is available from the reactor containment
vessel to add to the groundwater, and

2. site specific data on the flow system were taken from the Hydrology
and Geology Sections of the CRBRP Preliminary Safety Analysis Report

(Sections 2.4 and 2.5).

v)
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The groundwater at the CRBRP site has been measured to flow toward the
Clinch River at about 57 ft/ year with a gradient of about 0.007 feet / foot.
At this rate the travel time from the CRBRP plant to the Clinch River,1600
feet away, is 28 years. The flow system for the transport of radioactivity
from the melt-through point to the Clinch River was defined as a
rectangular-horizontal column 50 feet wide by 60 feet high by 1600 feet
long. This flow system is conservative since it neglects dispersion or
flow system spreading which would reduce the effluent concentrations at the
end of the 1600 foot length.

Heat balance calculations presented in WASH-1400 indicate that for about

one year af ter the melt-through, the heat flow from the molten mass is
sufficient to dry out the surrounding ground which effectively insulates
the groundwater from the debris. Af ter the groundwater makes contact with
the deris, radioactivity would begin to be leached out. Thus before the
grounowater becomes contaminated the radioactivity in the debris would
undergo one year of decay. During the 28 year transit to the Clinch River
radioactive decay would further reduce the activity level. Additional
reduction in the activity level of the groundwater would take place before
it reaches the river due to sorption of the dissolved radionuclides in the
soil material of the groundwater system.

The results of this analysis are presented in Table 4-5, which gives the
peak effluent concentration of the most significant isotopes at the entry
point to the Clinch River. It also gives the corresponding values for a
typical LWR as presented in WASH-1400, and the maximum permissible
concentrations (MPC) of those isotopes in effluent water during normal

operation, as given in 10CFR20 Appendix B, Table II. The results show the
peak effluent concentrations for CRBRP following an HCDA to be lower than
the predicted concentrations following an assumed LWR meltdown and even
lower than the 10CFR20 MPC values (applied to routine releases).

It is concluded that groundwater releases would not contribute

significantly to the overall environmental consequences of accidents beyond
the design base.

O
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4.4 HETEROGENE0US CORE CONSIDERATIONS

ID
The TMBDB radiological analyses in the previous sections are based on a
homogeneous reactor core configuration. The dose consequences of an HCDA

involving the CRBRP core (heterogeneous) are estimated to be less thu
those currently predicted for the homogeneous core. Table 4-6 provides the
plutonium inventory (in kg and curies) for the homogeneous and
heterogeneous cores. Although the heterogeneous core contains more
kilograms of plutonium, the change in isotopic content results in less
kilograms of the nuclides Pu-238 and Pu-241, which are radiologically most
important. The heterogeneous core inventory of Pu-238 is a f actor of 5
less than the homogeneous core inventory; the Pu-241 inventory is about a
factor of 4 less. When the curies of each plutonium isotope are weighted
by the dose conversion factors of Reference 4-9, and the results are added,
the heterogeneous core plutonium has less radiological impact than the
homogeneous core plutonium. Since the fission product invenwries are
approximately the same in the two cores, differences in dose consequences
depend on the contribution of plutonium to the particular organ dose being

n considered. In general, plutonium contributes most to the bone dose, has a
minor role in lung and whole body doses, and has no effect on thyroid

doses. In particular, the 2 hour bone doses for cases in which the initial
fuel release is greater than or equal to 1% and the 30 day bone doses for
all cases (because of the major contribution of sparged plutonium to the 30
day bone dose) will decrease by approximately 50% for the heterogeneous
core configuration. This is due to the high degree of dependence of the
bone dose on the Pu in the reactor fuel. In gene-al, the lung and whole
body doses will decrease by 5-10% due to a lesser dependence on fuel
release; these doses are primarily dependent on solid fission product
release and noble gas release, respectively. The thyroid dose is expected
to remain essentially the same, since halogen release (mostly I) will be
the same in both core configurations.

Therefore, the radiological consequences for the heterogeneous core are
bounded by the consequences for the homogeneous core presented herein.

,

G

4-13

. _ ._ - .



CRBRP-3
Vol.2, Rev.0

4.5 CONCLUSIONS ON RADIOLOGICAL CONSEQUENCES

Radiological releases associated with the TMBDB accident scenario have been
assessed. The consequences of both atmospheric releases and groundwater
releases were considered. To examine the sensitivity of the atmospheric
consequences to larger releases than expected, several cases of varying
degrees of severity were evaluated. The results of these analyses show the
radiological dose consequences to be acceptably low and insensitive to the
initial release phase over the range of releases considered.

Groundwater contamination levels resulting f rom reactor cavity melt-through
were shown to be lower than the predicted concentrations following an

assurned LWR meltdown and even lower than the 10CFR20 MPC values for routine

releases.

The radiological consequences reported herein were based on the homogeneous
It has been shown that these results bound the consequences for thecore.

heterogeneous core.

It is concluded that the radiological consequences of a hypothetical core
disruptive accident would be acceptable considering the highly improbable
nature of the conditions analyzed.

)

|
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TABLE 4-1

. CORE SOURCE TERMS RELEASED TO THE REACTOR CONTAINMENT BUILDING'

FOR HYP0THETICAL ACCIDENT SCENARIOS CONSIDERED

Initial Release Phase Sodium Boil-Up Phase

Case 1 100% Noble Gases 100% Halogens

100% Cs and Rb 100% other Volatile F.P.
1% solid F.P.
0.015% Fuel
1.1 x 106 lb. of Na

Case 2 100% Noble Gases 100% Halogens

100% Cs and Rb 100% other Volatile F.P.
'

1000 lb. of Na with 100 PPB Pu 1% solid F.P.

O.026% Fuel *, Solid F.P., 0.015% Fuel

Halogens 1.1 x 106 lb. of Na

Case 3 100% Noble Gases 1% of remaining 99% of solid F.P.
.

100% Halogens 0.015% Fuel

100% all Volatiles 1.1 x 106 lb. of Na
s 1% Fuel *

1% Solid F.P.

1000 lb. of Na

Case 4 100% Noble Gases 1% of remaining 95% of solid F.P.

100% Halogens 0.015% Fuel

100% all Volatiles 1.1 x 106 lb. of Na
5% Fuel *

5% Solid F.P.

3300 lb. of Na

! Note: Af ter boil-dry the only *gnificant contribution to the source term is
plutonium release due to gas sparging. This additional source amounts
to about 13 kg of plutonium released from the molten pool, which has
been' assumed to be freely transmitted to the RCB over a several month
period and is considered the same for all four cases.

!

* Includes plutonium in blankets and core.

-f )
%J
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'ABLE 4-2

ATMOSPHERIC DILUTION FACTORS

50% X/Q Values *

3Exclusion Boundary (0.42 miles _)_ X/Q (sec/M )

0-2 hours 2.20 x 10-4

Low Population Zone (2.5 miles)

0-8 hours 5.90 x 10-5
8-24 hours 5.35 x 10-6
1-4 days 3.45 x 10-6
4-30 days 3.70 x 10-6

*See Section 2.3 of the CRBRP PSAR.

1

,

l
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TABLE 4-3

DOSE SUPNARY FOR HYP0THETICAL ACCIDENT

{; SCENARIOS CONSIDERED
,

i-. Doses in REM |
|

'

Organ Case 1 Case 2 Case 3 Case 4 I
i |

{ -Bone 0.0043 0.028 0.93 3.83 )

| 2 Hour Lung 0.0035 0.0055 0.15 0.39

Exclusion . Thyroid 0.0067 0.0096 11.3 9.51

| Boundary W. Body 0.16 0.16 0.24 0.32

:

1

!. . 30 Day Bone 32.1 32.1 32.7 33.2

| Low Lung 3.08 3.09 2.15 2.15
' Population Thyroid 99.2 99.2 5.31 1.72

Zone W. Body 2.98 2.97 2.54 2.41 1,

I

'O
,
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TABLE 4-4

COMPARIS0N OF RADIONUCLIDE RELEASES TO ATMOSPHERE FOR CRBRP
WITH LWR'S FOR A COMPARABLE MELTDOWN SCENARIO

Radioactivity Released (curies)

Element CRBRP PWR(3) BWR(3)

Xe-Kr 2.4 x 107 1.0 x 108 2.1 x 108

I 1.6 x 105 2.0 x 106 1.1 x 106

Cs, Rb 5.4 x 100 1.2 x 104 7.6 x 104

Te, Sb 3.5 x 104 2.2 x 105 8.6 x 105

Ba, Sr 6.5 x 102 3.3 x 104 2.2 x 105

Ru(1) 1.5 x 103 3.9 x 104 3.3 x 105

La(2) 3.7 x 103 2.9 x 104 2.9 x 105

II) Includes: Ru, Rh, Co, Mo, Te

(I Includes: Y, La, Zr, Nb, Ce, Pr, Nd, Np, Pu, Am, Cm

O
(3)From WASH-1400 Appendix VI, Calculation of Reactor Accident

Consequences, October 1975. The LWR scenarios used for

comparison here are PWR-6 and BWR-4 described in Section 2

of WASH-1400 Appendix VI.

O
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TABLE'4-5

COMPARIS0N OF CALCULATED GROUNDWATER EFFLUENT
CONCENTRATIONS FOR CRBRP AND TYPICAL LWR

1

Concentration (pCi/cc)
?.

MPG

Nuclide CRBRP LWR (10CFR20)*

Sr 90 3.6 x 10-9 7.1 x 10-4 3 x 10-7

;. Tc 99 6.8 x 10-8 3.6 x 10-6 2 x 10-4

Pu 239 7.1 x 10-7 8.0 x 10-7 5 x 10-6-

i.

t

*The 10CFR20 MPC values are for routine releases and are not
: required to be met for accidental releases. They are presented

here simply to illustrate the very low levels of radioactivity
predicted in the groundwater following an assumed penetration
of the basemat.

; O
.
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TABLE 4-6

PLUT0NIUM INVENTORY IN CORE AND BLANKETS

Homogeneous Core
Beginning of Equilibrium Cycle

(Used in TMBDB Radiological Heterogeneous Core
Isotope Analyses) End of Equilibrium Cycle

K_2 S K.3 S
Pu-238 16 2.70 x 105 3 5.07 x 104

Pu-239 1464 8.97 x 104 2261 1.39 x 105

Pu-240 374 8.23 x 104 220 4.84 x 104

Pu-241 131 1.33 x 107 32 3.25 x 106

Pu-242 45 1.76 x 102 3 1.17 x 101

Notes:

1. The homogeneous core analyses assumed the isotopic content of the feed
plutonium is 0.8% Pu-238, 72.1% Pu-239,18.4% Pu-240, 6.5% Pu-241 and
2.2% Pu-242. The isotopic content of the feed plutonium for the
heterogeneous core is 0.1% Pu-238, 86.0% Pu-239,11.7% Pu-240, 2.0%
Pu-241 and 0.2% Pu-242.

2. For the homogeneous core', the limiting doses are associated with the
beginning of equilibrium cycle plutonium inventory. For the
heterogeneous core, the limiting doses are associated with the end of
equilibrium cycle plutonium inventory.

O
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5.0 SUMMARY AND CONCLUSIONS
f. )
N.. /

Volume 1 of this report assesses the potential for energetics arising from
an HCDA and concludes that the best estimate of the progression is a
non-energetic termination with partial to whole core involvement.'

Nevertheless, the reactor coolant boundary is being designed with adequate
structural margins to acconinodate energetic hypothetical core disruptive
accident dynamic loads without loss of structural integrity. Tiie
requirements placed on the reactor coolant boundary to provide structural
margins were identified.

Volume 2 addresses the thermal loads that could result from an HCDA with
whole core involvement. The evaluation of in-vessel margins shows that a
potential for penetration of the reactor vessel and guard vessel exists.
Consequently, emphasis has been placed on providing margins external to the
reactor vessel and guard vessel to assure that the radiological
consequences of an HCDA are acceptable.

To evaluate the adequacy of the plant tnermal and radiological margins, the
\- release of the entire core, blankets and primary sodium into the reactor

cavity was considered. Requirements have been placed on plart components

and structures to assure that containment integrity would be maintained
without venting until evacuation procedures could be implemented. For this
report this period is taken to be 24 hours, consistent with the NRC
requirement (analyses show a capability for about 36 hours). Features are
also included to provide long term mitigation of HCDA consequences. The
principal features that provide the thermal margin beyond the design base
are:

o Steel lined cells that house the primary system components.
,

i
)

o Reactor cavity liner vent system to remove gases released behind the
liner.

Reactor cavity-to-containment vent system to relieve pressure in theo

reactor cavity.

v
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o Reactor Containment Building vent and purge systems to provide

capabilities to maintain long term containment integrity,

o Reactor Containment Building annulus cooling system to maintain long
tem containment integrity.

o A containment cleanup system to reduce the radiological consequences of

vented materials.

Based on the evaluations considering these features it is concluded that
the radiological consequences of a hypothetical core disruptive accident
would be acceptable, considering the extremely low probability of such a
condition. The consequences would be comparable to those for light water
reactors for events beyond the design base.

The specific conclusions on Thermal Margin Beyond the Design Base are:

1. Themal loads resulting from an HCDA could cause failure of the reactor
vessel and guard vessel.

2. Containment integrity (without venting) would be maintained for more
than 24 hours. This provides time to implement evacuation procedures
and meets the requirement imposed by NRC.

3. Long tem containment capability above the basemat would be maintained
indefinitely by controlled venting and purging.

4. The atmospheric releases would result in radiological dose consequences
that are acceptably low and insensitive to the initial release through
the reactor head and compare f avorably to WASH-1400 for Class 9 events.

5. Even if fuel penetration of the basemat would occur, ground water
contamination levels would be lower than the predicted concentration

following an assumed LWR meltdown.

O
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APPENDICES'-

|

IThe follosing Appendices contain detailed supplemental information which
' supports the TMBDB assessments. Included are sensitivity analysis in-
,

several areas. The following index notes-the locations of the var.ious |
,
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INDEX TO SENSITIVITY STUDIES IN APPENDICES

Appendix Description of Sensitivity Assessments

A None.

B Reactor vessel and guard vessel penetration mechanisms and
penetration times.

C None.

D Aerosol behavior characterization.

E Plutonium and fission products release mechanisms.

F Sensitivity of containment conditions to less severe initial
conditions: decay heat, pool chemistry, thermophysical
property data, sodium inventory variations, reactor and
guard vessel penetration times coupled with decay heat
removal, reactor head leakage prior to 24 hours, variation
in liner failure times and concrete surface interaction area.

G Sensitivity of containment conditions to: energetic
sodium-concrete reactions, mal-operation of the reactor
cavity-to-containment vent system, initial release of
fission products and sodium through the head, variation in
aerosol depletion parameters and variations in debris bed
formation and leveling in the reactor cavity.

H Containment response to the hydrogen burning criterion and
flame characteristics.

I Fuel in the PHTS piping.

J None.

O'
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APPENDIX Ap
DEVELOPMENT PROGRAMS SUPPORTING THERMAL MARGIN ASSESSMENTS

The majority of the development work needed to support the evaluations in
this report has either been completed or is at an advanced stage. In some

instances all the data required have been obtained, but the final report
has not been. issued. Such testing is not included in this Appendix since
the data have already been incorporated.

This Appendix focuses on the relatively small program _of future
experimental testing required. It should be noted that the dates cited for
such items as program completion, final report release, etc., were updated
as of November 1979.

<
4

A.1 SODIUM-CONCRETE INTERACTIONS DEVELOPMENT PROGRAM

/3 A.l.1 Purpose
NJ

The large number of sodium-concrete interaction experiments performed at
HEDL and Sandia (Appendix C.1, and References A-1 through A-3) resulted in

the model of this phenomenon used in the analysis in Section 3.2.2. These

tests included both bare concrete and simulated f aulted liners. The
remaining work is aimed at larger scale tests to confirm the results of the

-earlier tests.

A.1.2 Program

Two additional sodium-concrete reaction tests have been perfonned.

A Large' Sodium-Concrete Test (designated LSC-2) has been performed with
bare concrete. The test specimen had an interaction surface of 3 feet by 3
feet and used limestone concrete prototypic of CRBRP. The specimen was
approximately 2 feet thick. Approximately 1000 pounds of hot (el1000F) '

[3\

G
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sodium was poured onto the test specimen and heated to approximately
01600 F and maintained near this temperature for about 100 hours.

A large-Scale Faulted Liner Feature Test (designated LFT-6) has also bee n

performed with a steel liner and a layer of Mg0 gravel above the concrete
spec imen. The liner contained a 6 inch diameter centered hole. The
concrete specimen was similar to that described above for the LSC-2 test.

0Approximately 1000 pounds of hot (#1100 F) sodium was poured onto the
test specimen and heated to approximately 1600 F and maintained near this
temperature for about 100 hours.

Monitoring during the tests and post-test examinations provided information
on temperature histories, gas release rate and composition, depth of sodiim
penetration into the concrete and sodium-concrete reaction product
composition.

A.1.3 Schedule

The tests were performed in accordance with the following schedule:

.- - FY 1980FY 1979 --
-

WW W
0 N D J F M A M J J A S 0 N D J F M A M J J A S

CY 1980- CY 1979 -=

Legend:

y Cmplete LSC-2 test (complete)
y Complete LFT-6 test (complete)
y issue report on test results

O
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''
/ 's A.1.4 Criteria of Success
U

. In order to confirm the scenario for the Thermal Margin Beyond the Design Base
evaluation, this program is required to evaluate the penetration and
interaction of sodium with the reactor cavity concrete floor including the
: effects of a potential floor liner failure. The criteria of success are that

the test program confirms that the sodium-concrete reactions are approximately
as modeled and are self-terminating because of the buildup of reaction
products, and that spalling and mechanical breakup of the ccncrete will not
enable the reaction front to proceed through the concrete structure.

A.1.5 Fallback Position

In the event that the tests do not substantiate the current models that show
that the sodium-concrete reactions are self terminating, the experimental'

results will be factored into the analyses along with other updated
information and thermal margins will be provided.

O .
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A.2 HYOR0 GEN AUTO-CATALYTIC RECOMBINATION

A.2.1 Purpose

Hydrogen auto-catalytic recombination is important in assessing the Thermal
Margin Beyond the Design Base as indicated in Section 3.2.2. The burning

criteria are based on extensive experimentation (Reference A-4) including the
following ignition tests:

o Ignition of Hydrogen-Nitrogen Jets
o Ignition of Hydrogen-Nitrogen-Sodium Jets
o Ignition of Hydrogen-Nitrogen " Aium-Water Jets
o Effects of Oxygen Depletion on 1rogen Burning

o Hydrogen Formation in Sodium-W: Air Atmospheres
o Eff ects of Jet Velocity

and the following extinguishment tests:

o Effects of Oxygen Depletion on Hydrogen Jet Burning Efficiency
o Effects of Jet Sodium Concentration
o Effects of Jet Velocity

o Effects of Jet Temperature
o Effects of Atmosphere Water Vapor Concentration

These tests were performed in a simulated containment vessel having a volume
3of 3.5 ft . The remaining tests are aimed at confirming the validity of the

burning criteria in a larger simulated test vessel. These tests employed a
3vessel having a volume of 3800 ft , which provided a scaleup of a factor of

3more than 10 ,

A.2.2 Program

To provide more prototypic conditions to assess hydrogen auto-caulytic
recombination, three large scale tests involving sodium-concrete interactions
were performed and hydrogen ignition characteristics were determined. A

O
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simulated containment vessel having a volume of 3800 ft3 was attached to the

( sodium-concrete reaction test components. The oxygen concentration in the
containment vessel can be controlled. The three tests run were:

o LSC-2 (See Section A.1.2 for description)

,

o LFT-6 (See Section A.1.2 for des:ription)

o LF T-5. This is similar to LFT-6 except that f aulted liner conditions
for FFTF were being simulated; below the faulted liner are firebrick,
insulating brick, and rafractory mortar above the basalt concrete test
specimen.

,

For the naturally generated hydrogen from these tests, ignition conditions
were determined in terms of the jet gas temperature, jet sodium concentra:lon
and the oxygen concentration of the simulated containment vessel.

A.2.3 Schedule

p(,) The schedule for developing.the hydrogen burning information from these tests
! is as follows:

FY 1979 FY 1980= = =-=

V V WV V
: 0 N D J F M A M J J A S 0 N D J F M A M J J A S

- CY 1979 CY 1980 == =

I
Legend:

7 Complete analysis of hydrogen burning data from LFT-5 (complete) |
'

Complete analysis of hydrogen burning data from LSC-2 )
Complete analysis of hydrogen burning data from LFT-6 (complete)

' . Issue sumary report on LFT-5
y Issue suninary report on LSC-2 and LFT-6

|
l

f.
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A.2.4 Criteria of Success

The test results will be considered to be successful if the hydrogen
auto-catalytic burning conditions from these tests are consistent with the
data from the smaller scale tests reported in Reference A-4.

A.2.5 Fallback Position

In the event the tests do not substantiate the hydrogen burning models
currently being used, appropriate modifications will be made to the models to
be consistent with the data from the larger scale tests. Those revised models
will then be used in assessing the Thermal Margin Beyond the Design Base.

O

:

|

|
1

O
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f] A.3 FURTHER VALIDATION OF THE CACECO COMPUTER CODE
v

A.3.1 Purpose

The objectives of this activity are to further validate the CACECO computer
code used in many of the analyses in this report. Initial validation is
reported in References A-5' and A-6. In these references, the code and input

data were validated using experimental results available through 1976 and some
results from 1977. With the additional experimental data that subsequently

1 became available or will be available in the near future, further confirmatory

validation is appropriate and is planned.

A.3.2 Program

The further validation of the CACEC0 code will include the following items:

1. A report which has been issued describes the analytical validation of the
code. This included a comparison of the code with analytical solutions,
other validated codes and hand calculations.

2. A revised users guide has been issued to provide updated user information.

3. A report will be issued sumarizing the experimental information used in
the code and/or code input. The code and input data will be compared with
data from appropriate sodium-concrete and heated concrete tests, the HEDL
hydrogen auto-ignition experiments, and appropriate concrete water release
experiments.'

I

A.3.3 Schedule

= - FY 1980 -- FY 1979

T W W
F M A M J J A S 0 N D J F M A M J J A S

= - CY 1980CY 1979 ==

tV
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Legend:

p Complete analytical validations and issue report (complete)

p Issue revised users guide (complete)

Issue report on experimental validations

A.3.4 Criteria of Success

The purpose of this program is to further validate a code that predicts the
conditions in containment following an HCDA. The criteria of success will be
to show by comparisons with analytical and experimental data that the code
simulates the consequences in containment following an HCDA.

A.3.5 . Fallback Position

If the current version of the CACECO code does not satisfy the criteria of
success, the code will he modified until a satisfactory duplication of the
analytical and experimental data Can be obtained and the rMBOB consequences

will be assessed based on this revised model.

O
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A.4 COMPREHENSIVE TESTING PROGRAM FOR CONCRETE AT ELEVATED TEMPERATURES

O
A.4.1 Purpose

The purpose of this testing program was to establish a data base of the
analysis and design of concrete exposed to elevated temperatures under
conditions comensurate with nuclear power plant applications.

The specific objectives of this testing program were:

a. To define the variations in the physical (thermal) properties of limestone
aggregate concrete and lightweight insulating concrete exposed to elevated
temperatures resulting f rom a postulated large sodium spill,

b. To develop thermal relationships for use in the analysis and design of
reinforced concrete components under high temperature conditions resulting

from postulated large sodium spills in equipment cells,

c. To define the variations in the mechanical (strength) properties of
V limestone aggregate concrete and lightweight insulating concrete exposed

to elevated temperatures resulting from a postulated large sodium spill.

d. To develop strength relationships for use in the analysis and design of
reinforced concrete components under high temperature conditions resulting
from postulated large sodium spills in equipment cells.

A.4.2 Program

The program of research specified in the Comprehensive Testing Program for
Concrete at Elevated Temperatures defined the variations in the physical
(thermal) and mechanical (strength) properties of prototypic CRBRP limestone

aggregate concrete and lightweight insulating concrete exposed to elevated
temperatures.

.
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The Comprehensive Testing Program for Concrete at Elevated Temperatures

consisted of two major phases. The scope of the testing program phases

consisted of the following:

Phase I: Confirmation of Mechanical Properties

This phase consisted of testing to determine the effect of elevated
temperature exposure on the strength properties of structural concrete and
lightweight insulating concrete. A limited number of tests were performed on
the lightweight concrete to determine its load response characteristics at
penetration locations where localized crushing due to thermal expansion is
likely to impact the penetration design. All testing were performed in an
open moisture migration state while the concrete is at test temperature
(open-hot condition). Each test sample was heated to test temperature at a
rate of 30 F/hr and was heat soaked for 336 hours, unless otherwise noted,

prior to mechanical testing. All samples were a minimum of 60 days old at the
time of initial heat-up. The tests conducted are shown in Table A-1.

Part 1

Concrete cylinders 6" x 12" were tested for each temperature in the designated
quantities in Table A-1 for the following parameters:

a. Compressive Strength (f' )

b. Modulus of Elasticity (E )
c

c. Stress-Strain Relationship (o versus c)

d. Moisture and Weight Loss

e. Poissons Ratio (p) (Standard Weight Concrete Only)

O
A-10
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TABLE A-1

t

OPEN-H0T M0ISTURE MIGRATION STATE

Test Temperature Standard Weight Concrete Lightweight Concrete
(OF) (No. of Cylinders) (No. of Cylinders)

720F (Control 3 (min) per each concrete
Cylinders) batch,

*1500F 6* 3

*2250F 6* 3

*3500F 6* 3

5000F 3 3

7000F 3 3

9000F 3 3

1150 F 3 0

Total 30 18

Three cylinders - (standard weight concrete only) for each of the above*

designated temperatures were heat soaked for approximately 672 hours prior
to mechanical testing, to evaluate the long term heating effect on thes
mechanical properties of standard weight concrete.

Part 2

A sufficient number of tests (estimated below) were performed to determine
with a high degree of accuracy the following properties for the temperature

0 0range 72 F to 1150 F for standard weight limestone aggregate concrete
in the open-hot moisture migration system:

The variation of concrete shear strength (v ) with temperaturea.
c

(f.,; proximately 24 specimens).

b. The variation of concrete /rebar bond strength (u) with temperature
( Approximately 24 specimens).

c. The variation of sustained load (creep) characteristics with
temperature (Approximately 15 specimens).

O<

i
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Phase II: Confirmation of Physical Properties

This phase consisted of testing to determine the effect of elevated
temperature exposure on thermal properties of structural concrete and
lightweight insulating ccncrete. The concrete properties investigated
included: the instantaneous and average coefficients of thermal expansion,
conductivity, specific heat, density, moisture migration rate and weight loss.

A sufficient number of tests (estimated below) were performed to determine
with a high degree of accuracy the coefficients listed below over the
temperature range of 720F to 11500F for standard weight and lightweight
insulating concrete. The concrete was tested in an open moisture migration
environment while at test temperature (open-hot condition). All samples were
a minimum of 60 days old at the time of initial heat-up.

Instantaneous and Average Coefficient of Thermal Expansion (H ) and (3)a. j
of concrete at elevated temperatures.+

b. Thermal Conductivity (k)++
Specific Heat (C )+++c.

p
d. Density at Elevatet. Temperatures (p)*

e. Moisture and Weight loss **

A.4.3 Schedule

i

FY 1979 - FY 1980= =

V
VVV W
VWV W W
A M J J A S 0 N D J F M

CY 1979= -

+ Approximately 3 specimens for each property
++ 2 specimans for each material

+++ 6 specimans for each material
* Natural outf all of Phase I

** Natural outf all of Phase I and Phase II, item d.

A-12
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Legend:

Complete mechanical property test (336 hour soak) (complete)

Complete confirmation of thermal properties (thermal conductivity and
specific heat)

!
I

{ Complete confirmation of thermal properties (instantaneous and average
coefficients of thermal expansion)

|

{ Complete concrete bond test ,

p Complete concrete shear test (complete)

p Complete mechanical property test (672 hours soak) (complete)

p Complete sustained load (creep) test (complete)

Complete Data Assessments and Final Report

A.4.4 Criteria of Success

Since the purpose of the tests is to establish materials properties, it is not
possible to state a specific, quantitative success criterion. The tests will
be successful when materials properties have been defined, with reasonable

accuracy, over the ranges of interest. It is expected that the result will
substantiate the data used in the present analysis.

A.4.5 Fallback Position

In the event that the test results do not confirm the validity of the data

used in the present analysis, the results of this program will be factored
into the analysis.

(O
\,)
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A.5 BASE MATERI ALS TEST FOR LINER STEEL

A.5.1 Purpose

To obtain physical material data, under strictly controlled conditions, for
the cell liner steel and weldment material.

A.5.2 Program

The experimental program was designed to produce tensile, creep and thermal
expaasion data on materials for the cell liners. The materials of interest
are the cell liner steel, and the weldment material.

The base material and weldment materials underwent mechanical properties

testing in the as-received condition. All tests were performed in an air
atmosph re.

A.S.2.1 Uniaxial Tensile Tests

Uniaxial tensile tests were performed on the base material and the weldment
materials to determine their temperature and strain rate dependency. All
tests were performed in an air atmosphere. The number of tests for each
material tested and the test condition are presented in the test matrix on the
following page.

O
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Number of Uniaxial Tension Tests
Per Material Type and Condition

Type 1 (Fig. A-1, A-2) Type 2 (Fig. A-2) Type _3 (Fig. A-2)
Base Material & Weldment Weldment Weldment

(SeeNote1) (See Note 2) (SeeNote2)

Test Temp. (O ) A B CF

Room Temp. 2 1 1 1 1

600 2 1 1 1 -

800 2 1 1 1 -

1000 2 2 2 1 -

1200 2 2 2 1 -

1400 2 2 2- 1 -

1500 2 - - - -

1600 2 2 2 - -

1700 20
-- - -

Totals: Weldment 18 11 11 6 1

Base Material 18 11 11 0 0

Note 1 - Column A at 10-4 in/in/sec strain rate

Column B at 5 x 10-3 in/in/sec strain rate

Column C at 10-1 in/in/sec strain rate

Note 2 - All type 2 and type 3 uniaxial tension tests shall be performed at
the 10-4 in/in/sec strain rate.

A.S.2.2 Creep and Stress-Rupture Tests in Air

Uniaxial creep tests in air are required over the temperature range 800 F to0

0 01600 F, at 200 F intervals. Four stress levels are required at each

{'s
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temperature, in order to obtain meaningful creep and rupture relationships.
The stress levels at each ten.perature were selected so that the rupture times
would not exceed 500 hours.

A.S.2.3 Thermal Expansion Tests

In addition to the mechanical property tests described above, mean and
instantaneous coefficients of thermal expansion are required to supplement
existing data, limited to temperatures below 8000F. These supplementary
tests were performed over the temperature range 7000F to 17000F, at

0100 F intervals. Two tests were run at each temperature for the ASME

SA-516, Grade 55 material only.

A.5.3 Schedule

Tensile Tests
Base Material Phase - Complete

Weldment Material Phase - Complete

O
FY 1978 ~ FY 1979=

F M A M J J A S 0 N D J F M A M J J

CY 1979CY 1978 = = ==

Creep Stress Rupture Tests (Air)
Base Material Phase - Complete
Weldment Material Phase - Complete

FY 1978 - - FY 1979 =

F M A M J J A S 0 N D J F M A M J

CY 1978
- - CY 1979

* Release date February 1980

0
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'

legend:

-Initiate Material Procurement and Specimen Fabrication (complete)

'

' Initiate Testing (complete)

!

.p'CompleteTesting(complete)

Issue Final Report

i
i A.S.4 Criteria of Success
4

I
Since the purpose of the test is to establish materials properties, it is not'

| possible to state a specific, quantitative success criterion. The tests will
; be successful when materials properties have been defined, with reasonable

accuracy, over the range of interest. It is expected that the result will
,

substantiate the data used in the present analysis.

1- A.5.5 Fallback Position
:

; In the event that the test results do not confirm the adequacy of the data
| used in the present analysis, the results of this program will be factored in

the analysis along with other updated TMBDB data.

|

!
; e

!

|

i

~

;
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.A.6 SODIUM SPILL DESIGN QUALIFICATION TEST (LT-1)

Note that this program is now essentially complete. Information gained from
the test has been factored into the scenario presented, and so details of
testing are not appropriate for this Appendix. Reference is made to this
Program only because the Final Report (scheduled for January 1980) has yet to

be issued.

O

O
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A.7 TEDB AIR CLEANING SYSTEM PERFORMANCE TESTS

A.7.1 Purpose

Although the components which make up the TMSDB air cleaning system (quench

spray chamber jet venturi fune scrubber and high efficiency fibrous bed
scrubber) are connercially available and have been used in a variety of
industrial applications, the perfonnance of these components to the
requirements of Section 2 in removing sodium and other reaction products
generated during the CRBRP TMBDB scenario has not been denonstrated. This;

testing program will confirm the adequacy of the TMBDB air cleaning system.

The specific objectives of this program are:-

a. Confirm the perfonnance of the TMBDB air cleaning system for conditions
characteristic of the CRBRP TMBDB scenario.

,

b. Provide data in support of the environmental qualification of the TMBDB-~s

air cleaning system equipnent (quencher, venturi scrubber, high efficiency

fiber bed scrubber and associated valves).
4

A.7.2 Program

A sodium aerosol will be generated and aged in a test facility to simulate the
in-contalment conditions predicted from the CRBRP TMBDB scenario. These
products will be vented through the air cleaning system. The TMBDB
in-containment conditions and air cleaning system flow rate will be
simul ated. The parameters to be measured both upstream and downstream of each

: component are listed on the following page.

A state-of-the art report has been prepared to denonstrate the capability of
the air cleaning system to remove fission products in the form of Nal, Se0 '

2

and Sb 02 3 (Reference A-7).

O1
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Data Requirements

The following in-containment data will be obtained as a function of time
during the conduct of the test:

o atmosphere temperature o containment absolute pressure

o Na0 concentration o Na20 concentration
o Na0H concentrction o particle size

o total mass concentrationo Na CO3 concentration2

o Metallic Sodium concentration o atmosphere concentration
(% N , 0 , CO . H )2 2 2 2

o Particle electrical charge o relative humidity

o determination of f allout %
from appropriate data above

The following data will be obtained outside of the containment atmosphere at
these locations:

(a) Between the quench unit and venturi scrubber (b) between the venturi
scrubber and high efficiency fibrous bed scrubber (c) between the high
efficiency fibrous bed and the HEPA filter, and (d) downstream of the HEPA
filter.

o temperature (both liquid & o flow rate ((a) and (c) only)
gas) (liquid and gas)

o Na 0 concentration o water solution concentration of
2 Na0H, Na CO2 3

o NaOH concentration o particle size distribution

o
Na CO3 concentration o pressure differential across

2 each component

o removal efficiency of each
component for particle size
distribution

9
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/ Additionally, the following specific information will be obtained.V
o Quench unit humidity

o Determination of % of sodium reaction products generated in the test
facility which are vented through the air cleaning system.

o Detennination of % of duct and air cleaning equipment which becomes plugged

i by sodium reaction products.
1

o Visual inspection of air cleaning system components at intervals of 24
hours of operation for any indication of degradation of performance or
conditions which might be expected to preclude long term operation.

o Evaluation of effect of increasing sodium reaction product (Na0H and

Na 00 ) concentration in the water used for air cleaning equipment2 3
(separate water supplies should be provided for each unit (quencher,
venturi scrubber, and.high efficiency fibrous bed scrubber) in order thatg

Q each component can be evaluated separately, and also so that an additional
means for determining component removal efficiency can be provided).

A.7.3 Schedule

FY 1978 - FY 1979=
- ;

V rW V
M J J A S 0 N D J F M A M J J A

* Release date January 1980

Legend:

Complete test article design
,

Start test

9 Complete test and report resultsi (a,

| A-21
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A.7.4 Criteria of Success

These test results must substantiate the air cleaning data used in tt
analytical model.

A.7.. Fallback Position

The results of the tests will be factored into the overall analysis together

with other updated results. If cleanup system performance is inadequate,

investigations of the cause will result in a modified design which provides
adequate thermal margin beyond the design base.

O

|

|

9
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TYPE PECIMENS TYPE 2 SPECIMENS TYPE 3 SPECIMENS

[ ] g n ,i hm y/ e-
e- 1

,
, '

Wax
i ,

'/- 3I f 3
g [ b h I $/i /v

i = 1 i
=

| [ ] e $ I B
I DIRECTION ' zz {

/ OF ROLLING

d/ j |

J B 8 g
APPROX. SIZE APPROX. SIZE APPROX. SIZE

GAGE LENGTH 1" GAGE LENGTH 2" GAGE LENGTH 8"
WIDTH 1/4" WIDTH 1/2" WIDTH 1-1/2"

SPECIMEN LENGTH 4-3/8" SPECIMEN LENGTH 8" MIN. SPECIMEN LENGTH 18" MifJ. <
THICKNESS 1/4" THICKNESS ~ 3/8" THICKNESS ~ 3/8" -. n

p (TENSION) ro y
@ 15" CONFIGURATION ASTM E-8 CONFIGURATION ASTM E-8 ,7

(CREEP QW
*

RUPTURE) NUMBER OF TESTS NUMBER OF TESTS o

CONFIGURATION TENSION - 6 TENSION - 1
ASTM E-8

SPECIMENS SHALL BE TESTED IN GRIP ENDS SHALL BE OVERSIZED (l&w)
NUMBER OF TESTS THE AS-WELDE0 CONDITION WITH- TO ASSURE SUFFICIENT GRIP AREA

TENSION - 40 OUT GRINDING OR FINISHING DURING TESTING. THE GRIP END AREA

CREEP RUPTURE - 20 (IE: BACKING BAR SHALL BE LEFT ONLY SHALL BE GROUND SMOOTH.

IN PLACE). THE REMAINING AREA SHALL BE LEFT
DESIGN AS FOR PLATE MATERIAL IN THE AS-WELDED CONDITION (IE:

BACKING BAR SHALL BE LEFT IN
PL A CE).

Figure A-2. Tension and Creep Itupiure Tests - Weidment \laterial
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[9 APPENDIX B

REACTOR AND GUARD VESSEL PENETRATION ANALYSIS

B.1 INTRODUCTION

To estimate the initial conditions for the thermal margin evaluation, an
analytical model was developed to compute reactor vessel and guard vessel

'

penetration times. Estimates of the penetration times were made for several

cases. In each case, the amount of steel and blanket material that is assumed
to form in the debris bed with the core fuel was varied parametrically. The
following cases were considered:

1. All of the core fuel melts forming an evenly distributed, level debris bed;

: on the vessel. No hold up time above the core support structure is
assumed.

2. All of the core fuel melts forming a uniformly distributed, level debris
o bed on the vessel. Hold up times of 1000 and 5000 seconds are assumed

'

between the time of the accident and the time the fuel reaches the sodium'

beneath the core support structure.
.

3. All of the core fuel melts and foriis = uneven layer of debris on the
vessel. No hold up time is assumed.

,

4. Fractions of the core fuel form an evenly distributed debris bed on the
vessel. No hold up time is assumed.

For all cases the penetration scenario is assumed to be the same. After an
HCDA, the fuel is displaced from the core region. The molten fuel and steel
are assumed to pass through the core support'and lower internals and come into.

contact with a large volume of relatively cold sodium and form a particulate.
The particu' ate falls through the sodium and forms-a debris bed on the bottom

B-1
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head of the reactor vessel. If the heat generation rate in the debris bed
exceeds the maximum coolable load, the debris bed may dry out and result in

higher bed temperatures. Following dryout, the heat transferred to the
overlying sodium is reduced substantially; therefore, the possibility of a
reactor vessel penetration is increased. The heat transfer processes that
take place and the sequence of events are given in Table B-1.

O

|

1

|

|

O
B-2
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B.2 ASSUMPTIONS

To compute penetration time, several assumptions of the heat transfer
processes and of the penetration sequence of events must be made. The

following assumptions were made for this analysis:
,

1. Molten fuel leaving the core region encounters sodium coolant. The molten
fuel-sodium interaction results in the quenching of molten core materials
into particulate debris. Particulate debris falls at an average velocity
of 10 cm/sec (Reference B-1) through the sodium due to density

differences. The particles settle on the bottom surface of the reactor
vessel forming a debris bed.

2. Sodium temperature above the debris bed are determined by the shutdown to
3-loop natural circulation transient.

l

3. The fuel remains subcritical following the core meltdown. Heat generation
is considered only in the fuel debris and conservatively includes the
entire fission product decay heat including uncertainties and the heat
generation from sodium soluble products and noble gases.

4. Prior to dryout, heat is transported upward from the debris bed to the
overlaying sodium. The bottom of the debris bed is insulated.
Temperature of the sodium pool is constant while the debris bed is being

heated.

5. Debris bed porosity (volume fraction of sodium) is 0.40 (Reference B-2).,

This assumption is in variance with the one in Section 3.1 (porosity of
0.50); however,.the basic conclusions of Section 3.1 and this appendix are
not sensitive to this assumption.

6. Dryout heat flux is computed by considering the total bed loading (fuel
plus steel).

/G
%

B-3
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7. Steel ) articulate is assumed to be above the fuel particulate in the
debris bed because this arrangement will yield the lowest dryout flux

(Reference B-2).

8. The vessels fail when the steel in the debris bed becomes nolten. The
average calculated temperature of the vessel when this failure is assumed

0to occur is approximately 1600 F. This assumption is quite
conservative; however, the temperature of the vessel would begin to

rapidly increase after steel melting since the molten steel would greatly
increase the thermal conductivity of the bed.

9. The " wetted" portion of the reactor vessel fails and is included in the
debris bed on the guard vessel.

10. The debris bed on the guard vessel forms immediately after the reactor
vessel fails.

O

O
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|, . B.3 DESCRIPTION OF PENETRATION ANALYTICAL MODEL

| |

Each phenomenon that occurs during the reactor vessel and guard vessel !<

1 i

| penetration seqiience is considered separately by calcial.iting the Limo for the |

I event to occur and the temperature of the debris bed at the end of the event. .

f' A description of each phenomenon and the method of solution are included in

| Table B-1.
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B.4 DESCRIPTION OF CASES

1.evel Core Debris Distribution on the Reactor Vessel Bottom Surf ace

in the first case it is assumed that all the molten material particulates and
forms an evenly distributed debris bed of depth f. On the vessel surface.
Experimental results reported in Reference B-2 indicate that bed self
levelling would occur.

1
Debris Bed Evenly Distributed

|

B
J ' '

R . ;':' b.':'.::-_.,

Reactor Vessel

O

The bed is self-heatcd to the boiling point of sodium. If the heat flux
exceeds that required for dryout, the sodium in the bed is boiled dry. The
debris bed is then heated to the melting point of steel. After the steel in
the debris bed becomes molten, the vessel is assumed to f ail. A new debris
bed, initially at the surrounding sodium temperature, is then formed on the

guard vessel. The wetted portion of the reactor vessel (Arc A08) is assumed
to melt and is included in the evenly distributed debris bed on the guard

vessel.
,

O
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Reactor Vessel
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- - * '' Guard Vessel-

w

The same sequence of events which occurred on the reactor vessel now occurs on

the guard vessel.

Uneven Distribution of Debris Bed

The heat flux required to cause a sodium dry out is inversely proportional to
total loading (fuel plus steel). Since a level distribution of debris cannot
be assured, a non-uniform debris layer was simulated. Uneven distribution
would result from the particles ' piling up' at the axial centerline,

t

I
- C. R* 'd . _ 6~

_ _ _

' '_.- ,*.)..; , ,- - . , .
' - ,-

7 gg,

i
o

A
_

=

!

!

l

1

LJ

| \
B-7 |

- . . .. . .-_ _



CRBRP-3
Vol.2, Rev.0

Fuel Delay Inside Core

In the previous cases, the core fuel was assumed to arrive below the core
support structure with no hold up time. In this analysis, the fuel was
assumed to be delayed in the core by 1000 and 5000 seconds. The mechanism for

cooling the sodium prior to penetration is three-loop natural circulation. A
level debris bed and all of the core fuel in the debris bed was assumed.

Partial Core Meltdown

Cases were considered where less than the entire inventory of core fuel forms

in the debris bed. For these cases the amounts of reactor steel and blanket
were varied parametrically. A level debris bed is assumed and the fuel was
assumed to arrive below the core support structure at the time of the
accident. The sequence of events is the same as described in Table B-1.

O

O
| B-8
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g B.5 RESULTS

.

Results of this analysis indicate penetration times are strongly dependent on
the amount of reactor steel and blanket that forms in the debris bed. As the
amounts of steel and/or blanket forming in the debris bed are increased, the
time required for penetration is increased. The addition of this material
increases the heat capacity of the bed. Eventually the capacity of the bed is
such that it can be cooled without a sodium dryout occurring.

Penetration times were calculated for a variety of cases; even and uneven core
debris distribution on the vessel bottom; with and without hold up times
inside the core; and with part or all of the core fuel forming in the debris
bed. In each case, the amount of reactor steel and blanket in the debris bed
was varied parametrically. Tables B-2 through B-6 illustrate the results
obtained for the aforementioned cases.

Level Core Debris Distribution on Reactor Vessel

,O Penetration times ranging from 400 seconds to infinity were obtained for the
J case where all of the core fuel forms in the debris bed. For a total core

meltdown, it would appear that the 10,000 pounds of steel in the active core
reginn would he the minimum amount of steel that wnuld melt. If in additinn,

to this amount of steel, the lower axial blanket also melts, a penetration
time of 1200 seconds is computed. This time should be quite conservative
since it assumes no delay time inside the core and it assumes that all of the
core fuel forms in the debris bed. Table B-2 illustrates the parametric
results for the level debris bed.

Uneven Distribution of Debris Bed

An uneven distribution of the debris bed on the vessel surface could result
from the particles ' piling up' at the axial centerline. This was found to
have a minimum effect on the time required to penetrate the guard vessel. Due

(D |i

(/
!
1
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to the high heat generation rate, heat is not rapidly conducted out of the
debris bed. Hence there is little temperature gradient through the bed and
the debris bed depth is not an important parameter.

In this analysis, penetration times are reduced slightly for uneven
distribution on the vessel surface. Less of the debris is assumed to be in
contact with the vessel if it ' piles up' at the center and consequently a
smaller portion of the reactor vessel is assumed to fail. As a result, the
debris bed that forms on the guard vessel contains less steel and slightly
shorter penetration times result. The results for this case are shown on

Table B-3.

Fuel Delayed Inside Core

Several cases were examined where the fuel was delayed inside the core. In

this analysis, the in-vessel sodium was assumed to be cooled prior to guard
vessel penetration. Tables B-4 and B-5 illustrate the parametric results for

1000 and 5000 second delays. The obvious conclusion that can be drawn from
this is that as the core hold up time is increased the possibility of a guard

vessel penetration is decreased and the penetration time is greatly increased.

Partial Core Meltdown

Cases where less than the entire inventory of core debris settles on the
bottom of the vessel were examined. This analysis only considers the fuel
which goes downward and does not consider any of the material which remains in
the vessel or is ejected upward.

There is approximately 10,000 pounds of stainless steel in the active fuel
region (flow ducts, cladding, wire wrap, etc.). Assuming the amount of steel
that forms in the debris bed corresponds to the fraction of the fuel (i.e., 50

percent of the core with 5000 pounds of steel) the following results were
obtained:

9
B-10
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- Percentage of Core Which Mass.of Steel in Guard Vessel

i Forms in Debris Bed Debris Bed (pounds] Penetration Time (seconds)
i

100 10000 900
.

i 50 5000 1000

20 2000 1200 i'

1- 10 1000 1500
t-
j 1 100 ----

i
i !

!
I

! These results assume that no blanket material has formed in the debris bed.

| Additional parametric results which include the effect of the blanket material
1 are shown in Table B-6. ,
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B.6 CONCLUSIONS

O
Due to the uncertainty of the nature of the core meltdown accident, the amount
of reactor steel and blanket material that would form in the debris bed is
uncertain. As a result of this uncertainty, a time of 1000 seconds for
penetrating the reactor and guard vessels is used for determining initial
conditions in the TMBDB scenario. For a total core meltdown, it would appear
that at least the lower axial blanket and the steel in the active core region

would also melt. For this amount of steel and blanket, penetrations times
greater the 1000 seconds were obtained. Consequently, 1000 seconds is a
conservative penetration time.

G

,

*
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TABLE B-1

PE'JETRATION PHENOMENA

Phenomenor Method of Solution

Core meltc:-wn assumed to occur; fuel arrives This is the initial condition assuming no hold up time
below core support structure in debris form. within the core or core support structure.

Debris ial's through sodium from below core The debris f alls through the sodium at a velocity of
support st ucture to reactor vessel head. 10 cm/sec. The distance between the core support

structure and the reactor vessel head is 218 cm.
The temperature of the debris when it arrives at the
surface is that of the sodium, which is determined by
the shutdown transient to 3 loop natural circulation.

Debris bed is heated internally to the boiling The temperature response of the debris 5ed is determined
point of sodium. by solving the heat conduction equation for a slab g

generating heat at the rate of Ao EXP (-Atl ,g
ro tn

A Cos x (A/a)I
AK Cos t (A/a) - -IfEXP(-At)

V= a o F
*

) .

o

(-1)"EXP [ 2(2n + 1)2 23 t/4t2] cos [f2n+11Fx/2]Eo.

n=o(2n+1)f1-[(2ndn2 ,fggnAK

? See last page of Appendix B for nnen:1sture.)
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TABLE B-1 (Continued)

Phenomenon Method of Solution

V represents the temperature difference between the
bed and the overlying sodium. The temperatu-e of the
overlying sodium is held constant. Time is 'ncremented
until the temperature at the bottom of the bed (x=o)
reaches the boiling point of. sodium.

Sodium in debris bed is boiled off if The dryout heat flux is calculated as a function of
the dryout heat flux is exceeded. the total bed loading (Reference B-2).

,

- i

L 988-20.85 (L+Lss) + 0.1148 (L + lss)n,( _) ,

The heat flux from the bed is calculated from the decay .c
.

heat generation rate and the surf ace area of the bed. cLc3
All the heat being generated is assumed to be transferred io@i'

from the top of the bed. If the dryout flux is exceeded, - il
as
1. the time to boil off the sodium in the debris bed is af43

computed. If there is no bed dryout, boiling will not 5"'

take place and eventually the bed will begin to cool with-
out penetrating the vessel.
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TABLE B-1 (Continued)

Phenomenon Method of Solution

Debris bed is heated to the melting point After a sodium dryout occurs, the temperature of the
of steel. debris bed would increase rapidly due to the poor thermal

conductivity of the dried out bed. The time for the
debris bed to reach the melting point of steel is com-
puted by considering the following energies: heat
content of debris bed (fuel, blanket and steel), heat
generated by fuel and blanket, and the heat transferred
from the bed due to film boiling (Reference B-4). It

is assumed that no heat is conducted out of the bottom
of the debris bed to the vessel.

Steel in debris bed melts and the The time required to melt the steel in the debris bed
reactor vessel fails. is calculated from the heat of fusion of the steel.

- The reactor vessel is assumed to fail after the steel &
in the debris bed is at the melting point of steel. Q?

Particles settle to bottom of guard vessel The debris is assumed to arrive at the bottom of the := ?
-

and fonn a debris bed, guard vessel at the same time it penetrates the 2"
reactor vessel. The debris is quenched to the sodium '

o
temperature as it falls through the sodium.

Debris bed is heated to the boiling Method is same as in reactor vessel. The portion
point of sodium. of the reactor vessel head which failed is also part

of the debris bed on the guard vessel.

Sodium in debris bed is boiled off if Same as in reactor vessel.
the dryout heat flux is exceeded.

O O 9
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: -TABLE B-l'(Continued.)
i

Phenomenon Method of Solution ,'

,

~

. Debris bed on.the guard vessel bottom is .Same as in reactor vessel.
I heated to melting point of steel.
,-

|- Steel in debris bed melts'and the guard Same as in reactor vessel. Problem is terminated.- ,

i vessel fails. ,

i'

Debris f alls through guard vessel and i
,

1 onto reactor cavity floor.
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TABLE B-2

PENETRATION TIMES FOR REACTOR VESSEL AND GUARD VESSEL *

Amount of Blanket

Lower Axial +
Lower Lower Axial + Upper Axial +

Amount of Steel Axial Upper Axial 50% of Radial
(1bs)** 0% (11.3%) (22.6%) (61.3%) 100%

0 400(2) 700 900 2400 4400

1,000 500 800 1000 2500 4500

5,000 700 900 1200 2800 (1)

10,000 900 1200 1500 3300 ----

20,000 1400 1700 2100 4400 ----

30,000 2000 2400 2900 (1) ----

40,000 2800 3200 3800 ---- ----

50,000 3600 (1) (1) ---- ----

60,000 (1) ---- ---- ---- ----

* Time in seconds based on 100% core fuel, even distribution of core debris

and no delay time to debris accumulation on the reactor vessel bottom.

** Stainless steel in various regions.

Active fuel region 9400 lbs.

Upper axial blanket region 3660 lbs.

Lower axial blanket region 5270 lbs.

Radial blanket region 9320 lbs.

(1) Sodium dryout on guard vessel does not occur.
(2) Debris bed depth is 11 inches for this case.

O
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| TABLE B-3

PENETRATION TIMES FOR REACTOR VESSEL AND GUARD VESSEL

! '100% Core
' Uneven debris distribution (depth = 21)

No delay time'

Blanket (percent)'

: Steel-(1b) 0 11.3 22.6- 61.3 100

f 0. 400' 600 800 1800 3500 -

1000 400 600 900 1900 3600
i ' 5000 600 800 1000 2100 4000

10000 800 -1000 1300 2600- 4700

20000 1300 1600 1900 3500 (1)g

: - 30000 1900 2200 2600 4600 ----

4

! 40000 2500 3000 3500 (1) ----

} '50000- 3300 3900 (1) ---- ----

60000 (1) (1)_ ---- ---- ----
,

(1) Sodium dryout on reactor vessel does not occur.

.
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TABLE B-4

PENETRATION TIMES FOR REACTOR VESSEL AND GUARD VESSEL

100% Core
Uneven debris distribution
1000 Second delay

Blanket (percent)

Steel (1b) 0 11.3 22.6 61.3 100

0 1800 2200 2600 4400 (1)

5000 2100 2500 3000 4900 ----

10000 2500 2900 3400 (1) ----

20000 3200 3600 4200 ---- ----

30000 3900 4400 (1) ---. ----

40000 (1) (1) ---- ---- ----

(1) Sodium dryout on guard vessel does not occur.

O

O
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I TABLE B-5

PENETRATION TIMES FOR REACTOR VESSEL AND GUARD VESSEL
~

,

1

f.
100% Core
Even deliris distribut ismr
5000 Second delay'

!- i

!

Blanket (percent)
: l

Steel (1b) 0: 11.3 22.6_ 61.3 100 |

1:
'

'O 6200 7000 7800 (2)_ (1)
q

5000 6600 7400 8300 --------

i

10000 7100 7900 (2) ---- ----

20000 (2) (2)
-------- ----

'

!

!'

(1) Sodium dryout on reactor vessel does not occur.
|: (2) Sodium dryout on guard vessel does not occur.
i
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i

.

; Nomenclature

i '
3: A volumetric heat source at. time zero, Btu /hr-ft

o

'K thermal conductivity of debris, Btu /hr-ft OF

!
! 1 debris bed depth, f t
i

location in' debris. bed, ft-; x
i

i

t time, hr |

!

| V temperature difference in debris bed, OF

i -

3 Btu /hr-ft2-Q heat flux required for sodium dryout i.n 10y

L Fuel-loading in gm/cm2

i ,

2j L steel loading in gm/cm |33
; |

a thermal diffusivity, f t /hr |2

|

,

A- time constant of te decay heat curve, hr

i

! L bed depth, ft
I
i |

;

;

1

)4

I

d

I,

a

t

4

n
s
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! APPENDIX C ANALYTIC THERMAL MODELS AND DATA BASE

s.

!' This Appendix provides additional information on the analytic models and data
base used in the thermal and structural evaluations in Section 3.
Specifically, C.1 discusses the models and the data base for the pre-sodium
boildry thermal analyses; C.2 discusses the models and data base for the
post-sodium boildry thermal analyses; C.3 discusses the material properties
used in the structural analyses.

'
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~ APPENDIX C.1
p

PRE-S0DIUM BOILDRY MODEL AND DATA BASEQ
C.I.1 Physical Description

C.1.1.1 Cell Description and Initial Conditions

The CACEC0 code (Reference C.1-1) performs energy and mass balances (including
~

chemical reactions) in four cells - the reactor cavity, the pipeway cells
(reactor cavity side of the bellows), the containment volume above the
operating floor including the head access area, and the volume below the
operating floor (Cell 105). The cells are shown schematically in Figure
C.1-1. Volumes, initial atmosphere compositions, initial temperatures, and
initial pressures of each of the cells are shown in Table C.1-1.

C .1.1.2 Heat Structures

The energy balances of the cells consider the energy sources, (Section C.1.2)

O the energy carried by mass movements into. and out of the cells, (Section
U C.1.3.2) and _the heat sinks of the containment structures. The heat

structures used to simulate the structure heat absorbing capability are a
series of onesiimensional structures thermally connected to each other and the

cell atmospheres described in Section C.1.3.1. The description of each heat

structure is given in Table C.1-2 and the location of each structure is shown
schematically in Figure C.1-1.

f

The concrete heat structure representing the reactor cavity walls and roof and
the pipeway cells walls, roof, and floor (structures numbered 8, 9, 11, 12,
13,18,19 and 20) are composed of the steel liner (0.375 inches thick), 4
inches of insulating concrete followed by the structural limestone aggregate
concrete. The 1/4 inch space behind the liner was not considered because

4

radiative heat transfer .across the gap results in minimal thermal resistance
as compared .o the thermal resistance of a small thickness of concrete. The
Mg0 gravel between the liner and RC floor (concrete structure 10) was
neglected in the analysis.

v)
C.1-1
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Energy transfer within the structures was Jetermined by solving the
one-dimensional transient heat conduction equation by finite difference
techniques.

C.1.1.3 Materials Released at Penetration of Reactor Vessel and Guard Vessel

An initial spray of 1000 pounds of sodium and all of the noble gases were
considered to be injected into the containment building prior to penetration.
However, in the CACECO model these releases were considered to occur at the

time of penetration, which is the starting time of the CACECO transient
ana' is.

At penetration, assumed to be 1000 seconds af ter the HCDA, most of the primary

system sodium would flow into the reactor cavity. A fluid mechanical analysis
indicates that 1.1 x 106 lbs of sodium would syphon from the system when the

outlet nozzles are uncovered. This amount of sodium was used in the
analysis. Any additional sodium that could be pumped into the vessel from the
makeup system was ignored. This is conservative with respect to reactor
cavity and containment building integrity.*

The temperature of the sodium mass at penetration would be 9900F based on
adiabatic heating of the sodium prior to penetration.

The initial average temperature of the reactor vessel and internals would be

1035 F. This value was obtained from the mass average of the steel and the0

sodium in the reactor vessel only.

The total fuel and blanket inventory was assumed to be within the reactor
cavity after penetration, providing decay heat.

Since it would not be conservative for the estimate of materials reaching*

the containment cleanup system, margin has been provided in the cleanup
system requirements (Section 2.1.2.9) to accommodate the possibility of
additional sodium entering the reactor cavity from the makeup system.

O
C.1-2
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-p
V C.1.2 Heat Sources

C. I.2.1. Decay Heat

The decay heat is based on steady state operation at 975 MW without
,

uncertainties - the nominal heat. The nominal decay heat is based on the
homogeneous core design. The heterogeneous core design will have little or no
impact on the scenario since the integrated decay heat over the first 24 hours
is'less than 5% of the previous homogeneous design. Table C.1-3 gives the

decay power for the various classes of fission products. The code uses a
109-109 interpolation technique to determine the power levels at intermediate
times .

|

The decay heat associated with the noble gases is input to the contaiment

atmosphere at penetration of the reactor vessel and guard vessel. The heat
associated with the halogens and volatiles is assumed to be contained in and
carried with the sodiun. The remainder of the decay heat is released at the

f) bottom of the reactor cavity. This is a conservative approach, since some of
the volatiles may boil away from the sodium pool before sodium boiling
begi ns. Less decay heat in the reactor cavity would reduce the soditsn boiloff
rate and therefore would result in less severe containment conditions.

:

C.1.2.2 Sodiun Activity

The. energy associated with the decay of Na-24 was added to the sodium in both
the reactor cavity sodium pool and the reactor cavity and containment
atmos pheres. The initial activity would be 25 milli-curies per cubic
centimeter. The energy would decay with a 15 hour half-life,

C.1.2.3 Soditsn-Concrete Interactionst

The sodiun-concrete reaction parameters used in this study are based on small

and intennediate scale tests. These values are:

I

. 1. A penetration attack rate of 1/2 inch / hour
(Ref erences C.1-2, C.1-3 and C.1-4) .'

v

i' C.1-3
|
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2. A total penetration of 2 inches. The accumulation of reaction products
limits the penetration depth.
(Reference C.1-4).

3. A chemical heat release of 331 Btu /lb of concrete. (Reference C.1-2)
This sodium-concrete reaction energy (Na-H 0 and Na-C02 reactions are2
considered in the next section) is only 5% of the decay power during the 4
hour reaction period, therefore, it is not a significant energy source and
the conclusions of the analyses would not be impacted by considering the
range of experimental uncertainty.

TheThese reaction parameters are represented in the code as an energy input.
analysis assumed that the liner f ailure permitted sodium to attack the
concrete across the full extent of the floor, or 1257 square feet, in the
cavity.

C.l.2.4 Chemical Reactions

At the outset of the analysis, sodium vapor reacts with all of the oxygen in
the cavity to form sodium oxide.

Sodium pool reactions occur next. When both water and carbon dioxide (from

exposed heated concrete) are directed into the sodium pool, sodium reacts
according to the molar ratio until either sodium or the carbon dioxide-water
is consumed, producing sodium hydroxide or sodium oxide, sodium carbonate,
carbon and hydrogen. The production of sodium hydroxide or sodium oxide is

dependent on the hydrogen partial pressure and system temperature as presented

in Figure C.1-2 (Reference C.1-18).

Upon reaching containment, the sodium vapor would react with the oxygen,
carbon dioxide and water vapor according to their molar concentrations. The
reaction with water vapor would take place if the water vapor concentration is

greater than the oxygen concentration. If the water vapor concentration is

less than the oxygen concentration the sodium vapor would react with oxygen
and carbon dioxide according to their molar ratios.

Hydrogen reacting with oxygen is considered in the analysis, in the reactor
containment building. The criteria for auto-ignition, are if either
conditions (a) or (b) and condition (c) are met (see Appendix H.1).

O
C.1-4
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m a. The N -H mixture entering the RCB is above 1450 F.2 2
b'

3
b. The Na-H -N mixture entering the RCB contains at least 6 g/m of Na

2 2
at.500 F or above,

c. The containment oxygen concentration is above 8%. With the oxygen
concentration above 5% and the hydrogen concentration above 4%, the

hydrogen in excess of 4% would burn.

For the first 10 hours following penetration of the reactor vessel and guard
vessel neither criterion (a) nor (b) is satisfied. During this time, hydrogen-

would accumulate in containment reaching a concentration of 4.5%. At 10 hours
criterion (b) would be met and hydrogen burning would continue until 36 hours,
when criterion (c) is no longer satisfied. At this time the oxygen
concentration drops below the 8% level. Although the oxygen concentration
remains above 5% until 38 hours (satisfying criterion (c)) reignition does not
occur because the accumulation of hydrogen is less than 4%. During this time
span (10 to 36 hours) the hydrogen accumulated during the first 10 hours would

'.
I burn as natural convective processes move it through the flame zone. As this
V

hydrogen burns, the containment concentration would be reduced to a negligible
value at the time of flane extinguishment (36 hours).

The specific chemical reactions covered by the code analysis and the heats of ~

reaction are listed in Table C.1-4.

The code does not consider reaction dynamics, it considers all reactions to
occur instantaneously.

.C.1.3 Heat and Mass Transfer
.

C.1.3.1 Cell Heat Transfer Model

The energy transfer model employed'in the reactor cavity was:

/~N,

U

C.1-5
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Convective transfer was considered between the cavity atmosphere and the

cavity walls; the pipeway walls and ceiling; the inside surface of the guard
vessel and reactor vessel; the outside surface of the reactor vessel and

reactor internals.

The heat transfer coefficients are based on free convective heat transfer
coefficients (Reference C.1-7) during the early part of the scenario when
non-condensible vapors (H , N , Ar) are present in the reactor cavity and

2 2
pipeway cells (the presence of argon is neglected in the analysis). After

depletion of the non-condensible gases, the analysis considers condensing

sodium heat transfer coefficients (Reference C.1-20). The heat transfer

coefficients are listed in Table C.1-5.

Radiative transfer was cunsidered between the sodium pool and the reactor

cavity walls; between the sodium pool and reactor internals; between the guard
and reactor vessels; between the reactor head and internals; between the head
and reactor vessel; and between the reactor vessel and internals. All
emissivities were taken as 0.1 (based on experimental evidence in Reference
C.1-7 and theoretical computations) to be representative of the sodium pool

surf ace and condensed sodium on the other surf aces.

The lower internals (core support plate), lower reactor vessel, lower guard
vessel, and guard vessel skirt were taken to be in intimate contact with the
sodium pool. These masses are initially submerged in the sodium pool. After
these masses become exposed, because of the sodium pool level decreasing when

sodium bcils away, they will remain in thermal equilibrium with the cavity
atmosphere and sodium pool. This is because the small heat losses from these
masses are balanced by heat absorbed from radiation from the pool and by

convection from the atmosphere.

The reactor cavity atmosphere and sodium pool are assumed to be in thermal
This is a reasonable assumptionequilibrium for computational convenience.

because the sodium pool is at or near the boiling point for most of the

scenario.

O
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The sodium pool is assumed to be at a uniform temperature because of the high
V thermal conductivity of molten sodium and the low viscosity with resulting

convection currents. Temperature variations, local boiling, and subsequent
pressurization would be insignificant. Calculations have shown that the
maximum temperature difference across the sodium pool would be about 30 F,

which would result in a local vapor pressure increase of only 7%. This small
potential increase in vapor pressure would not be significant because most of
the additional vaporized sodium would be condensed in the reactor cavity.

The energy transfer in containment and Cell 105 is by convection from the heat
structures'to the cell atmospheres (Referance C.1-5 and 6). Table C.1-5

.contains the heat transfer coefficients.

C.I.3.2 Inter-Cell Venting and Leakage Mode's

The vents between the reactor cavity and the pipeway cells, the pipeway cells
and containment, and between Cell 105 and containment are modeled by an

orifice equation:
t I
G

L = 283,000 xAxjpap

where L is the vent rate, A is the effective area, p the cell atmosphere
density, and Ap is the pressure differential. The effective area was 0.15

2 2ft for the reactor cavity - pipeway cells - containment vent and 0.1 ft
for the Cell 105 to containment vent. After RCB venting was initiated the

2reactor cavity - pipeway cells - containment vent was increased to 0.25 ft ,

The leakage from containment to the atmosphere before venting would be

initiated was determined from:

L = 17.0 xjpAp

where L is the leak rate, p is the containment density and Ap is the
pressure differential between containment and the outside atmosphere. The
constant (17.0) was determined so the equation would yield the design leak
rate (0.1 volume percent per day) at the design pressure (10.0 psig). -'

v
d.
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C.1.4 Material Properties

C.1.4.1 Structural Concrete

The thermal properties used for limestone aggregate structural concrete are

shown in Table C.1-6. Two categories are listed, one representing properties

appropriate for a high surface heating rate and the second representing
properties for a low surf ace heating rate.

The heat capacity for a low surf ace heating rate is taken from Reference C.1-8

(employs classical techniques analyzing ordinary conduction). These
properties were measured af ter the specimen reached steady state at each
temperature, thereby precluding any transient heat transfer processes.

The thermal conductivity data used are for a similar type of concrete and are
a composite from the experimental values in References C.1-2, 8, 9,10,11,

and 12.

The high heating rate properties were derived from the LT-1 experiment

conducted at HEDL (Reference C.1-19). These data are a measure of effective
concrete property data. At higher heating rates thermal effects other than
ordinary conduction become important. Examples of additional thermal
processes are the heat capacity effecta of diffusing pore water and internal
heat sinks due to heat absorption upon dehydration and decomposition of
concrete. Those properties derived from the transient heating in LT-1 are
considered prototypic of the short term TMBDB scenario where high heating
rates exist. These data were applied to all heat structures adjacent to the
reactor cavity (i.e., the floor and walls of the reactor cavity and the
pipeway cells).

Experiments conducted at HEDL (Reference C.1-13) and subsequent anaiysis using
the WATRE code indicated significant resistance to water vapor flow in
concrete when it is heated to low temperatures (#3000F). When concrete is

heated to temperatures approaching the boiling point of sodium, significant
resistance to water vapor flow was not observed. Therefore, in the Cf.CFC0

0
C.1-8
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m code simulation of the water released from concrete structures, two water

b releases were employed. These are given in Table C.1-6. The data in the

section labeled high temperature-high heating rate concrete were obtained from
experiments using small samples of concrete (Reference C.1-14). With the

small samples, significant flow resistance would not occur;* therefore, these
data are appropriate for concrete heated to high temperatures. The data in
the section labeled low temperature - low heating rate concrete were obtained
from analyses based on the WATRE code using the concrete surf ace temperature
transient appropriate for containment, confinement, and Cell 105 structures.
Since comparisons between experiments and WATRE code predictions (Reference

C.1-13) indicated the code underpredicts water release by 20-25%, the WATRE

code predictions were increased by 30% and used for law temperature concrete

structures.

The high temperature-high heating rate concrete water release data were used
in the reactor cavity and pipeway structures in the CACEC0 model. The
containment building floor used the low temperature-low heating rate concrete
water release data.

Both of the water release curves conservatively neglect concrete drying which
could occur between construction and the time of the hypothetical accident.

The carbon dioxide released from heated concrete is based on data from
experiments reported in Reference C.1-2. Measured amounts of carbon dioxide
were collected over different temperature increments as shown in Table C.1-7.

These quantities represent the maximum possible amount of gas that could be
released, as the temperature of the specimen was rapidly increased from one

level to the next and held at that level until gas evolution ceased. Since
the specimen was small (3.9 g) any resistance to gas flow was minimal and
therefore the values in Table C.1-7 should be higher than expected for large

structures.

*Small samples of concrete offer little mass transfer resistance; therefore
the water release rate would be maximized, thus resulting in a more severe
hydrogen transient,

v

C.1-9
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C.1.4.2 Insulating Concrete

The thermal conductivity of the insulating concrete in the reactor cavity and
the pipeway cell double-heated wall is 0.12 Btu /hr-f t O . The insulatingF

concret.e conductivity in the remaining pipeway cell structures is 0.24
Btu /hr-ft O . The heat capacity is given in Table C.1-8. Water release wasF

assumed to be identical to that of the structural concrete. This assumption
is not significant because the water released from the insulating concrete is
a small fraction of that of the structural concrete. The density of the

3insulating concrete is 72 lb/ft . Carbon dioxide release was assumed to be
identical to that of structural concrete because of code limitations. The
insulating concrete would not release carbon dioxide because it contains
pearlite as the aggregate. This assumption 1s not significant because of the
small mass of the insulating concrete compared to the structural concrete.

.

C.1.4.3 Steel

The properties of all the steel in the containment building were taken as

(Reference C.1-15):

Thermal Conductivity 26 Btu /hr-ft OF
Heat Capacity 0.11 Btu /lb OF

3Density 490 lb/ft

C.1.4.4 Sodium

The properties of sodium used in the CACECO code analyses are taken from

Reference C.1-16. The code considers the sodium boiling point as a function

of pressure as given in the reference.

O
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, TABLE C.1-1
,

: CONTAINMENT CELL VOLVES, INITI AL ATMOSPHERE' COMPOSITIONS,
INITIAL TEMPERATlRES, AND INITIAL PRESSlRES

Initial ,,

Atmosphere
t.

'

Camposition Initial Initial
! Volyme 0 N2 Tenperature Pressure

Cell (ftJ) 2(Volume %) . (DF) (psia)

Reactor Cavity 5.24x104 2 98 120 -14.7.

4Pipeway ' Cells -1.62x10 ' 2 98 120 14.7~
'

.

Reactor 3.5x106 21 ' 79 - 95 14.7
i. Containment
! Building

Cell 105 4.8x105 21 79 95 14.7
,

!

<

;

: O
.

1

4

'

i ;

4

~

i

;

!

i

i

i
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TABLE C.1-2

HEAT STRUCTURE DESCRIPTION

Surface
Structure Area

Number (ft )
Description2

1 1.2 x 104 1.5 x 106 lbs of steel containment equipment.

2 9.1 x 104 1.5 inch thick steel containment dome.

3 2.4 x 104 6.3 foot thick concrete floor of containment building not over
reactor cavity.

4 1.2 x 105 4.0 foot thick concrete confinement building.

5 2.0 x 103 5.5 foot thick concrete walls of head access area.

o 6 3.3 x 102 1.0 x 106 lbs of steel and shielding of reactor vessel head. -

. :o

1 7 6.2 x 102 7.0 x 105 lbs of reactor vessel internals. g[
*

# .

o
8 5.2 x 103 7.0 foot thick concrete walls of reactor cavity above sodium pool,

9 1.1 x 103 7.0 foot thick concrete walls of reactor cavity submerged by
sodium pool (9 foot upper submerged wall).

10 1.3 x 103 14.0 foot concrete floor of reactor cavity submerged by sodium pool.

11 4.6 x 102 4.0 foot thick pipewall cell double heated wall.

12 1.0 x 103 5.3 foot thick pipeway cell floor.

13 1.6 x 103 6.3 foot thick pipeway cell roof and HAA walls.

14 1.3 x 105 6.0 foot thick floor and wall of cell 105.

15 2.7 x 103 7.9 x 105 lbs of reactor vessel.

9 O e
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TABLE.C.1-2 (Continued)

,

HEAT STRUCTURE DESCRIPTION

Surface
Structure Area
Number (ft ) Description2

'

16 2.0 x 103 9.4 x 104 lbs of guard vessel and outlet pipes'

,

3.7x10 lbs of submerged internals in the sodium pool.53| *17 1.9 x 10 -
i

18 3.4 x 103 4.0 foot thick pipeway cell outside wall.
4

| 19 8.1 x 102 2.5 foot thick pipeway cell outside wall.

20 1.0 x 103 7.0 foot thick concrete walls of reactor cavity submerged by sodiun
i

pool (B foot lower submerged wall)., ,

S. n -

|

P .h> E:=
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-

-

c
,

| '
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'

,

e

i
1

!

I'

I

i
;
;

!

i *At 30 hours structure 17 was redefined as 6.3 foot thick pipewall cell HAA walls.

|
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TABLE C.1-3

DECAY HEAT FOR 975 MW POWER LEVEL WITHOUT UNCERTAINTIES

Decay Power Input
To The Reactor Cavity Decay Power Carried Decay Power Input

To RC8
(Fission Products and By Sodium Vapor

Time Solid Fuel Particulate) (Volatiles and Halogens) (Noble Gases)

1000 Secs. 14.28 MW 5.98 MW .78 MW

30 Min. 12.12 5.24 .65

60 Min. 10.09 4.29 .55

2 Hr. 8.61 3.17 .48

12 5.77 1.49 .23

24 4.91 1.13 .14

96 2.97 .55 .05

?40 2.00 .24 .02

720 1.31 .06 .002

-
-

1440 0.92

2160 0.74 -
-

-
-

4320 0.49

8640 0.31 -
-

17,280 0.18 -
-

25,920 0.13 -
-

|

|

|

O
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TABLE C.i-4

CHEMICAL REACTIONS

Reaction Equation Heat of Reaction Type of Reaction
r T

* 2Na + H O = Na 0 + H 1,600 Btu /lb Na Pool
2 2 2

'

* 2Na + 2 H 0 = 2 Na0H + H 4,514 Btu /lb Na Pool
2 2

1
4 Na + 3 CO2 = 2 Na 003+C 4,326 Btu /lb Na Pool

2
Na + Concrete 331 Btu /lb Concrete Pool

4 Na + CO .= 2 Na 0 + C 3,800 Btu /lb Na Atmosphere
2 2

i- ' 2_ Na + H O = Na 0 + H 3,400 Btu /lb Na Atmosphere
2 2 2

4 Na + 02 = 2 Na 0 5,700 Btu /lb Na Atmosphere
2

2H2+02 2
=2HO 54,425 Btu /lb H Atmosphere

2
'

2 Na + H2 = 2 NaH 1,050 Btu /lb Na Atmosphere

| H O + Na 0 = 2 Na0H 1,500 Btu /lb Na Atmosphere
2 2

i

!

; o
.,

4

*The production of sodium hydroxide or sodium oxide is dependent on the
hydrogen partial pressure and system temperature as indicated in Figure
C.1-2.

:

i
d

!

-

I'
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TABLE C.1-5

CONVECTIVE HEAT TRANSFER COEFFICIENTS

Typical Values
(Btu /hr-ft2_oF) Description

1.21 at 7000F AT Atmosphere of nitrogen (49%), hydrogen (49%) and
sodium vapor (2%) inside the reactor cavity.

6.11 at 1000F AT Atmosphere of hydrogen (21%) and sodium vapor (79%)
inside the reactor cavity.

200.0 Natural convection film coefficients for
sodium submerged surfaces.

1.13 at 750F AT Containment building and cell 10" atmospheres.

1.74 at 5000F AT

O

O
C.1-18
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$ TABLE C.1-6

STRUCTURAL CONCRETE PROPERTY DATA
,

,

Low Heating Rate - Low Temperature Concrete
i- (foncrete not ailjacent to the n ,irlor i .iv it y)
i

$ Volumetric Thermal Water Carbon Dioxide
Temperature Heat Capacity Conductivity Release Release

3
,

(OF) (Btu /ftJ 05) (8tu/hr-ft OF) (lb/ft ) (lb/ftd)
| 0. 28.7 1.0 0. O.
^

190. O.

200. 0.98

212. 28.7

275. 0.31

285. 0.47

392. 32.45

420. 0.56

572. 36.82

700. 0.61,

752. 41.81

\j 800. 0.67

932. 43.07

1000. '0.65

1100. O.

1112. 44.94
,

1200. 1.

.1292. 38.38

1300. 2.5<

1400. 5.5

1422. 31.52,

1500. 0.78 17.5

1550. 28.
I

1600. 0.55 42. 1

l

i 1630. 52.5
|

1652. 28.7

.5000. 28.7 0.55 0.78 52.5

Heat of Fusion = 220 BTU /lb (Reference C.1-17)

.

C.1-19
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TABLE C.1-6 (Continued)

STRUCTURAL CONCRETE PROPERTY DATA

High Heating Rate - High Temperature Concrete
(Concrete adjacent to the reactor cavity)

Volumetric Thermal Water Carbon Dioxide
Temperature Heat Capacity Conductivity Release Release

(OF) (Btu /ft3 OF) (Btu /hr-ft-oF) (1b/ft3) (1b/ft3)
0. 29.7 1.5 0. O.

O.190.

192.(-) 29.7

192.(+) 45.2

200 1.4

214.(-) 45.2

214.(+) 94.7

275. 3.85

285. 5.78

300.(-) 94.7

300.(+) 48.0

400.(-) 48.0 1.28

400.(+) 41.2

420. 6.84

500.

600. 1.15

700. 7.51

750.(-) 41.2

750.(+) 47.8

800. 1.02 8.28

830.(-) 47.8

830.(+) 44.7

1000. .88
O.

1100.
1.1200.
2.51300.

1400.(-) 44.7 .6
5.5

1400.(+) 206.

O
C.1-20
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TABLE C.1-6 (Continued)

STRUCTURAL CONCRETE PROPERTY DATA

High Heating Rate - High Temperature Concrete
(Concrete adjacent to the reactor cavity)

Volumetric Thermal Water Carbon Dioxide i

Temperature Heat Capacity Conductivity Release Release !
4

3 3(OF) (Btu /ft3 oF) (Btu /hr-ft OF) (1b/ft) (1b/ft )
1500.(-) 206.

i 1500.(+) 378. 9.63 17.5

1550.(-) 378. 28.:

1550.(+) 4 92.

1600.(-) 492. .46 42.

1600.(+) 608.

i 1630.(-) 608.

i. 1630.(+) 19.2 .35 52.5

1800.

2000. 19.2 .35 9.63 52.5

O
&

Heat of Fusion = 220 Btu /lb (Reference C.1-17)

:

f

!

: i

f

i'

|
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TABLE C.1-7

CONCRETE CARBON DIOXIDE RELEASE DATA

(RAW DATA FROM EXPERIMENTS REPORTED IN REFERENCE C.1-2)

Tenperature T:tal Gas Incremental Total CO2 Total Incremental Accumulated

Level Released CO2 Mole CO2 Released Released C07 Released Release (I) Release (1)

0F m3 (STP) cm3 (STP) cm3 (STP) lb/ft3 lb/ft3
Percent Percent

302 1.432 0.48 0.007 0.007 0.002 0.001 0.001

572 0.904 0.90 0.008 0.015 0.003 0.002 0.003

842 0.954 20.33 0.194 0.209 0.062 0.032 0.035

1112 2.644 64.62 1.708 1.917 0.544 0.286 0.321

1382 27.E81 98.10 27.351 29.268 8.702 4.568 4.889

.o 1652 287.700 99.07 285.024 314.292 90.687 47.610 52.500 -[$
*47 it' a,

y (1) Normalized to a total theoretical release of 52.5 lbs/ft3 to compensate ?
ofor losses in the collection system. The theoretical release is based

on the following equation:

Maximum CO2 release = density of concrete X weight fraction of
carbonates in concrete (.79) X weight fraction of carbonates
which converts to CO2 ( 44)-

.

O O . O
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TABLE C.1-8

THERM 0 PHYSICAL PROPERTIES OF INSULATING CONCRETE

Thermal Conductivity

0.12 Btu /hr-ft OF (Reactor Cavity and Pipeway Cell Double Heated Wall
Structures - a Constant Value)

0.24 Btu /hr-ft OF (Remaining Pipeway Cell Structures - a Constant Value)

Heat Capacity

Temperature Heat Capacity *
3OF Btu /ft _op

,

32 14.4

212 14.4

392 18.15

572 22.52

752 27.51

932 28.77

1112 30.64

1292 24.08

1472 17.22

1652 14.4 i

i

2000 14.4 '

*The volumetric heat capacity was assumed to be equivalent
to that of the 't:;v heating rate - low temperature
structural concrete adjusted for the differences in density
of the two concretes.

|

|
ip.

V
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/^' APPENDIX C.2)

l'USI SODIUM BUILDRY MOULL ANU DATA UASL

C.2.1 Analytical Model

The major structures in containment were included in the thermal rr.:sdel of the
post sodium boildry conditions. These structures include the reactor cavity,
basemat, Cell 105 walls, Cell 102 walls, PHTS cell walls, operating deck, head
access area (HAA) walls, containment wall, confinement wall, and the steel
equipment inside the reactor cavity. The TRUMP computer code (Reference
C.2-1) was used for this analysis.

The structures considered in the model are described in Table C.2-1 and
illustrated in Figures C.2-1, 2, 3 and 4. Structures inside the reactor
cavity (upper and lower cavity wall, support ledge and HAA wall) and the
basemat are modeled in cylindrical geometry while the structures outside the
cavity are modeled as one-dimensional slabs. The heat transfer mechanisms
considered are thermal radiation from structure to structure, convection from
the structure to the surrounding atmosphere, and conduction through the
structure. An emissivity of 0.90 (Reference C.2-2) was used for surfaces
inside the reactor cavity while a value of 0.60 (Refereree C.2-3) is used for
structures outside the cavity. A convective heat transfer coefficient of 1.0

2Btu /hr-f t OF was used between all structures and cell atmospheres (a
typical value for free convective heat transfer). To account for

uncertainties in molten pool heat transfer, the fraction of decay heat
conducted into the basemat was varied from 10 to 90%. This range of downward
heat split is considered to bracket the uncertainty in fuel penetration,
including the effects of cracking and spalling.

I

Initial temperature distributions were obtained from the results from the base
case CACECO output. An isothermal boundary of 2120F was assumed at the

basemat-ground interf ace because a constant heat sink would be provided by the
ground water. The same boundary is assumed adjacent .to the confinement. wall
at elevations below the operating deck. Above the operating deck, either an
annulus cooling system or an ambient (outside confinement) temperature served j

- as the boundary condition.
,

v
1

!

C.2-1
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Structural f ailures were assumed in the model when specified criteria were

met. The criteria used in this evaluation were: 1) when the concrete wall

mid-plane reached 700 F, f ailure was assumed to occur (Section 3.2.3.2) and
2) the reactor closure head has assumed to f ail at the approximate melting
point of steel (2500 F). After a structural f ailure, the atmosphere
temperatures of the two cells would equalize. Radiative transfer between

structures in the two cells is taken into account. The mass of the f ailed
wall remains in the simulation; however, the area of the f ailed wall was

reduced to 10% of its non-f ailed value.

The oxides from the concrete, steel, and fuel were assumed to mix completely
as observed from the phase diagram (Reference C.2-4) of the major constituents

of concrete with U02 (Figures C.2-5, 6, 7 and 8). Experiments recently

was melted into limestoneconducted at ANL, in which electrically heated U02
concrete, confirmed the equal distribution of the oxides (Reference C.2-5).

Fuel oxides would not react with the concrete oxides as discussed in Section
3.2.2. Molten steel would not chemically react with the oxides of concrete;

and H 0) wouldhowever, the gases released from heated concrete (CO2 2

oxidize the molten steel (Reference C.2-5). Iron oxide would then lower the

melting (eutectic) point of the oxide mixture and penetration (ordinary
melting) would occur (Reference C.2-5). The reaction energy from the molten

steel-gas reactions would be less than 10% of the decay power.

Considering the magnitude of this energy compared to decay power, and the f act
that the downward heat transfer was bracketed from 10 to 90% in Section 3.2.3,
the effect of this chemical reaction would be insignificant.

Any additional chenical energy generated after sodium boildry would increase
the rate at which the molten debris attacks the concrete basemat. Although

calculations (Section 3.2.3) indicate complete basemat penetration is
unlikely, penetration of the basemat and subsequent groundwater contamination
would not contribute significantly to the overall consequences of accidents
beyond the design base (see Section 4.3).

lhe concrete was assumed to melt at the lowest eutectic point (#2200 F)

for Ca0-Fe 0 in ir (Figure C.2-8). No particular shape of the pool is
23

presumed. Sufficient amounts of steel are assumed to be reduced to Fe 023

C.2-2
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m
t to allow continual melting of the concrete at the eutectic temperature. The

phase diagrams in Figures C.2-5, 6 and 7 indicate eutectic temperatures of
0 0

S10 , ra0, ,ind Mq0 with (10p to be 3000 F, 3780 F, and 4?00 F; thur..7

the assumption of a 22000F melting point is conservative.

Fuel penetration was. assumed to be ordinary melting as previously discussed
and because recent experiments (Reference C.2-6) indicate concrete spalling
and cracking would not be significant to the penetration process. The upward
heat transfer from the molten pool to the atmosphere is governed by the
thermal resistance of the oxide crust on top of the pool (the higher the
resistance the lower the heat flux in the upward direction). Convective
processes in the pool, which are in series with the oxide crust resistance,
are considered to be a second order effect and are not specifically considered.

In the model, the volumetric heat generation is simulated by using a heating
plane on the reactor cavity floor. As the underlying concrete is melted, the
thermal conductivity is increased several orders of magnitude. This
effectively simulates a uniformly distributed heat source in the molten pool
and an approximate uniform temperature in the molten pool. Gas evolution from
the concrete was observed to stir the melt in tests conducted at Sandia
(Reference C.2-6) giving an approximate uniform temperature.

Molten steel was not considered in the model except for providing a source for
iron oxide. The thermal conductivity of molten steel is so much higher than
that of the oxides present that its thermal resistance is insignificant. The

heat capacity of the steel is considered as part of the reactor cavity
equipment.

C.2.2 Data Base

Decay Power-

The decay power is based on nominal decay values for an operating power level

of 975 MW. The noble gases, halogens and sodium soluble volatiles are assumed

to be released to the containment or carried along with the sodium vapor to

C.2-3
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the containment building. Following rodium boildry, only thc fuel, solid
fission products and sodium reaction products (containing halogens and sodium
soluble volatiles) would remain on the reactor cavity floor. The decay power
associated with this heat source is given in Table C.1-3.

Thermal Properties

The thermal properties of the high heating rate-high temperature structural
concrete used in the analysis are given in Table C.1-6. Energy absorption

effects of the gases being released (water vapor and carbon dioxide) from the
heated concrete are included in the volumetric heat capacity.

O

O
C.2-4
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TABLE C.2-1

LOWER CONTAINMENT STRUCTURE DESCRIPTION

Structure Figure
Number Structure Name Structure Description Number

1 :eactor Cavity Upper Wall Reactor Cavity wall between elevations C.2-3 and 4
750' and 785'. Complete wall (3600 arc)
Cylindrical geometry.

2 :eactor Cavity Lower Wall Reactor cavity wall between elevations C.2-4
741'-1" and 750'. Complete wall (3600
arc) Cylindrical geometry.

3 I;pport Ledge Reactor support ledge. Diagonally C.2-4
between top of reactor cavity wall
and c1osure head. <

2. n
4 ? HTS Wall PHTS cell walls between elevations C.2-3 and 4 La

' Facing the Reactor Cavity) 752'-11" and 781'. Irradiated by -@
thermal radiation from reactor FLn

*

Jn cavity. {m

5 3 HTS Wall PHTS cell walls that separate Cell 105 C.2-2, 3 and 4
'Not Facing the Reactor Cavity) and the PHTS cells.

G G e
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TABLE C.2-1_ (Continued)

LOWER CONTAINMENT STRUCTURE DESCRIPTION

Structure Figure
Number . Structure Name Structure Descriotion Number

6 Containment Wall Containment wall between elevations C.2-2 and a
(Adjacent to the PHTS cell . 784' and 810' exposed to the PHTS
walls) cells atmospheres.

7 Containment Wall Containment wall between elevations C.2-3 and 4
(Adjacent to Cell 105) 733' and 811' exposed to the

abnosphere of Cell 105.*

8 Containment Wall Containment wall between elevations C.2-3 and 4'

(Adjacent to Cell 102A) 733' and 765' exposed to the Cell <

102A atmosphere. fg a

co a

9 Confinement Wall Structure between elevations 733' and C.2-3 and 4 ~5
- - O 811'. Continuous around containment. (O

* *

co

10 Wall Between Cells 102 Structure between elevations 733' and C.2-2 and 3'

and 105 802' that extends from the reactor-

cavity wall to containment.

11. Operating Floor The operating floor above Cell 105. C.2-1

(Above Cell 105)

12 Operating Floor The operating floor above the PHTS cells. C.2-1
(Above the PHTS cells)

13 Reactor Cavity Floor Concrete below the reactor cavity and C.2-4
reactor cavity walls between elevations

.

730' and 741'.

,

J

h

.
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TABLE C.2-1 (Continued)

LOWER CONTAINMENT STRUCTURE DESCRIPTION

FigureStructure
Number Structure Name Structure Description Number

14 Basemat Structure between elevations 715' and C.2-4
730' below the reactor cavity and
reactor cavity walls and the rest
of the containment basemat between
elevations 715' and 733' .

15 Reactor Cavity Steel Steel in the reactor cavity which C.2-4
includes the reactor vessel, internals,
head and guard vessel.

N
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APPENDIX C.3

STRUCTURAL MATERIAL PROPERTIES AT ELEVATED TEMPERATURES

C.3.1 Introduction

The evaluation of the structures in the containment requires knowledge of
material properties at high temperatures and involves criteria which are not
covered explicitly in any of the present codes. For this reason, it is
necessary to define stress deformation relationships and other important
properties at normal and elevated temperatures and to establish criteria
appropriate for TMBDB conditions.

The relationships for concrete and liner steel at elevated temperatures have
- been based on published experimental studies and the results of testing
carried out as part of the CRBRP development programs. The relationships for

C
i reinforcing steel have been based on generally accepted data.

1 C.3.2 Concrete Properties

C.3.2.1 Compressive Strength and Elasticity'

C.3.2.1.1 Behavior at Elevated Temeperatures and Design Relationships

The compressive strength and the modulus of elasticity of structural concrete
decrease with-exposure to elevated temperatures. The magnitude and variation

'

of the reduction in these properties with temperature is influenced by a
multitude of factors resulting in a wide scatter of experimental results. For
this reason an extensive literature study was carried out to determine the'
factors governing the elevated temperature strength and elasticity properties,

' to determine bounding exposure conditions for use in the development of a ;

testing progr a , and to establish reliable and representative relationships. !

The published test results considered cover the range of temperatures from

p normal to 16000F and demonstrate that the effect of elevated temperature
j 'b : exposure is highly dependent upon.the concrete mix and the testing methods and

exposure conditions.
!

j C.3-1
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Elevated temperatu.e testing for compressive strength and modulus of
elasticity is generally separatel into two categories representing " cold" and
" hot" testing. In cold testing the test specimens are heated gradually to a
specified temperature, are allowed to remain at that temperature for a period
of time, then are allowed to cool to nomal temperatures and are tested. In

hot testing the specimens are heated to a specified temperature and are tested
while at that temperature. In both cases the test specimens are maintained in
either an "open" environment where water vapor can escape or in a " closed"
moisture migration system where moisture is contained. Specimens are either

" loaded" or " unloaded" during the heating and cooling phases. The following
general observations are based on the literature study.

a. Specimens heated and then allowed to cool before testing lose more
strength than those tested when hot (Figures C.3-1, C.3-2).

b. Specimens lose more strength if water (moisture) is not allowed to escape
while heating than do specimens where the moisture is allowed to escape.

c. Concrete specimens loaded during heating lose less strength than unloaded
specimens.

d. The longer the duration of heating before testing, the larger the loss in
strength. This loss of strength, however, stabilizes af ter a period of
long isothemal exposure,

e. The decrease in the modulus of elasticity, due to elevated temperature
exposure, is more pronounced than the decrease in compressive strength
(Figures C.3-1 to C.3-3).

f. Mix proportions and type of aggregate influence the strength of heated
concrete as follows:

lean mixes (low cements / aggregate ratio) lose less strength due to
heating than richer mixes.

O
C.3-2
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(mV)

concrete made with limestone aggregate degrades less due to heating
than concrete made with siliceous aggregate.

g. The strength of concrete before heating has little effect on the
percentage of strength retained at elevated temperatures. (Reference C.3-1)

Published results on the residual compressive strength of concrete exposed to
elevated temperatures are shown in Figure C.3-1 for hot testing and in Figure
C.3-2 for cold testing. The effect of high temperature on the modulus of
elasticity is shown in Figure C.3-3. A summary of the test conditions and mix
properties cor.esponding to these data is given in Reference C.3-19.

The literature results provided a basis for establishing design relationships
that represent the upper and lower bound response of concrete llevated
temperature exposure. These relationships for compressive strer.1 th are shown
in Figures C.3-1 and C.3-2 for hot and cold test conditions respectively. The
design relationships for the modulus of elasticity are shown in Figure C.3-3.
Due to the lack of sufficient data on this property, however, different
relationships for hot versus cold testing were not revealed by the literature.

In the evaluation of concrete structures at elevated tempcratures, a lower
bound curve for compressive strength is conservative for capacity while an
upper bound curve for E, a measure of stiffness, is conservative with respect
to thermal _ forces. Design relationships, however, based on a lower bound
curve of one parameter and an upper bound curve for the other will lead to
undue conservatism since the test results indicate correspondence between the
upper and lower bound curves. More rationally the response to thermal
gradients may be bracketed by one pair of lower bound and one pair of upper
bound curves. In the investigation for TMBDB, however, due to the generally
high temperatures involved, the elastic part of the a-c curve is not
expected to be a significant factor and thus properties based on lower bound
cur'ves are expected to result in the most critical response.

J
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C.3.2.1.2 Verification Testing Programs

O
The information obtained from the study of the published results was used as a
basis for implementing a confirmatory verification testing program which was
carried out at Oak Ridge National Laboratory (ORNL) and published in Reference

C.3-4. The objective of the program was to test mature concrete under
prototypic exposure conditions to verify the bounding relationships
established via the literature study. To obtain a lower bound relationship of
concrete strength, the cylinders were tested in a semi-closed moisture
migration environment af ter gradual cool down (" closed-cold"). To establish a
relationship for hot testing the cylinders were tested in an open moisture
migration environment while at the elevated temperature ("open-hat"). In both

cases the test cylinders were exposed to high temperatures while unloaded.

The testing was performed on 8 to 19 month old concrete cylinders
(6" diameter X 12") of a limestone aggregate mix similar to that proposed for
use in the CRBRP structures. All of the concrete cylinders tested were heated
to their test temperature for 14 days. Details of the testing equipment,
procedures and the specimens are given in Refe.ences C.3-4, and C.3-31.

The relationships for residual compressive strength obtained from this testing
program are shown in Figures C.3-4 and C.3-5 for open-hot and closed-cold test
conditions respectively. On the same figures are shown the relationships
established from the literature which are confirmed by the verification test
results. Relationships for the residual modulus of elasticity under open-hot
and closed-cold conditions are shown in Figures C.3-6 and C.3-7. These

results f all within the established bounds and are closer to the lower bound
design relationship.

The residual compressive strength was established by comparing the actual
compressive test results with the strength of the cylinders imediately before
heat up. The strength of companion cylinders was used in the determination of
the test cylinder strength before heating. This procedure eliminated the
variable of strength gain with age from the design relationship.

O
C.3-4
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The strength gain with age, for the particular concrete mix used in this
p testing is shows in Figures C.3-4 and C.3-5. The upper curves show the ratio

of values for approximately one year old cylinders heated to the test
temperature over companion unheated specimens tested at 28 days. These curves

indicate that cylinders which have gained strength with age degrade to values
below the 28 day ' strength only af ter significant heating. Although similar
gains occur in the modulus of elasticity (Figure C.3-7), the age effect of ten,

results in conservatism which may be an important f actor to consider in a
realistic evaluation of structures.

C.3.2.2 Stress-Strain Relationship at Nonnal Temperature

'
The generally accepted stress-strain diagram for concrete starts out with a
nearly linear portion that extends to about 30 percent of the maximum stress,
then as cracking takes place it deviates from linearity at an increasing rate
until it reaches the ,,laximum stress. Beyond this point, at which significant
cracking takes place, the curve descends until f ailure occurs.

A number of mathematical egaations have been proposed by various authors to

( express the relationship between stress and strain in concrete. In general,
these expressions are in good agreenent in the ascending part of.the curve but
differ significantly beyond the point of maximum stress. The stress-strain
relationship by Kent and Park (Reference C.3-10) which exhibits a sharply

,

descending branch was telected in this study to describe the behavior of
concrete at nonnal temperatures and to serve as a basis in establishing
relationships for concrete at elevated temperatures. This relationship is
given by the following expressions:

-
.,

I*cN 0<C<C (la)
'

f = f'. 2 c
C C ! oi

r/
e

(00
_

f =ff l'- Z (C ' * o) o' Ic 0.2ff (1b)c> >
c c

f = 0.2 f * * "o* f <0.2ff (Ic)c c c

,

v
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where:

ff is the maximum stress,

c is the strain corresponding to maximum stress and is equal to 0.002g

in/in, (at nonnal temperature),

Z = 0.5/(c50h + c50p ~ Co) is the slope of the descending branch of the curve,

c50 =(3+0.002ff)/(f -1000)isthestraincorrespondingto0.5ffonc
the descending branch of the a-c curve for unconfined concrete

850h is the difference in strain between confined and unconfined concrete; at

0.5ffonthedescendingbranchofthea-ccurve. For unconfined
concrete considered here c equals zero.

50h

The expression for the ascending part of the curve is essential y the snne as
that proposed by Hognestad (Reference C.3-9). Beyond the maximum c+rass the

curve, for unconfined concrete, descends at a f aster rate than the curves
proposed by other authors and has been found to agree well with experimental
results.

The stress-strain relationship for concrete at elevated temperatures is
similar to that at normal temperature except that the maximum stress is
attained at much higher strains in the case of elevated temperatures. In
Reference C.3-2, it is shown that the relationship at elevated temperatures
may be derived from that at nonnal temperatures if the variation of maximum
stress and the corresponding strain with temperature is known.

The variation of c , the strain corresponding to maximum stress, with
o

temperature has been derived using the results obtained by Furamura and

reported in Reference C.3-2 together with results from the testing program at
ORNL. The proposed relationship is show) in Figure C.3-8 where the ratio of
c at elevated temperatures to c at nonnal temperature is plotted againstg o

O
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temperature. Using these data, together with the design relationships for
compressive strength and elasticity, stress-strain curves have been
established (Reference C.3-19) for 4000 psi concrete tested under hot or cold
conditions (FiguresC.3-9 toc.3-11). Of these, the curves derived from the
lower bound design relationships for cold testing are significant for post
accident evaluations of structures. The curves corresponding to hot
conditions are more realistic for structures under thermal gradients and
provide sufficient conservatism since they are based on bounding relationships.

C 3.2.3 Limiting Values of Strains

In the previous section it was pointed out that beyond the point of maximum
stress the a-c curve descends and finally f ailure occurs at some lower stress
level. This fact indicates that the material failure should be related to
strains rather than stresses and any criteria for failure must be expressed in
terms of strains in order to be meaningful and to avoid undue conservatism.
According to the ACI 318-77 Code Section 10.2.3 (Reference C.3-3) the maximum

usable strain is 0.003 in/in or approximately 50 percent higher than the
strain corresponding to maximum stress. The values of ultimate strains
reported in literature 2ry widely depending on the type of concrete mix, the
testing methods, the degree of confinement and other factors. Reference
C.3-20 reports maximum compressive strains between 0.003 and 0.004 in/in for
unconfined concrete while other investigations, (Reference C.3-21) have shown
that considerably higher strains, even beyond 0.010 in/in can be developed in
uniaxial compression. For concrete at elevated temperatures the strains
corresponding _to maximum stress are substantially higher than those at normal
teneratures (Figure C.3-8) and it is expected that f ailure strains are also -
higher. Based on these facts the following recommendations are made for
uniaxial compression:

0(a) For concrete at temperatures of 500 F and higher the f a'ilure strain in
compression shall be equal to 0.004 in/in.

O
C.3-7
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(b) For concrete at temperatures below 500 F the failure strain in
compression shall be equal to 0.003 in/in.

Thus, for temperatures up to 500 F the strains are conservatively limited to
the same value specified in the 1977 ACI Code (Reference C.3-3). For higher
temperatures a modest increaso to 0.004 in/in is deemed both realistic and
safe in view of the above constderations. It should be emphasized that

exceeding the limiting value does not mean collapse of a particular structure
or component but rather local failure of the material. Due to redundancies

and the self relieving nature of thermal stresses, structural integrity as

required for TMBDB may be retained beyond local material failure and
structures will be evaluated on that basis.

C.3.2.4 Tensile Strength

The tensile strength, ftu, at normal temperature is given by the following
equation in accordance with Section 9.5.2.3 of Reference C.3-3:

ftu " I =7.5/fr c

where f UI I represent the cracking strength and ff is equal to the maximumtu r

compressive strength. In the case of elevated temperature the same equation

is used in TMBDB evaluation with fj at elevated temperatures being the maximum
strength at the temperature in question.

As indicated by the above equation, concrete is weak in tension and due to the
likely presence of shrinkage cracking its tensile strength is neglected in
capacity calculations. In thermal calculations neglecting the tensile
strength is nonconservative since thermal stresses are affected by the
stiffness of a given member and the degree of restraint against deformations.
For this reason the tensile strength will be considered in detailed thermal
stress analysis calculations. In simplified thermal analyses, where a single
element represents the thickness of a member, the tensile strength will also
be considered and the stiffness of the elements will be based on gross or
cracked properties depending on whether the extreme fiber tensile stress is
lower or higher than the tensile strength.

O
C.3-8
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/ C.3.2.5 Shear Strength

The testing program for tb CRBRP includes the study of shear at elevated
temperatures. Until such data become available the shear strength will be
based on the ACI Code (Reference C.3-3) relationships but using values for

ff that include the effect of high temperature exposure on the compressive
strength as discussed earlier.

C.3.2.6 Bond Strength

The effect of high temperature exposure on the bond strength of concrete has
not been studied effectively. The results reported by Harada et, al., in
Reference C.3-8 for normal portland cement and silica aggregate show a very
substantial reduction in bond strength with temperature (Figure C.3-12) much
greater than the corresponding decrease in compressive strength. These
results will be used in the TMB08 evaluation until data are obtained from the
testing program.

C.3.2.7 Thermal Expansion

At normal temperatures the thermal expansion of concrete depends on a nunber
of f actors including mix proportions, moisture content, age, and the rate of
heating. The most important factor, however, is the mineral composition and
structure of the aggregate. Concrete mixtums with high quartz content in the
aggregate have the highest coefficients of thermal expansion while those
containing little or no quartz, such as limestone have the lowest coefficients.

The coefficient of thermal expansion varies with temperature and generally
increases with increasing temperature. Test results on the variation of the
coefficient of expansion with temperature for limestone concrete, under
consideration here, are reported in References C.3-8, C.3-22 and C.3-23. The

average coefficient, aave, deduced from these references is shown in
Figure C.3-13 together with a proposed relationship for use in the TMBDB
study. In this relationship a starts out with a value equal to thatave

~~

(v) -
. . .

C.3-9
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specified in the code for normal temperature then follows the trend of the
Uexperimental results remaining practically constant up to 300 F beyond which

it increases linearly with temperature.

In addition to the average coefficient of thermal expansion, the instantaneous

coefficient of thermal expansion, og, referring to the rate of change of
thermal strain with temperature, is of interest particularly in incremental
analysis procedures. A proposed relationship for a, corresponding to aave'
is also given in Figure C.3-13.

The determination of the coefficient of thermal expansion and its variation
with temperature for the particular limestone aggregate portland cement
concrete mix used in the CRBRP is one of the objectives of the testing program
referred to previously. The results of this program will serve as a check on
the proposed relationship.

C.3.2.8 Poisson's Ratio

At normal temperatures the value of Poisson's ratio, v, for concrete is
generally between 0.15 and 0.25. Exposure to high temperatures usually
results in lower values for v and Reference C.3-24 indicates a reduction of

Uabout 50 percent at 300 C (572 F). Due to the lack of sufficient data,
however, a constant value of about 0.17 will be assigned to v over the entire
temperature ranga.

C.3.2.9 Biaxial and Triaxial Stress-Strain Distributions

In biaxial and triaxial compression, test results at normal temperatures
(References C.3-29 and C.3-30) indicate a marked increase in the compressive

strength of concrete and the strains at which the maximum strength is
attained. The initial portion of the curve, and hence the modulus of

elasticity, is not appreciably affected.

O
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h In the TMB08 investigation for_ the CRBRP, only cases of' uniaxial and biaxial-

f stress | states.are considered. The stress-strain relationship derived for?
; uniaxial. compression will be used in the case of biaxial _ compression. In

b 'special cases where biaxialistress-strain' distributions will be used, the
,

relationships will|be derived .using the biaxial _ stress-strain characteristics
.reporte'd in' Reference C.3-29 and ;the . strength-temperature ' and modulus of

;

; elasticity-temperature design. relationships' described earlier.

~ C.3.4 Droperties o'f Reinforcing Steel ''
>

!
J

_

C'.3.3'.1' Strength and Elasticity

i~ . .
.

. -Stress-strain curves for reinforcing ' steel at . normal temperatures exhibit an
t, - .

7
initial elastic portion up to the yield point, a plastic range where strain
increases at a constant or nearly constant stress, and a strain-hardening+

j : range where strain increases with stress again. A relationship at normal
I' temperatures was developed for Grade 60 bars using the results repcrted in

] Reference C.3-25 together with the ASTM Specification (A615) for yield stress
~ard tens'ile strength,

i The behavior at elevated temperatures for reinforcing bars is assumed.similar
to the behavior of structural steels described in Reference C.3-26. The

j o-c curves at higher temperatures are similar to the normal temperature.

f curve but become more rounded as the temperature increases. The tensile and

; the yield strength generally decrease and the modulus.of elasticity also drops .
<

with increasing temperature. These effects are shown in Figure C.3-14 for a

} .
high strength low alloy steel which approximates best the Grade 60 reinforcing-

~^ bars:and for. which the behavior curves are lower bounds,

t For the purpose of the.TMBDB investigation the a-c curves for. reinforcing
. steel at elevated temperatures 'shown in Figure C.3-15 were obtained from the

,

-nonnal temperature curve shown on the same figure by adjusting the yield-
, - value, modulut W &lasticity and tensile strer gth. .according to the reductions

.

. indicated 'S Fi~ure C.3-14. The limiting st ain value'over the entire range
of tem >9 'ay , xoosure is assumed equal to : 5 percent of the minimum
elongat 40n vex (7% for No.11 bars) -specified in ASTM.
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C.3.3.2 Thennal Expansion

O
The coefficient of thermal expansion for reinforcing bars may be assumed the
same as that recomended in the AISC Specification (Reference C.3-27) for
structural steels. Thus, for temperatures up to 100 F the average
coefficient is equal to 6.5 X 10-6 (in/in/ F) and for the range between0

100 F to 1200 F it may be calculated from the equation

-6
o g (6.1 + 0.0019T) X 10 (in/in/0F)

in which T is the temperature in degrees Fahrenheit. The corresponding

instantaneous coefficient, aj, shown in Figure C.3-16 together with
ave, may be approximated by the following expression:a

aj = (6.0 + 0.0038T) X 10-6 (in/in/ F)
0

C.3.4 Properties of Liner Steel

C.3.4.1 Tensile Properties

The cell liner material in the CRBRP Reactor Containment Building is ASME

SA 516 (Grade 55), a low carbon steel. A comprehensive test program was
carried out at Westinghouse as part of the development programs for the CRBRP

to determine properties of this material at elevated temperatures. The
relationships used in the TMBDB evaluations are based on the results of this
testing.

The test results on the tensile properties of SA 516 steel are reported in
Reference C.3-28 for strain rates of 10-1, 10-3, and 10-4 in/in/sec. and

Ucover the range of temperatures to 1700 F. The properties corresponding to
the rate of 10-0 in/in/sec. show the highest deterioration of strength with
temperature and were used throughout this investigation except where the
effect of using higher strain rates during the initial temperature rise was
studied.

O
C .3-12
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Additional tensile tests were made at temperatures of 1350 F and 1800 F
using strain rates of 10~ . The results of these tests, which are notv

~ included * in Reference C.3-28, follow the general trends of the test results |
at other temperatures (Figures C.3-17 te C.3-19.)

'The idealized stress strain curves used in this investigation are shown in
4

Figures C.3-17 and C.3-18. A very sharp rate of decrease of strength with
0 0temperature is noted in the range between 800 F and 1350 F; beyond

1350 F the strength continues to drop but at a much slower rate. The
uniform elongation, c , an important property since it relates directly to

u
the failure criteria, also drops sharply with temperature in the range 600 F |

U 0to 1200 F (Figure C.3-19), levels off~between 1200 F and 1500 F,
Uincreases at 1600 F and drops again at higher temperatures. The sharp

0changes beyond 1200 are probably due to the flat plateau of the stress
strain curve in this temperature range and also the f act that the points at
050 F and 1800 F are based on one test. For these reasons the point of<

01350 F was disregarded in arriving at the. strain allowables.

C.3.4.2 Coefficient of Thermal Expansion
-

Test results on the variation of the coefficient of thermal expansion for
USA 516 steel with temperature, in the range of 100 F to 1700 F are

reported in Reference C.3-28. The average coefficient of thermal expansion
(Figure C.3-20) increases with temperature up to 1350 F, decreases sharply
between 1350 F and 1550 F as the transformation of the body centered cubic
iron to a f ace centered cubic structure takes place, and then increases again
beyond 1550 F.

; * The tests at these temperatures were performed after Reference C.3-28 was.

' issued and will be incorporated into future reports.

I

!

v
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C.3.4.3 Creep Behavior

O
Test results on the creep behavior of SA 516 steel at elevated temperatures
are reported in Reference C.3-28 and show that at high temperature and stress
levels considerable creep can occur in just a few hours of sustained
temperature (Figures C.3-21). It should be pointed out, however, that in the
case of structural elements which are mainly subjected to thermal strains,
such as the cell liners, the effect of creep will generally be to relieve or
relax compressive strains by exchanging mechanical strains with creep strains.

C.3.4.4 Failure Criteria

The criteria for failure of the material are expressed in terms of strains,
and- are as follows for the stress states considered here:

1. Tension or compression in stud anchors

a. Axial Strains

c = 0.90 c
e u |

b. Axial plus bending strains

1

c = 0.95 c
e u

1

2. Membrane strains-biaxial tension |

|

c = 0.50 c
e u

1

3. Membrane plus bending strains, tension in both directions

c = 0.67 c
e u

|

9|
C.3-14 |
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: O
"4. Membrane strains or membrane plus bending strains, compression in at

~

.least-one direction
s.

!

e = 0.90 c-cy u

Where~c is the generalized von Mises strain and c is the strainj e u

corresponding to the ultimate tensile strength in the uniaxial test.

i i

Criteria.(2) and (3) are the same as those used for extremely unlikely f aulted j

conditions in the cell liner design. These limits are conservative and are*

'

based on failure under biaxial . tension.' Under uniaxial tension or under
compression the generalized von Mises strain may reach c but foru

conservatism, the criteria adopted lower limits, allowing reasonable margins, ;
.

for TMBDB conditions. i
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* The material concerning weldments in Reference C.3-28 became available after
this Appendix was prepared and the structural evaluations described in
Section 3.2 of this report were completed. The weldment properties will be.

taken into account in the final evaluation.
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(N APPENDIX D

AEROSOL BEHAVIOR MODEL

D.1 INTRODUCTION

As indicated in this report the ACECO code was utilized to determine the mass
rate of sodium and water vapor released to the RCB. The vapor was asstned to

react instantIy with oxygen to form Na20 and then with available water vapor
to produce Na0H. The reaction products and associated fission products were

-assumed to remain airborne as aerosol material. The rate of depletion of the
aerosol, via natural deposition processes during retention within the RCB, was
determined by the HAA-3B code and used to obtain the input to the C0feADEX
code for the radiological dose calculation. In the HAA-3B analysis, the
temporal aerosol source rate (RCB vent rate) was based on the CACEC0 results.
Experimental calibration of the HAA-3B code indicated that good agreement
between test data and code results could be obtained for the test conditions
if code input parameters were suitably selected (Reference D-1). However, it

should be noted that extrapolations from the test conditions are required for
aerosol environments encountered in the TMBDB evaluation (these extrapolations

are discussed in subsequent sections).

D.2 AEROSOL MODELLING AND BASES

The HAA-3B code was developed to predict aerosol behavior and transport
following various hypothetical reactor accidents. The analytical model
accounts for particle production (source term); Brownian and gravitational
agglomeration; and settling, plating and leakage removal mechanisms. Two
basic assumptions involved in the HAA-38 code are: (1) the source-term
particles are evenly and instantaneously distributed throughout the entire
chamber, and (2) the particle size distribution is log-normal at all times.

For the TMBDB evaluation, the assumption that the particles are well mixed is
expected to be conservative because of the flow pattern which is likely to
have' a central . plume and recirculating flow. The agglomeration rate should be
much larger in the plume than in a uniformly distributed aerosol because of

g

-_. _.
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the higher concentration in the plume; this would result in larger fall-out
rates. Hence, the well-mixed assumption used in the HAA-3B code should be
conservative and as such, would provide an upper bound estimate for suspended
mass in the TMBDB evaluation. Experimental measurements (Reference D-2)

showed the suspended particle concentration resulting from a sodium pool fire
was fairly uniform throughout the containment vessel. These data were
obtained in a vessel smaller than the reactor containment vessel. However,

'

since the mechanism (recirculating flow induced by buoyant and viscous force
causing uniform or well mixed aerosols should exist for small and large
volumes, the uniform concentration approximation should be applicable to the,

reactor containment vessel.

The experimental characterization of sodium oxide aerosol produced by sMium
fires indicated that the aerosol particles initially had a log-normal size
distribution (References D-1, 3, 4). However, it was found that the
distribution did not remain log-normal if the aerosol concentration was large
as in the TMBDB evaluaticn case (Reference D-5). However, a comparison

(Reference D-6) between the results obtained with a mathematical model which
does not use the log-normal distribution and the HAA-3B code showed similar
results. The HAA-3B code did predict a slightly more conservative result.
The independent model used for the comparison solves the same equations as

HAA-38, but approximates continuous particle size spectra with a number of
discrete size intervals within which the particle size is constant. Although
the comparison was not performed to test the validity of the assumption of
log-normal particle size distribution it does provide reasonable assurance
that the assumption of log-normal particle size distributions is adequate. In
general, the HAA-38 code is based on analytically sound models, and when used

with conservatively selected input parameters, can be used to nhtain
conservative results.

The required input data for the HAA-38 code includes the mass mean radius and

the geometric standard deviation of the aerosol particle size distribution;
these were chosen to be 0.3pm and 2, respectively. Although the final
sodium reaction product is expected to be Na0H, the selection of the mean
particle radius was based on the size of sodium oxide particles since

O
D-2
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experimental data for Na0H were not available. The value (0.3pm) used forg
( ) the mass mean radius is at the lower end of the particle size ranges, and the

standard deviation of 2 is about the average value reported by different
experimentalists (Reference D-7). It is realized that the particle size will
increase as sodium oxide particles absorb water and convert to sodium
hydroxide (Reference D-8). For conservatism, the growth of particles by this
conversion mechanism was neglected; that is, the calculated suspended mass
will be larger than realistically expected.

For high concentrations in large containments, as in the TMBDB analysis, the
effect of initial nrticle size on the over-all mass deposition is small. The
particle size assumed is only important in situations where particle growth is
not appreciable, e.g., low concentrations in large vessels (Reference D-9).

Because the aerosol source term (production rate) in the TMBDB case was very
large, the suspended particle concentration remained very high, and as
expected the particle size increased dramatically due to the huge
agglomeration rate. The HAA-3B results showed inat the mass mean radius and

suspended mass were essentially constant during the period when the source

/~'s term was large. This indicates the particle size history is more dependent on
the magnitude of the source term than on the assumed particle size of the
source. That is, the time-averaged particle size was rather insensitive to
the initial particle size since the source was very large.

In some of the TMBDB cases evaluated the initial release of products to the
RCB is dominated by fuel. There is some uncertainty in the size of fuel
aerosol particles following an energetic core disruptive accident.

Reference D-7 sumarizes a number of experimental results of fuel aerosols
produced by vaporization of core materials. These results give values of the

( mass mean radius from 0.05 to_0.5 pm. To determine how sensitive the leaked

j aerosol mass is to R50, a parameter study was made. The results of this

j study are shown in Table D-1. These results indicate that the HAA-3 analysis

is not sensitive to the initial R50 value. A value of 0.1pm was used for
fuel aerosol source terms in this report.

,

|
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The Stokes correction factor (a) and the gravitational collision efficiency
(c) are included in the HAA-3B code to account for nonspherical particles
and nonuniform density of particle aggregates, and to include hydrodynamic
effects on gravitational agglomeration, respectively. The values of a and
c used in the analysis were based on experimental calibrations performed at

AI (Reference D-1). It was found that in a 6 f t high chamber a value of oc
near unity gave good agreement between the code results and the experimental
data. It was also found that a value of oc = 0.33 was required to achieve
good agreement with the data obtained with a 30-f t high chamber. This inverse
variation is expected since as the height of the chamber is increased the time
for coagulation increases and therefore, airborne particles should become more
irregular in shape and density. An extrapolation was used to determine the
value of oc for the RCB which has a height of 180 feet. As the height
increased in the experiments from 6 to 30 feet, the value of ac decreased
f rom 1.0 to 0.33. Thus, since the height of the RCB is 180 feet, the value of
ac was estimated by extrapolation to be 0.1.

Since the aerosol in the form of NaOH is liquid, the droplet shape should be
spherical and the density should equal that of the composite (compact)
material . Hence, the Stokes correction factor in this case should be equal or
very close to unity. Also, since two liquid drops should coalesce when they
collide, the gravitational collision efficiency should be about unity. This
means that the values of both a and a should be unity and inriependent of the
geometry in which the liquid aerosol is suspended. However, for conservatism,
the value of 0.1 for ac was used in the analysis.

D.3 SENSITIVITY TO RCB TEMPERATURE

The rate of aerosol depletion is also affected by the RCB atmosphere

temperature. The temperature of the RCB atmosphere varies from ambient to
about 900 F with an average of about 750 F during the sodium vapor phase |

1

of the TMBDB scenario (base case values). Since the HAA-3 code cannot |
consider variable temperatures, a single value must be chosen. To be |

conservative the highest RCB atmosphere temperature encountered during the |

1MBDB scenario is used. An evaluation was made to see what effect the RCB

O
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j temperature has on the aerosol depletion analysis. The results of this
.

evaluation, shown in Table D-2, verify that use of the peak temperature is . i
Iconservative and shows that the mass of aerosol leaked is not strongly1

!
; sensitive to the RCB atmosphere temperature.
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TABLE D-1

SENSITIVITY OF TMBD3 HAA-3 ANALYSIS TO R50

R50(pm) Aerosol Leaked Mass * (Grams)

1 Day 30 Days I

0.20 2.41 + 2 ** 7.6 + 3
*

\' O.10 2.44 + 2 7.6 + 3 |
i.

0.05 2.45 + 2 7.6 + 3! '

<

TABLE D-2

SENSITIVITY OF TMBDB HAA-3 ANALYSIS TO RCB ATMOSPHERE TEMPERATURE
*

t

Temperature (OF) Normalized Na Aerosol Leaked Mass ***4

:

917 1.00:

i 750 0.98

O'

* Leaked mass from initial head release of 10% fuel and solid
fission products,100% volatiles and halogens, and no sodium.

**2.41 + 2 = 2.41 x 102 ,

j *** Based on reluse occurring during the sodium vapor phase of the
TMDB base case scenario.

2
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?(' APPENDIX E,

N RELEASE OF PLUTONIUM AND FISSION PRODUCTS
.

E.1; INTRODUCTION

This section considers the potential release.of plutonium to the RCB

i_ subsequent to that assumed released as part of the initial release phase.
Possible mechanisms for transporting plutonium from the reactor cavity to
the RCB.have been investigated. These mechanisms include potential

. -plutonium release from burning the oxygen originally available in the
reactor cavity, plutonium release from the boiling pool of sodium, plutonium
release from the dry debris bed, and release due to gas sparging.

i
'

E.2 PLUT0NIUM RELEASE FROM S0DIUM-0XYGEN REACTIONS IN THE INERTED CELLS
?

Because primary sodium could be released to the RC and PHTS cells, sodium
,

burning can be postulated. The amount of sodium burned would be limited
'however because of the 2% oxygen level present.- This Section addresses the

; potential plutonium source associated with postulated sodium reactions.
:

; When a sodium pool containing plutonium burns, a small amount of plutonium
^ 'is released along with the sodium reaction products. This release has been

quantified experimentally.-

In Reference E-1, Chatfield determined that a plutonium release fraction of
~2.9 x 10-5 resulted from the_ burning of sodium containing Pu0 -

2

1 Recent experiments' at. Atomics International (Reference E-2) have further
. assessed the' airborne concentration of plutonium resulting from the

5 c'ombustion of plutonium contaminate'd sodium. -In these tests, sodium was

doped with from 13 to 250 ppm Pu02 or Na4 u05 and then_ ignited in airP

at temperatures of 500 to 5500C. The aerosol released from this burning

i

f. D.
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pool of sodium was collected and analyzed for plutonium content. For the
sodium containing Pu0 , nine experiments resulted in plutonium release

2
fractions ranging from 1 x 10-6 to 8.7 x 10-5 The average release

fraction was 2.0 x 10-5 For sodium-plutonate, the preliminary results
indicate the release fractions are several orders of magnitude less than for
Pu0 The fractional release of plutonium from burning sodium used in

2
these analyses is 3 x 10-5 This is consistent with the data in
References E-4 and E-5 and may be highly conservative if a substantial
amount of the plutonium is in the form of sodium plutonate.

If the total amount of oxygen present in the RC and three PHTS cells
completely reacts with sodium, the amount of sodium burned would be 1785
pounds.

Based on the particle distributions from the M-Series tests at ANL, about
15% of the fuel would be in small enough particulates to be suspended in the
sodium. If it is assumed that 15% of the total plutonium inventory (?030
Kg) is uniformly distributed throughout the total primary sodium inventory
(1.1 x 106 lbs) then the amount of plutonium contained in the burning

6sodium is (0.15) (2030 Kg) (1785/1.1 x 10 ) = 494 grams. Applying the 3 x
10-5 release fraction gives a plutonium release of 0.015 grams to the
RCB. This is an insignificant amount compared to that assumed in the
initial release phase source term.

E.3 PLUT0NIUM RELEASE FROM A BOILING POOL OF S0DIUM

The primary sodium which drains out of the reactor vessel and primary piping
forms a pool in the reactor cavity. The pool contains the fuel debris from
the core. The interaction of molten fuel with sodium results in a fuel
particle distribution. Based on measurements of particle size distributions
in the ANL M-series tests (Reference E-3), approximately 15% of the fuel
could exist in particles small enough to remain in suspension in the sodium
pool. The remaining fuel would form a settled bed on the bottom of the
sodium pool.

O
E-2



CRBRP-3
Vol.2, R:v.0

The fuel debris heats the sodium to boiling due to decay heat. As the sodium

[) pool boils, plutonium is released from the pool by vaporization of the
plutonium and plutonium particle entrainment in sodium droplets carried from
the pcal by the sodium vapor. Based on a recent survey (Reference E-4) of
experimental data on liquid carry-over from commercial evaporators and
entrainment of solid particles in the vapor stream from an evaporating liquid
pool, it was concluded that the experimental data of Jordan and Ozawa
(Reference E-5) is most directly applicable for estimating the potential
plutonium release from a boiling pool of sodium. Their results show a minimum
decontamination factor of about 1000. Thus if 15% of fuel is suspended in the
sodium and if 1/1000 of this is released, then the net fuel release is 0.015%
of the total inventory. Since there are approxirrately 2000 kg of plutonium in
the CRBRP core the plutonium release from the boiling sodium pocl to the RCB
atmosphere could be about 300 grams. However, because of aerosol depletion
and filtering less than one gram would actually be released from the RCB
cleanup system.

Once the fuel and core debris penetrates the RC liner, carbon dioxide and
steam would be released and bubble through the sodium pool. The effect ofc

) this gas sparging on additional plutonium and fisu on product release has been
investigated by Parsly and Fontana (Reference E-6). Using the model and

distribution coefficients of Reference E-6 the effect of gas sparging on
additional releases from CRBRP has been evaluated. Most of the fission
products fall into two categories: (1) those with predicted high fractional
releases due to sparging, which are the more volatile products that have
already been considered totally released either initially or during sodium
boiling, (2) those with low release fractions which are conservatively covered
by the assumed 1% solid fission product release during the sodium boiling
phase. A few isotopes do have sparging release fractions larger than the 1%
used it the TMBDB analysis; however, these represent a less significant
contrib stion to the dose consequences thvi does the increased plutonium

release (Reference E-7). Additional plutonium release during the boil-up
phase die to sparging is not significant relative to that resulting from the
boiling sodium pool. Sparging effects after boildry were found to be more
signif' cant as discussed below,

p
u,
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E.4 08 t'TONIUM RELEASE AFTER S0DIUM B0ILDRY

O
Af ter the sodium pool in the reactor cavity has evaporated, a bare fuel / steel
debris melt is left. Communication is assumed between the reactor cavity and

the reactor containment building. This results in a natural convection
current through the cevity. The potential mass transport of plutonium via
this convection depends on 'he debris temperature and the convection
veloc ity. The debris surface temperature at the top of the crust was

Udetermined to be #2500 F. The methods and assumptions related to the

calculation of bed surf ace temperature are discussed in Section 3.2.3.1 of
this report. The convection velocity was calculated as follows: First, the
natural circulation heat transfer rate was calculated (for a specified Pu0

2

surf ace temperature) using the corralation in Reference E-8 for heat transfer
from a hot disk to a large volume of gas. Next, an expression for the
temperature rise of the circulating gas was derived as a function of gas flow
rate. Finally, expressions for the form pressure loss were derived and set
equal to an expression for the buoyancy pressure driving forces (acceleratial
and frictional losses were conservatively ignored). This last expression,
which contained only flow rate as unknown, was solved and the maximum velocity
was calculated as that through the opening between the reactor cavity and the

RCB.

The analysis of the convection velocity used the following assumptions:

0
1. The temperature of the debris surface was 5500 F. This is highly

conservative for the calculation of the convection velocity since the
*

predicted surface temperature is e2500 F.

2. The temperature of the gas in the reactor containment building (RCB) was

500 F.

*Because mass transfer from the debris surface is a function of the convective
velocities within the reactor cavity, a 30000F margin was added to the
debris temperature to enable the calculation of a higher than expected mass
transfer coefficient. This coefficient, when applied at the predicted
condition, will result in higher mass transfer rates, providing margin in the
calculation.

O
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0m 3. The temperature of the air outside the RCB was 70 F.
.-

4. The Pu0 bed was uniformly distributed over the bottom of the reactor
2

cavity,

i

5. The natural circulation velocity was based on the open reactor cavity (no
reactcr head) with the vessel in place.

The resulting peak natural convection velocity is 12 ft/sec. Two transport
modes were considered for plutonium removal from the debris bed, plutonium
vapor removal from the particles aeJ particle levitation.

The plutonium vapor transport mode is due to the plutonium trying to establish
a vapor pressure corresponding to the surface particle temperature and the
convection current removing the vapor thus establishing a concentration
gradient down which the vapor molecules move. This subject of mass transfer
is treated in Reference E-9. Based on a maximum convection velocity of 12

ft/sec and maximum bed surface temperature of 25000F the vapor removal rate
- G was calculated to be only 5 x 10-5 grams / hour. At this rate the amount of

plutonium released to the RCB in a period of one month is only 0.04 grams.

:

Plutonium removal by particles being physically swept up from the surface of'

'

the bed by the convection current (levitation) was also considered.

The surface of the debris would be solid, i.e., covered with a layer of steel,
or in the form of molten iron oxide. In either case, plutonium particles are
not present to be picked up by the convection current. Even if the debris
were composed of plutonium particles in a molten steel pool, a velocity of
only 12 ft/sec would not be sufficient to detach particles from the liquid
steel.*

The effect of gas sparging' after boildry has also been evaluated'. After
boildry the melt _ volume relative to the gas volume is smaller because of the

' loss of the sodium pool and the longer time period involved leads to more;

released gases. These f actors enhance gas sparging and could result in a'

'h%/
E-5
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plutonium release greater than that by all mechanisms before boildry. The
results of the sparging analysis indicate that as much as 10 kg of plutonium
could be released to the RCB in 30 days and an ar'ditional 3 kg over the next
several months. An HAA-3 analysis shows that .cout 70% of t.% sparged
plutonium will remain inside the RCB due to ierosol plate-out ar.4 fallout.
Filtering (99% efficiency) further reduces the amount of plutonium released by
a factor of 100.

E.5 CONCLUSIONS ON PLUT0NIUM RELEASE

An evaluation of potential plutonium release from the reactor cavity to the
RCB during sodium boiling and following boildry has been made. This
evaluation indicates that, in addition to that considered in the initial
release phase, about 300 grams of plutonium could be released from the boiling
sodium, and about 13 kg (0.64% of core inventory) could be released to the RCB
over a several month period following boildry due to gas sparging.

E.6 FISSION PRODUCT RELEASE TO THE RCB

The overall release fraction of fission products from the fuel to the RCB
atmosphere is the product of the release fraction from the molten fuel and the

release fraction from the sodium pool. References E-10 and E-11 present the
results of an evaluation of existing experimental and theoretical data on the
volatility of elements in molten fuel. This study developed a list of
volatility factors for fission products. These factors represent conservative

estimates of the percent release of elements from molten fuel. The volatility
of those elements in the categories of noble gases and halogens is 100%.
Those elements in the category of volatile fission products have volatility
factors of 90%. The remaining fission products, in the category of solid
fission products, have volatility f actors of 4% or less. Of those in the 4%
group only a few are present in the CRBRP E0EC fission product inventory in
sufficient quantities to be significant. Strontium and barium have f actors of
2%. All other fission products have factors of 1%. These release fractions
from molten fuel are sumarized in Table E-1.

9
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p Once released from the fuel to the liquid sodium, additional partitioning of
the fission products can occur during vaporization of the sodium. A method
for calculating the extent of fission product release from a sodium pool as a
function of sodium vaporized using the Rayleigh equation is reported in
References E-12 and E-13..

F9 = 1 (1 - FNa)^I

where:

F j fraction of a given element released=

F fractionofsodiumvaporizedNa =
A parameter for given element (from Ref. E-12)=

g

Reference E-12 shows that measured values of cesium release from vaporized
sodium agree with values predicted by this method.

The TMBDB base case CACECO analysis indicates that 76% of the sodium pool is

(3 vaporized. Using 0.76 for F and the Aj values from Reference E-12, theNa
fraction of fission products released can be calculated for a number of
products of interest. The fractions of these products released from sodium
are given in Table E-2.

For the TMBDB analysis the overall release of fission products from the molten
fuel to the RCB atmosphere is determined by considering the product of the
factors in Tables E-1 and E-2. A complete set of release factors for all

elements is not available; however, values for some elements from each group
.are available and were applied to the other elements within the group. The
noble gases ore assumed to be released directly from the fuel to the RCB with
no attenuation or delay by the sodium pool. The volatile elements cesium and
rubidium are also assumed to be released with no attenuation or delay by the
sodium. The early release of Cs and Rb is suggested by Reference E-13 which

shows almost 100% release of these elements before less than 10% of the sodium
has vaporized. Table E-2 indicates that on the order of one third of the
iodine, in the . form of Nal, would be released from the sodium. It is

conservatively assumed that 100% of the iodine is released as the sodium

v} vaporizes,

E-7
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Of the remaining fission products, tN next largest release fraction from the
sodium is 0.074. Applying this fNtor to the fuel release fractions for the
solid fission product group gives overall release fractions of 0.003 for those
few elements in the 4% group, 0.0015 for Sr and Ba, and 0.0007 for the
remaining majority of the solid fission products. Thus the largest overall
release of any single solid fission product is about 0.3%.

The TMBDB radiological analysis conservatively assumes the overall release of
all the solid fission products to be 1% during the sodium boiling phase.

|

The majority of the fission products reaching the RCB would be in the form of
liquid or solid oxides. Some chemically uncombined fission products may also
be released from the sodium a: vapor but would condense in the RCB atmosphere
(Section 4.1.1 discusses the behavior of the volatile fission products).
These fission products would physically co-agglomerate and settle with the
predominately Na 0 aerosol. Co-agglomeration of a mixture of aerosol

2
products is addressed in Section 4.1.1. A kinetic analysis of the conversion

of iodine to sodium-iodide shows that on the order of 0.2% of the available
iodine could remain in the elemental form and, as such, would be less subject
to aerosol depletion and filtration. If the entire 0.2% of elemental iodine
were released unattenuated by the containment citanup system, it would result
in an additional 30 day LPZ dose to the thyrcid of about 40 rem.

E.7 EFFECT OF C0; REACTION WITH Na0H ON FISSION PRODUCT
RELEASE FROF THE RCB

This section addresses the effect of CO2 reactions with airborne Na0H, as it
may affect the behavior and release of airborne radioactivity.

Because of the slow reaction rate of CO2 with Na0H, relative to the high RCB
vent rate during the TMBDB scenario, it is not likely that a significant

amount of CO2 would react with Na0H before being vent.:d. Any CO2 that
does react would most likely react directly with Na to form Na CO . Even

2 3
if an infinite heat transfer coefficient between the reactor cavity atmosphere

and the cell liner is assumed to estimate the C02 release and all of this

O
E-8
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CO reacted completely with either Na or Na0H, the resulting Na CO32 2

/] would be no more than 8% of the total aerosol products. This amount of sodium
U carbonate would not have a significant effect on the overall aerosol behavior

and amount of radioactivity reaching the filter system.

Because of the limited solubility of sodium carbonate in water, the filter
removal efficiency for Na 00 f r a wet filter / scrubber system could be2 3
somewhat lower than for the NaOH. If the maximum amount of Na 002 3
possible is formed and if the removal efficiency of the filter is
substantially lower (f actor of 10) for Na 00 , then the amount of sodium2 3
getting through the filters and released to the atmosphere could exceed that
predicted in the current analysis by about 70%. If it is assumed that the
other radioactive species (except noble gases) are transported with sodium
(independent of the chemical form of the sodium), the released radioactivity
of these products could then also increase by about 70%. This shows that the

reactionsradiological results are not highly sensitive to the effect of CO2
with airber e Na0H.a

The effectiveness of the TMBDB filter in removing Na CO3 "III D'2
determined as part of the TMBDB Air Cleaning System Performance Test to be
performed at the Containment System Test Facility of the Hanford Engineering
Development Laboratory. Appendix A.7 provides a description of these tests.
Should these tests show the removal efficiency for Na 00 to be comparable2 3
to that expected for other aerosol products (99%) then it can be concluded

that the formation of Na 003 presents no increased radiological2
consequence. If however the tests show a significantly lower removal
efficiency for Na CO , then a more detailed evaluation of the extent of2 3
Na 00 formation would be required to assess the radiological impacts,
2 3

a 8

E-9
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. TABLE E-2

RELEASE OF FISSION PRODUCTS FROM S0DIUM I:
,

| !

i

! Release !

Fraction Released IParameter, A!
(at 16000F)i From Sodium [Group Elements

i; !
'

1 - Halogens I 0.324 0.37
} Volatile F.P. Rb 8.25 1.0

Sb 1.00 x 10-5 1.4 x 10-5

| Te 3.90 x 10-4 5.6 x 10-4 I
| |

| Cs 10.2 1.0
:

Solid F.P. Sr' O.054 0.074

) Ba 3.79 x 10-3 5.4 x 10-3
i
|

!
!

i

,

1

i
i

!

!,
1

I

j.
!
4

i
'

i
I i

|
:

:

i.
!
>

i

.

4

i
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APPENDIX F

EVALUATION OF ALTERNATE SCENARIOS

This Appendix provides an evaluation of the sensitivity of the scenario
(specifically the containment pressure, temperature and hydrogen histories
relative to the 24 hour criterion) analyzed in Section 3.2 to a wide range of '
parameters and assumptions. The sensitivity studies included a number of

4

cases which nominally would appear to be less severe. However, some aspects

! could make the consequences more severe. For example, less heat addition to
the pool could delay the initiation of auto-catalytic hydrogen burning and,
perhaps, lead to a higher hydrogen concentration in the reactor containment
building. Thus it was necessary to consider a wide variety of conditions.
Specifically, this Appendix considers the sensitivity of the base scenario to
the following effects: decay heat, pool chemistry, thermophysical property
data, sodium inventory variations, variations in reactor and guard vessel
penetration times coupled with decay heat removal, reactor head leakage prior
to 24 hours, variation in liner f ailure times and concrete surf ace interaction
area.

.

1

O
I F.0-1
|
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D F.1 EFFECT OF DECAY HEAT ON THE BASE TMBDB SCENARIO

I b
F.1.1 Introduction

Three variations of the decay heat were analyzed to assess the sensitivity of
I the TMBDB scenario to this parameter. The first case investigated the effects

of the heterogeneous core nominal decay heat (the base case decay heat was
,

based on the earlier homogeneous core design). The second case considered the
heterogeneous core but' considered a lower bound decay heat curve. The third

<

4

case was a limiting lower bound case which assumed no decay heat, thus
simulating an accident early in core life.

F.1.2 Model Modifications

The CACECO Code model described in Section 3.2 and Appendix C.1 was modified

to evaluate the above cases. Except for decay heat, no other changes were

made to the base case.

O F.1.3 Resultsb
Table F.1-1 lists the results for all three cases. The containment pressure

and temperature at 24 hours are less severe than the Section 3.2 values for
all three cases. The case 3 hydrogen concentration however, is higher than
the Section 3.2 analysis. This is because with less energy the hydrogen
burning criteria are not met (insufficient energy in the sodium pool to

3support the required sodium vapor concentration of 6 g/m ). Containment

conditions when the burning criteria are met are slightly higher for cases 1
and 2 compared to the Section 3.2 analysis. Again with less energy available
in the sodium pool, the time to reach sodium vapor conditions resultin,; in a

3concentration of 6 g/m is longer. As a result the hydrogen accumulates to
,

a higher value prior to burning, and when the appropriate burning criteria are
met, the resulting atmosphere temperature and pressure spikes are greater (the
analysis assumes the hydrogen burns instantly).

.

O
.

F.1-1
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F.1.4 Conclusions

O
Although containment conditions are slightly more severe when the hydrogen i

'

burning criteria are met, the base scenario has sufficient margin to
accommodate variations in decay heat. It should be noted that the case 3
conditions could require containment venting prior to 36 hours (base case
nominal vent time); however the resulting vent and purge rates would be
significantly inwer than the present design values reported in Section 2.

O

|

I

O
F.1-2
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TABLE F.1-1
,

'. SUM %RY OF CONTAINMENT CONDITIONS FOR "LESS SEVERE"
DECAY HEAT SENSITIVITY ANALYSES

.

At 24 Hours Near Time of H Ignition2
Case Case Pres sure . Tenpegature H Concentration Pressure Tempgrature H Concentration2 2Number Description (psig) ' ( F) (%) (psig) ( F) (%) ;.i

Base: Section 3.2 11.1- 450 0.0 22.4 845 4.5Case ' Analysis (10 Hours)
1 Heterogenous 9.3 384 0.0 25.6 934 5.1Core Naminal (13 Hours)
2 Heterogenous 8.3 337 0.0 26.1 954 '5.4Core With Lower (14.9 Hours) &Bound Uncertainty

.]
{ 3 No Decay Heat 1.0 99- 2.5 Not A p p 1 i c a b 1 e* g[|

. := . ,

,
><

< .

o, ,

*H2 burning criterion never met during the first 30 hours of the analysis.
;

.

J

l

5 >

b

!
4

1
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(] F.2 SENSITIVITY TO SODIUM POOL REACTIONS

U
F.2.1 Introduction

The sensitivity of the base scenario (Section 3.2) to sodiun pool reactions
was evaluated. This analysis investigated the effect of considering the
sodium-water reactions in the pool to be independent of the hydrogen partial
pressure and pool temperature (see Appendix C.1 for description of the pool
reactionsequence). As a result the analysis considered two cases. The first
case considered the sodium-water reaction to produce sodium oxide and

hydrogen. The second case assumed the sodium-water reaction to produce sodiun
hydroxide and hydrogen.

F.2.2 Model Modifications

The CACECO Code model described in Section 3.2 and Appendix C.1 was modified
to evaluate the base case sensitivity to the sodium pool-water reactions. The
specific changes resulted in only sodium oxide and hydrogen being produced in
case 1 (the heat of reaction is approximately 3 times less than the

' sodium-water reaction which produces sodium hydroxide and free hydrogen). All
other pool and atmosphere reactions were treated exactly as described in
Appendix C.1.

.

F.2.3 Results
,

Table F.2-1 provides the results for both analyses. The first case results at
24 hours are very similar to the Section 3.2 analysis. The peak hydrogen
concentration prior to meeting the burning criteria was approximately 1%
greater than the Sectinn 3.2 results (5.5 versus 4.5%). The increase in,

hydrogen is the consequence of neglecting sodium hydroxide fonnation (the
reaction products remove 1 mole of free hydrogen). As a result of the
increase in hydrogen before the burning criteria are met, the containment
pressure and temperature peaks are slightly higher (the peaks are from the
assumption that the hydrogen burns instantly). As in case 1, the case 2
results exhibited similar conditions in containment at 24 hours to the

,

,

-G |

F.2-1
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Section 3.2 analysis. The containment conditions prior to and af ter the
hydrogen burning criteria were met were less severe than the Section 3.2
results. In this case the reaction producing sodiun hydroxide was assumed
throughout the analysis, thus renoving free hydrogen and effectively reducing
the containment peak pressure and temperature once the burning criteria were
met.

F.2.4 Conclusion

Although cor,tainment conditions at the time when the hydrogen burning criteria
are met are slightly more severe (caw ') the base scenario exhibits
sufficient margin to accommodate variations in the pool chemistry.

O

O
F.2-2
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TABLE F.2-1
'

,

SUM %RY OF CONTAINENT CONDITIONS FOR "LESS SEVERE"
POOL CHEMISTRY SENSITIVITY ANALYSES

At 24 hours Near Time of Hp Ignition
Case Case Pressure Tempegature H Concentration Pressure Tempgrature H Concentration

2 2
; Number Description (psig) ( F) (%) (psig) ( F) (1)

i Base Section 3.2 11.1 450 0.0 22.4 845 4.5
i - Case Analysis (10 Hours)

1 -- 2 Na + H O = 11.1 450 0.0 26.6 990 5.5
2

(10.2 Hours)Na20+H2
4

2 2 Na + 2H O = 11.7 436 0.0 14.6 57 0 2.7
2

(10.4 Hours)2 Na0H + H2 ,

N !-n.
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F.3 SENSITIVITY TO CONCRETE THERM 0 PHYSICAL PROPERTY DATA;

v

F.3.1 Introduction

An evaluation of the sensitivity of the base TMBDB scenario to concrete
thermophysical properties has been made. This effect was simulated by
increasing the thermal conductivity of the insulating concrete in the reactor
cavity and pipeway cells by 20%. This simulates a more effective concrete
heat sink.

F.3.2 Model Modifications

The CACECO Code model described in Section 3.2 and Appendix C.1 was modified

to evaluate the base case sensitivity to concrete thermophysical property,

data. This was simply accomplished by increasing the insulating concrete
thermal conductivity values by 20%. Thus the insulting concrete in the
reactor cavity and the pipeway cell double-heated wall was increased from 0.12

to 0.144 Btu /hr-ft cF. The insulating concrete in the remaining pipeway
cell structures was increased from 0.24 to 0.288 Btu /hr-ft OF.

F.3.3 Results

Table F.1-3 provides the results for this analysis. Containment conditions at
24 hours are less severe than the base scenario results. With an increase in
the insulating concrete thermal conductivity, the effective heat sink
capability of the reactor cavity and pipeway cells is increased. This results
in a reduced sodium boiloff rate which reduces the severity of the containment
transients. Conditions prior to and after the burning criteria are met are
slightly more severe than the base scenario. This is because with more
available heat sink in the reactor cavity and pipeway cells the time for the
sodium pool to reach the necessary burning criteria is longer.

bv

F.3-1
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F.3.4 Conclusions

O
The base scenario has sufficient margin to accommodate variations in concrete
thermophysical properties.

1
1

l

l

|
.

l

O
F.3-2
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TABLE F.3-1

! -SUN %RY OF CONTAINMENT CONDITIONS FOR "LESS SEVERE"
'

THERMPHYSICAL PROPERTY SENSITIVITY ANALYSIS

'

At 24 Hours Near Time of Hp Ignition

Case Case Pressure Tempe5ature H Concentration Pressure Tempgrature H Concentration
2 2

Number- Description (psig)' ( F) (%) (psig) -( F) (%)
'

i Base- 1Section 3.2' 11.1 450 0.0 22.4 845 4.5
' C ase Analysis (10 Hours).

: 1 20% Increase 10.0 413 0.0 23.1 864 4.6
In Insulating (10.3 Hours)

. Concrete
: Thennal !

I 'Conducti vity 8
.k B

'
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'
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F.4 SENSITIVITY TO S0DIUM INVENTORY VARIATIONS

V |

F.4.1 Introduction

An evaluation of the sensitivity of the base TMBDB scenario to variations in
the amount of sodium that would drain or syphon to the reactor cavity has been
made. Four cases were analyzed. The first two considered reductions in the
amount of sodium that would drain or syphon from the primary piping to the
reactor cavity. Specifically the first case considered a 33% reduction in the
amount of sodium that would drain or syphon from 3 loops to the cavity. The
second case considered a 66% reduction in the sodium mass that would drain or
syphon to the cavity.

The remaining two cases evaluated the effect of additional sodium on the
scenario. Case 3 considered the PS0V (Primary Storage Overflow Vessel) to
drain to the reactor cavity. The entire gross volume of approximately 37,100
gallons at an average temperature of 11300F was assumed to drain at a rate
of 560 gpm to the reactor cavity. The fourth case assumed the same gross
volume as mentioned above, however, the initial temperature was considered to

d 0be 800 F and the drain rate to the cavity was assumed to be 160 gpm. Cases'

3 and 4 bracket the operating temperatures and drain rates of the PS0V.,

F.4.2 Model Modifications

The CACECO Code model described in Section 3.2 and Appendix C.1 was modified

to study the effect of varying sodium mass on the TMBDB scenario. For all
four cases the sodium input data were modified accordingly.

F.4.3 Results

Table F.4-1 provides the results for all four cases. The results for the

first 2 cases at 24 hours were found to be slightly more severe than the
Section 3.2 analysis. For example the case 2 (66% reduction of sodium syphon
mass) containment pressure and temperature were 11.3 psig and 468 F versus0

Q,/

F.4-1
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TABLE F.4-1

SUMARY_0F CONTAINENT CONDITIONS FOR "LESS SEVERE"
S(DIUM INVENTORY SENSITIVITY ANALYSES

At 24 Hours Near Time of Hp Ignition

Case Case Pressure Tempegature H Concentration Pressure Tempgrature H Concentration
g 2

Number Description (psig) { F) (%) (psig) ( F) (%)

Base Section 3.2 11.1 450 0.0 22.4 845 4.5
Case Analysis (10 Hours)

| 1 33% Reduction 11.2 461 0.0 20.4 780 - 4.1
In 3 Loop Mass (8.7 Hours)

! 2 66% Reduction 11.3 468 0.0 18.7 718 3.6 .

In 3 Loop Mass (7.4 Hours) &y
f* g. .

3 P50V Drain 11.1 455 0.0 24.0 _

895 4.9 x

To RC; 11300F (11.1 Hours) w?
I";

? Initial Sodium 'o? Tenperature;
560 gpm Drain"

Rate

| 4 P50V Drain 10.5 428 0.0 25.5 929 5

j To RC; 8000F (13.3 Hours)
Initial Sodium<

; Tenperature;
160 gpm Drain'

Rate

|

i
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-
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(] F.5 SENSITIVITY TO REACTOR AND GUARD VESSEL PENETRATION TIMES AND S0DIUM

V TEW ERATURE

F.5.1 Introduction

An evaluation of the sensitivity of the TMBDB scenario to reactor and guard
vessel penetration times and considering different decay heat removal
assumptions has been made. Four cases were considered. The first three
analyzed penetration times of 100,1000 and 10,000 seconds coupled with decay
heat removal prior to penetration. The fourth case assumed penetration of the
reactor and guard vessels did not occur. No decay heat removal was considered
in this case.

.F.5.2 Model Modifications

The CACECO Code model described in Section 3.2 and Appendix C.1 was modified

to evaluate the above cases. For all three cases the decay heat was adjusted
according to the assumed penetration time. Decay heat rer. oval was accounted
for by evaluating the initial sodium temperature at the time of vessel

' penetration from a normal plant transient corresponding to the same point in
time (U-1A; trip from full power with normal decay heat was the transient |

assumed for all 3 cases). After penetration, the decay heat removal system !

was assumed to be inoperable.

I
The fourth case simulated a scenario with no guard vessel and reactor vessel l

penetration. Decay heat was input at time zero with a leakage path defined ;

from the reactor vessel through the head to containment. The reactor head !
risers were modelled and treated as described in Section F.6. Only the |

reactor vessel sodium was considered in the analysis. |

F.5.3 Results

Case 1 results (Table F.5-1) at 24 hours are slightly more severe than the
Section 3.2 analysis. Since penetration occurs at 100 seconds versus 1000

v

|

F.5-1 '
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seconds in the base scenario more decay heat is available to boil the sodium
and subsequent'ly res'ults in a slightly more severe scenario.

Conditions prior to and after the meeting of the hydrogen burning criteria are
slightly 'less severe than the base scenario results. This is due to the
increase in decay heat which drives the sodium pool to sufficient temperature
to produce tha necessary sodium vapor to satisfy the burning criteria.

The case 2 results (Table F.5-1) exhibited less severe results at 24 hours
than the base scenario results (Section 3.2). In this analysis the effect of
decay hect removal can be seen since the assumed penetration time is identical

to that used in Section 3.2. For example containment atmosphere temperature
0and pressure wero found to be 3860F and 9.8 psig respectively versus 450 F

and 11.1 psig reported in Section 3.2. The containment conditions near the
time of hydrogen ignition, however, were found to be slightly worse. Again
with a slightly cooler sodium pool, a longer time is required before the
hydrogen burning criteria are met.

Case 3 showed the best results at 24 hours and the worst consequences prior to

and af ter hydrogen ignition. Containment temperature and pressure were found
Uto be 4.3 psig and 191 F at 24 hours compared to base scenario results of

11.1 psig and 450 F. The peak hydrogen concentration prior to hydrogen
burning was 5.5% versus 4.5% in the Section 3.2 analysis. Similarly the
pressure and temperature spikes once burning started were found to be 27.2

Upsig and 987 F.

The case 4 consequences at 24 hours were found to be more severe than the base
scenario. Containment pressure, temperature and hydrogen concentration

0resulted in values of 12.2 psig, 815 F and 0.2% respectively. These compare
to 11.1.psig, 450 F and 0% hydrogen found in the base case. The principal
reason for the more severe consequences is the nature of the assumed
scenario. Since penetration of the reactor and guard vessels is considered
not to occur, the on~ly avai'lable heat sinks are the vessels, internals,
reactor vessel sodium inventory and the head. With the reduced heat sink

O
F.5-2
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(~'N availability the sodium reaches a boiling state sooner (6 hours versus 9 hours
: k.);^

in the base scenario) and subsequently leaks to containment at a higher rate.
'~

Because of the'more' severe rosults the analyses were extended to sodium
boildry. The venting, purging and cooling functions were initiated earlier in
the analysis than in the base case to control the containment and confinement

temperatures. The containment was vented at 24 hours resulting in a peak vent
rate of 25,600 cfm (the maximum design value is 26,400 cfm). ihe operation of

'the annlilus cooling system was initiated at 24 hours. The purge system was

initiated at 26 hours. A value of 5000 scfm was used. This is less than the
nomin'al value of 8000 scfm employed in the Section 3.2 analysis. With this
purge rate, the peak hydrogen concentration was 3.1%. Figures F.5-1 through_

F.5-4 present containment atmosphere and steel temperatures, pressure,
hydrogen concentration and vent rates up to boildry.

Preliminary an'ilysis employing the two dimensional Trump thermal model

(described in Section 3.2.2.2) indicated that the containment and confinement
strugtural. temperatures to boil' dry (#106 hours) would be acceptable.

O~ F.5.4 Conclusions
d

Cases 1 thrnugh 3 exhibit slight variations with respect to the base scenario
results and sufficient margin exists to accommodate the variations. Case 4

results were significantly more severe at 24 hours, specifically containment
temperature. Preliminary analyses indicate that structural integrity would be
maintained throughout the scenario. Thus.the conclusion that containment'

integrity can be maintained in excess of 24 hours without venting, purging or
annulus cooling remains valid for this scenario.

,
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TABLE F.5-1

SUM 4ARY OF CONTAINMENT CONDITIONS FCR "LESS SEVERE" PENETRATION
TIME AND SODIUM INITIAL TEMPERATLRE SENSITIVITY ANALYSES

Near Ume of H I" U"9At 24 Hours 2
Case Case Pressure TenpeSature H C ncentrati n P res sure Tenpgrature H Concentration2 2Number Description (psig) ( F) (%) (psig) ( F) (%)

Base Section 3.2 11.1 450 0.0 22.4 845 4.5
Case Analysis (10 Hours)

1 100 Sec. 11.8 482 0.0 19.8 759 4.1
Penetration (9 Hours)
With Decay
Heat Removal

Ef
2 1000 Sec. 9.8 386 0.0 26.1 955 5.2 ." 2

-n Penetration (17.3 Hours) ." %~

With Decay o?<n

E Heat Renoval @ '''
o

3 10000 Sec. 4.3 191 0.0 27.2 987 5.5
Penetration (22 Hours)
With Decay
Heat Renoval

4 No Reactor 12 .2 815 0.2 Not A p p 1 i c a b 1 e*
and Guard
Vessel
Penetration

*H2 burning criterion met early in the analysis thereby precluding H2 buildup.
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F.6 EARLY REACTOR HEAD LEAKAGE SCENARIO
A
V

F.6.1 Introduction

The theraal margin analyses described in Section 3.1 assumed the reactor head
initially leaked all of the noble gases and 1000 pounds of sodim. Beyond
this initial release, it was assmed that further leakage to the RCB would be
through the RC to RCB vent up to 50 hours. Bewnd 50 hours, the head was

assmed to leak at a very high rate. As long as .the elastomer seals at the
top of the head risers reain below 500-6000F, significant head leakage
would not occur. However, these seals may reach 500-6000F before 50 hours

and begin to degrade and lose their sealing capability.

In the following, a modified scenario will be developed, based on the
assmption that some fuel remains in the reactor vessel after penetration of
the reactor and guard vessels; increased head leakage af ter 1000 seconds will
be considered, taking into account the heat sink capability of the head risers.

F.6.2 Revised Scenario

O
The scenario described in Section 3.2.1 was modified to include increased
reactor head leakage after 1000 seconds as follows:

A. After penetration of the reactor vessel and guard vessel at 1000 seconds,
the fuel that can be sustained in a stable, coolable debris bed is
assmed to be retained in the reactor vessel. All fuel above the sodim
level and fuel in excess of the debris bed dryout thickness below the
sodium level would penetrate the supporting surf aces and redistribute
uniformly on the reactor cavity floor. In this case, the conservative
approach is to consider as much fuel as possible in or directly under the
reactor vessel.

B. All of the sodium vapor generated in the reactor vessel and in the region
directly below the reactor vessel would be available for leakage through
the head. The reactor vessel separates the sodium vapor generated in the
reactor cavity from that generated in the remainder of the reactor vessel.

O-I

L)
!
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C. All of the soditsn vapor generated in the remainder of the cavity would
pass into the containment building through the pipeway cells and the
reactor cavity venting system.

D. The reactor vessel head and plugs would reain intact for 50 hours; thus,
the head risers would be effective as heat sink;. The principal leakage
path through the head would be through the risers.

E. Since the analyses described below indicate the pressure, tmperature,
and hydrogen concentration conditions in containment at 24 hours would
not challenge the containment integrity, the initiation of venting,
purging and annulus cooling would not be required until af ter 24 hours.

F.6.3 Revised Analytical Models and Analysis Results

F.6.3.1 Fuel Distribution

The fuel distribution betweer che reactor vessel and the reactor cavity
determines the relative amounts of sodium vanor leaking through the reactor
head and through the pipeway cells. Because the largest mount of fuel within
or directly below the reactor vessel is the most conservative condition for
the analyses considered here, the following procedure for evaluating fuel
distribution was sployed.

The distribution of fuel between the reactor cavity and the reactor vessel
internals was evaluated by considering that fuel would settle and fonn a
stable boiling debris bed on all intact horizontal surf aces inside the reactor
vessel covered by soditsn after penetration of the reactor and guard vessel and
draining of sodium into the reactor cavity. The reainder of the fuel is then
asstsned to penetrate its supporting siructt.res and enter the reactor cavity.
The horizontal surf aces which would retain fuel following penetration of the
reactor and guard vessels are the core support plate and the flow inlet
modules. As these are the only surf aces which would be covered by the soditsn

pool, other surfaces would be dry, and any debris bed fonned would melt
through the surf ace and deposit on a lower level surf ace which was covered by
soditan or pass through the vessels onto the reactor cavity floor.

O
F.6-2
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The surface area of the core support plate available for fuel retention
,

{} includes the total area of the plate less the area occupied by the 61 inlet
2modules (60 f t ). Additionally, a pocket exists outside of the core barrel

at the juncture of the core support structure and the barrel (Figure F.6-1).
Each of these regions is capable of retaining a debris bed whose maximtsn depth
is limited only by the heat renoval capability of the overlaying sodiun.

The renaining in-vessel location for debris accumulation is the flow inlet
module. Because the inlet modules contain openings to allow sodium flow, the
depth of the bed retained in the module would not exceed the distance from t|e
bottom of the module to the opening (3.77 inches - Figure F.6-1).

The depth of the stable bed was calculated at 1000 seconds assuning that all

core and blanket material would fonn a uniform mixture. Steel was not
considered to exist in the mixture as it would reduce the dryout heat flux,
thereby reducing the amount of fuel in the bed. A greater amount of fuel in
the reactor vessel is conservative in this analysis. The stable bed depth at
1000 seconds would be 6.5 inches * using the data in Reference F.6-1. Based on

the 6.5 inch debris depth along with the area of the core support plate (60
h 2f t ), the dimensions from Figure F.6-1 of the pocket between the core

support structure, and the dimensions of the inlet modules, the quantities of
core debris renaining in the vessel are noted in Table F.6-1. This indicates
that up to 16% of the core and blankets could remain in the vessel following
penetration.

Of the core material reaching the reactor cavity, 25% would serve as a sodium
vapor source for the reactor vessel because of the relative diameters of the
reactor vessel and reactor cavity. This assumes that all vapor formed beneath
the reactor vessel could be released to the vessel. This implies that the

* Note that this bed depth is greater than that quoted in Section 3.2.1
because of the intentional bias here toward greater bed depths to be
conservative for this particular calculation.

f
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hole in the reactor vessel is equal to the full diameter of the vessel.
Combining this with the 16% retained in the vessel results in 37%* of the
total sodium vapor passing through the reactor vessel.

In subsequent calculations 50% of the core debris was conservatively assumed
to be in the vessel or directly beneath it.

F.6.3.2 Structural Considerations

For the consequences of this scenario to be similar to those in Section 3.2,
the reactor vessel and reactor head must not fail for 50 hours. A creep

rupture analysis of these two structures was performed.

Reactor Head

The maximum stress level in the reactor head (large rotating plug) under TMBDB
loading conditions (dead weight only), is 1800 psi. Based on the results of
the elevated temperature creep rupture tests for the SA-508 Class 2 material
of the head and the reactor head temperatures shown in Figure F.6-2, the
closure head would remain intact for well beyond 50 hours.

Time to Rupture
Stress (psi) Temperature (OF) Hours

1750 1750 138.5

2000 1750 86.3

Reactor Vessel

The weakest section of the reactor vessel at high temperature is the flange
attaching it to the head. From the creep rupture material tests where the

stress level was 2000 psi, the Larsen-Miller parameter (P = T (20 + log t ))
r

3would be 48.4 x 10 ,

*0.25 (1.00 - 0.16) + 0.16 = 0.37

O
F.6-4
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Using this .value of the Larsen-Miller parmeter to extrapolate to the maximm
- - flange taperature of 17700F (the flange taperatures are equal to the

reactor cavity atmosphere temperature in Figures F.6-2 and 3-6), the time to
rupture is calculated to be approximately 51 hours. At 17000F, the time to
rupture would be approximately 260 hours.

The flange taperature would not reach 17000F until 18 hours into the event
and thereaf ter would rise slowly to a peak value of 17700F at about 36 hours -
into the event. Thus flange f ailure would not occur until well beyond the 24
hours specified by NRC for maintaining containment integrity and also beyond
the 50 hour time assmed in the base case before gross leakage to the RCB>

(from the reactor cavity) bypasses the pipeway cells.

F.6.3.3 Revisions to the Containment CACEC0 Code Model

The CACEC0 model was modified to simulate the scenario developed in Section

F.6.1. The modification accounted for heat transfer from sodin vapor,

nitrogen and hydrogen flowing through the riers mounted on the head. Also, a
cell was added to the CACEC0 model to allow simulation of the reactor vessel-

% ,/ and therefore in-vessel and ex-vessel fuel debris distribution. Because of
CACEC0 limitations, it was necessary to delete Cell 105, which is included in
the base case. The four cells represented the reactor vessel (RV) and volme
directly below the RV, the reainder of the reactor cavity (RC), the pipeway
cells and the containment volme above the operating floor and reactor head

'

(RCB) .

At reactor and guard vessel penetration (1000 seconds), a direct inter-
2connection (orifice with an area of 0.25 f t ) was inserted between the

reactor cavity, pipeway cells and RCB to simulate the burst disk rupture and
the reactor cavity to containment vent systs. Also included was a direct
inter-connection between the reactor vessel cell and containment representing

leakage paths through the reactor head.

i

.

|
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Heat Structures

The one-dimensional heat structures discussed in Appendix C.1 were again used
in the head leakage analysis. The only variation was the inclusion of a
structure representing the risers which would condense soditsn vapor leaving
the reactor cavity and transfer heat to containnent. This structure was

2composed of a steel plate 0.1 inches thick with an area of 710 f t . The

thenn 1 boundary conditions of this structure are discussed later in this
Appendix.

Decay Heat

As discussed in Appendix C, the decay heat associated with the noble gases is
input to the containment atmosphere imediately. The heat associated with the
halogens ar.d volatiles is asstsned to be contained in and carried with the
so di tsn. The remainder of the decay heat is divided evenly betwen the reactor
vessel and the reactor cavity cells because of the asstsned equal division of
the fuel debris between the two cells.

Energy Transport

The energy transfer model previously employed in the reactor cavity was
modified as follows:

a. Those structures modelling the reactor vessel, internals, guard vessel
and head employed the reactor vessel cell pool and atmosphere boundary
conditions,

b. Those structures modelling the reactor cavitj alls sployed the
boundary conditions associated with the cell representing the
renainder of the reactor cavity.

O
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Riser Heat Transfer Coefficients
,
I

N)
During the flow of sodium vapor, nitrogen and hydrogen through leakage paths
in the reactor vessel head, heat would be transferred from the vapor and gases
to the surrounding structure. This would result in sodiun vapor condensation
in the passages, thereby reducing the quantity of sodiun reaching the reactor
containment building atmosphere. The snount of sodium that would condense is
determined by the thermal resistances characteristic of the flow path through
the small, intermediate and large riser assenblies (Figures F.6-3 and 4).
Heat would be transferred from the sodi'sn vapor strean to the riser assenbly
by convection. The riser assembly would radiate and convect heat to the
surroundings. Since the riser assenblies are thin, the heat transfer
coefficients on the two surf aces control the anount of heat transfer from the
sodiun vapor stream.

The convective heat transfer coefficient is based on the quantity of sodiun
vapor, nitrogen and hydrogen which enters the reactor containment building,
i.e., the flow exiting the riser assenblies. The coefficient was determined
as a function of time using CACECO code output for this case and the forced

(_) convective correlation.

Nu = 0.026 Re .80 Pr /3 (Reference F.1-2) (See Table F.6-2)l

i

This was an iterative process in which heat transfer coefficients were
entered, flows were calculated by the CACECO code and the heat transfer
coefficients were recalculated based on the CACECO output. Table F.6-3

presents the heat transfer coefficients as a function of time together with
the data used in their calculation.

Also shown in Table F.6-3 are the heat transfer coefficients used as input to
the CACECO code model. The coefficients used in the analysis are very similar

to the resulting calculated coefficients.

Radiation and convective heat transfer coefficients for heat flow from the
head structures to the environment were determined from Reference F.6-3, for
the condition of sodiun vapor at 16000F and a heat sink of 4000F. The

(O -.)
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radiative heat transfer coefficient was modelled by an emissivity and the
appropriate shape f actor, and then combined with the convective heat transfer
coefficient to provide a total heat transfer coefficient.

The parameters used to calculate the heat transfer coefficient are shown in

Table F.6-4. The overall heat transfer coefficient was used as input to the
CACECO model as the heat transfer coefficient between the risers and the
reactor containment building atmosphere.

F.6.3.4 Analysis Results

The results of the CACECO analysis are shown in Table F.6-5 at 24 hours. From
this table, it is apparent that the early head leakage scenario results in
containment transients that would not challenge the containment integrity at
24 hours. The results illustrate that the risers are very efficient heat

sinks during the first 24 hours.

F.6.4 Sumary and Conclusions

A modification was made to the CACEC0 model to simulate a TWDB scenario in
which a fraction of the fuel debris would be retained on in-vessel horizontal
surfaces. The modification was made by adding a cell to the base case model
to represent the reactor vessel and the volume immediately below it, and
deleting this volune from the reactor cavity cell used in the base case. The
distribution of fuel between the two cells (reactor cavity and reactor vessel)
was conservatively taken to be 50% in each cell, with both cells having
leakage paths to the reactor containment building.

Leakage through the reactor cavity venting systen (through the pipeways) was
modeled the same as in the base case. However, a heat structure was added to
simulate heat transfer as the vapor flows through the risers on the head.
Heat transfer through the risers was based on the sodium vapor flow entering
the reactor containment building and on forced convection heat transfer
correlations.

O
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These analyses indicate that head leakage prior to 24 hours would result in
containment conditions that would not challenge the integrity of the RCB at 24,

,

hours. Consequently, the conclusion that containment integrity can be-

maintained in excess of 24 hours without venting, purging or annulus cooling
b remains valid for this alternate scenario.
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| TABLE F.6-1

MAXIMUM FUEL DISTRIBUTION IN THE REACTOR VESSEL AFTER PENETRATION
<

3Location Quantity of Fuel (in )

|
'

Core Support ' 27,000

Core Barrel-Reactor Vessel Annulus 6,000
'

Inlet Modules 4,600
'

Total Quantity In-Vessel 37,600

Total Quantity of Fuel and Blanket 237,000
4

% Retained In-Vessel 16.
I
1

i

O
!

2

,

i

'

a

4
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TABLE F.6-2

PARAMETERS USED IN THE RISER INTERIOR SURFACE
<

HEAT TRANSFER COEFFICIENT CALCULATION

Prandtl Nisnber 0.67

Thermal Conductivity 0.032 Btu /hr-f t OF*
Viscosity 0.036 lb/f t-hr* '

I
Hydraulic Dianeter 2.00 in i

Flow Area 11.15 ft2

* Reference F.6-4

I
|

e\
|

I

1

e
I
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TABLE F.6-3

'
RISER CONVECTIVE HEAT TRANSFER COEFFICIENTS FOR THE INTERIOR SURFACE'

Heat Transfer Coefficient (Btu /hr-ft2.oF)-

Calculated Used in CACECO
Time (hr) Flow (lb/hr) From Correlation Model

1. 142. .11 .12

4. 259. .18 .17 |
4

6. 300. .21 .20

8. 618. .37 .36

10. 1383. .70 .83

13. 1911. .91 .65

15. 1846. .89 .87

18. - 2533. 1.14 1.25

20. 2982. 1.3 1.34

24. 5162. 2.02 1.62
,

O
.

d

f

:

O
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TABLE F.6-4

RISER EXTER'T. SURFACE TO CONTAINMENT EFFECTIVE HEAT TRANSFER COEFFICIENT

Surf ace Area of Riser 710 ft2

View Factor 0.75

220 Btu /hr-f t OF (Ref erenceRadiant Heat Transfer Coefficient
F.6-2)

22 Btu /hr-ft OF (ReferenceConvective Heat Transfer Coefficient
F.6-2)

Emissivity 0.75 (Reference F.6-3)

2Overall Heat Transfer Coefficient 13.0 Btu /hr-ft OF

O
.

!

.
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i TABLE F.6-5

COWARISON OF RCB PARAMETERS AT 24 HOU!i,
i WITH AND WITHOUT EARLY REACTOR HEAD LEAKAGC i

! Section 3.2 Analysis
(Limited Head Leakage Increased Head Leakage*

Before 50 Hours) (After 1000 Seconds);.

Containment
Atmosphere Pressure (psig) 11.1 12.4

,

'

Containment
Atmosphere Ter.perature (oF) 450 550

Hydrogen Concentration (%) 0.0 0.0
,

Mass of Soditsn.

Entering Containment (pounds) 25,500 40,000
,

LO
i
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|
i
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F.7 SENSITIVITY TO LINER FAILURE TIMES

This section discusses the sensitivity of the base scenario to variations in
the assmed times of liner f ailures in the reactor cavity and pipeway cells.
Three specific areas were investigated: the reactor cavity floor, pipeway
cell floor and pipeway cell double heated wall. The following provides a
brief basis for the evaluations:

1. The floor of the pipeway cell was considered because it is the first
liner predicted to f ail (except for the reactor cavity floor liner
which was assmed to f all at the time of penetration of the reactor
vessel and guard vessel). Because of its relatively early f ailure
time and large area, consequences were expected to be more sensitive

to f ailure time than for most other liner sections.

2. The double-heated wall in the pipeway cell was considered because the
structural analyses in Section 3.2.2.5.1.3 indicate that the f ailure
time used in the base case may be slightly non-conservative.

<s
The reactor cavity floor liner was assmed to f ail at times othe than zero
hours (vessel penetration time). Later f ailure times may result in less
severe results relative to the Section 3.2 consequences, however some aspects
may be more limiting. Also considered in the evaluation was the
parameterization of the concrete floor surface area that would react with
sodium.

F.7.1 Pipeway Cell Floor Liner Failure

F.7.1.1 Model

The CACECO analyses described in Section 3.2.2 assume that the pipeway cell

floor liner f ails at 30 hours and that sodium-concrete interactions occur over
the entire floor area. To assess the consequences resulting fra either
earlier f ailures or sodium-concrete interactions occurring over just part of
the floor area, a parametric study considered liner f ailures occurring at 0, I

bv
!

F.7-1 l

|



CRBRP-3
V;1.2, R;v.0

10 and 20 hours af ter penetration of the reactor and guard vessels and assmed
either 50 or 100 percent of the floor area experienced sodium-concrete
interactions. Af ter liner f ailure, gases from the concrete fran the portion
of the floor area that experienced the sodium-concrete interactions was
assumed to enter the pipeway cell. This was based on the expectation that the
fomation of reaction products beneath the liner would greatly restrict the
communication of gases between the f ailure location and rmote areas of the
floor. If it had been assmed that gases released fra the entire floor could
enter the cell through the f ailure, the results for 50% interaction area would
approach those for 100% interaction area. The base case in Section 3.2 and
all of the cases in this Appendix that assume 100% interaction areas
conservatively assume that gases fra the entire section of f ailed liner
communicate with the cell. The sodium-concrete, sodium-water, and

sodium-carbon dioxide reactions were considered as heat additions to the cell.

All of these sensitivity studies assme containment venting at 36 hours,
containment purging starting at 39 hours at a constant rate of 8000 cfm, and
additional reactor cavity and pipeway cell liner f ailures as presented in
Table 3-12.

F.7.1.2 Results

With the liner f ailing at 0 hours, no sodim pool exists in the pipeway cell.
The water and carbon dioxide released frm the heating pipeway cell floor
concrete are directed into the pipeway cell atmosphere. As in all of the
cases, a sodium pool does not start to form in the cell until approximately 7
hours following penetration, af ter which a maximm 2-inch deep pool covering
the entire floor is maintained. When a sodium pool is formed at 7 hours due
to condensing sodim, the water and carbon dioxide released fram the concrete
floor are redirected into the sodim pool and the sodium-concrete reactions
start and continue until two inches of concrete have reacted. In the 10 and
20 hours liner f ailure cases, the water and carbon dioxide released frm the
pipeway cell floor were directed to Cell 105; af ter liner f ailure, both were
redirected into the sodium pool on the pipeway floor. The reaction products
formed by the sodim-water-carbon dioxide reactions and the corresponding
energy associated with each reaction are described in Table C.1-4.

O
F.7-2
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Prior to 30 hours, the Section 3.7.2 base case analysis has the floor liner

Q intact; therefore all the water vapor and carbon dioxide released from the
concrete are vented to Cell 105 with no sodium-water-carbon dioxide reaction
occurring during that time. Wit 1 the liner f ailing earlier than 30 hours, the
water and carbon dioxide react with the sodin sooner, causing the pipeway
cell to heat faster.

Tables F.7-1 to F.7-5 show the containment conditions at 24, 30, 36, and 50
hours and at boildry for both the 50 and 100 percent interaction areas. Prior
to venting, the RCB tenperatures and pressures are generally somewhat more
severe than the base case due to the additional reaction energy following

liner failure. No hydrogen was present at 24 hours in any of the cases.
Subsequent to venting (and operation of the annulus cooling system) only small
differences exist in containment conditions for the various liner f ailure
assumptions. This is evident from Tables F.7-4 and F.7-5. Hydrogen

concentration is maintained below 6% in all cases.

Table F.7-6 shows the limiting conditions for each case. The maxim e hydrogen
concentration generally occurs shortly af ter venting is initiated. The

Q maxime hydrogen concentration predicted in any case was 5.9%. An additional
sensitivity study indicated that this maxima concentration could be reduced
to 5% by initiating the venting and purging one hour earlier than in the basc
Case.

F.7.1.3 Conclusions

These sensitivity studies show that containment conditions would be slightly
more severe prior to venting if the pipeway floor liner f ailed before 30
hours. At times greater than the vent time, the containment conditions are
insensitive to the pipeway floor liner f ailure assumptions. The analyses also
show that containment conditions would be slightly less severe if
sodium-concrete reactions occur over only a fraction of the floor area rather
than over the entire floor area. Overall, the studies show that margin exists
to accommodate a range of pipeway floor liner f ailure assumptions without
substantially impacting the TmDB scenario presented in Section 3.2.

,

v
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TABLE F.7-1

EFFECTS OF PIPEWAY FLOOR LINER FAILURE ON CONTAINMENT CONDITIONS AT 24 HOURS

Reference Case
Section 3.2.2
30 Hour Failure 0 Hour Failure 10 Hour Failure 20 Hour Failure

Interaction Area 100% 50% 100% 50% 100% 50% 100%

RCB Conditions

Atmospheric Temperature ( F) 450 520 570 520 575 510 560

Pressure (psig) 11.1 12.0 12.7 12.0 12.5 12.3 13.4

H Concentration (%) 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2

0 Concentration (%) 13.7 11.8 10.3 12.1 10.5 13.3 12.9
2

Steel Temperature ( F) 270 315 340 315 345 300 315 .g
.g
. !:
"

n?
2'"
-
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TABLE F.7-2

EFFECTS OF PIPEWAY FLOOR LINER FAILURE ON CONTAI! MENT CONDITIONS AT 30 HOURS

! Reference Case
Section 3.2.2
30 Hour Failure 0 Hour Failure 10 Hour Failure 20 Hour Failure

Interaction Area 100% 50% 100% 50% 100% 50% 1001
,

J

RCB Conditions

Atmospheric Temperature (U ) 520 585 620 570 620 565 590F

Pressure (psig) 12.5 13.1 13.3 12.8 13.3 13.2 13.5
'

H Concentration (%) 0.0 0.0 0.6 0.0 0.6 0.0 0.02

0 Concentration (%) 11.7 9.2 7.4 9.5 7.5 10.8 9.9 g2
,

Steel Temperature ( F) 315 360 380 355 380 340 355 [@
*%
ft

,

, o
.

y >

m
!

.

;

!
|

1

|

|

i
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TABLE F.7-3

EFFECTS OF PIPEWAY FLOOR LINER FAILURE ON CONTAINMENT CONDITIONS AT 36 HOURS

Reference Case
Section 3.2.2
30 Hour Failure 0 Hour Failure 10 Hour Failure 20 Hour Failure

Interaction Area 100% 50% 100% 50% 100% 50% 100%

RCB Conditions

Atmospheric Tenperature (O ) 620 635 675 635 665 630 630F

Pressure (psig) 13.1 13.1 13.9 13.1 13.5 13.3 13.0

H Concentration (%) 0.0 1.0 2.5 0.8 2.6 0.1 1.02

0 Concentration (%) 8.4 6.5 4.9 7.0 4.7 7.9 6.82
Steel Tenperature (U ) 40 0 400 420 40 0 420 395 410 $nF

:~g.

v nrm gw
b
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TABLE F.7-4

EFFECTS OF PIPEWAY FLOOR LINER FAILURE ON CONTAINMENT CONDITIONS AT 50 HOURS

; Reference Case
Section 3.2.2
30 Hour Failure 0 Hour Failure 10 Hour Failure 20 Hour Failure

Interaction Area 100% 50% 100% 50% 100% 50% 100%
i
! RCB Conditions

Atmospheric Temperature ( F) 575 595 595 585 585 580 575;

j Pressure (psig) * * * * * * *

H Concentration (%) 4.0 4.0 4.0 4.0 4.0 4.0 4.02,

0 Concentration (%) 15.4 15.2 15.2 15.4 15.3 15.4 15.52
Steel Temperature (UF) 315 325 325 320 320 315 315 $);

| $" .7
- ~ iw"

, 5
, o

,

*Near atmospheric during purging. ~
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TABLE F.7-5

EFFECTS OF PIPEWAY FLOOR LINER FAILURE ON CONTAINMENT CONDITIONS AT BOILDRY

Reference Case
Section 3.2.2
30 Hour Failure 0 Hour Failure 10 Hour Failure 20 Hour Failure

,

Interaction Area 100% 100% 100% 100%

RCB Conditions

Atmospheric Tenperature ( F) 67 0 660 660 665

Pressure (psig) * * * *

H Concentration (%) 3.7 3.6 3.8 3.8
2

0 Concentration (%) 15.2 15.5 15.5 15.52
Steel Tenperature (O ) 360 360 360 360 'gFm

Y9*

n

43 ." E
i | @' A

-

;o

*Near atmospheric during purging.
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TABLE F.7-6
;

DEPENDENCE OF PEAK CONTAINENT CONDITIONS TO SODIUM BOILDRY t

ON PIPEWAY FL0fa LINER FAILtRE ASSlMPTIONS* |

Reference Case
-

Section 3.2.2
30 Hour Failure 0 Hour Failure 10 Hour Failure 20 Hour Failure-

s

Interaction Area 100% 50% 100% 50% 100% 50% 100%

i RCB Conditions

Atmospheric Temperature (U ) 920 (39) 890 (39) 890 (39) 890 (39) 890 (39) 900 (39) 900 (39)F

Pressure (psig) 22.5 (10) 20.0 (8) 15.5 (6) 22.5 (10) 22.5 (10) 22.5 (10) 22.5 (10)

; nH Concentration (%) 4.5 (10) 4.0 (40) 5.6 (39) 4.5 (10) _ 5.9 (39) 4.5 (10) 4.6 (39) -|g
I

| ~ { Steel Tenperature ( F) 440 (39) 435 (39) 450 (39) 430 (39) 450 (39) 430 (39) 440 (39)

i 8
-n

:

:gp
.,

,

* Time (hours) at which the peak conditions is reached is shown in parentheses. @

;
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F.7.2 Double Heated Pipeway Wall Liner Failure

F.7.2.1 Model

The pipeway cell double heated wall liner could fail earlier than 90 hours,
which was the failure time used in the base case analysis. To evaluate the
consequencer of this possibility the CACECO code model described in
Section 3.2 and Appendix C.1 was modified to simulate the pipeway cell double

heated wall liner f ailure at 45 hours (This value was chosen as a conservative
bound to the expected 70 hour time as cited in Section 3.2.2.5.1.3). This

modification directed water vapor and carbon dioxide from the double heated
concrete wall into the reactor cavity starting at 45 hours. Otherwise, the
conditions were identical to the base case in Section 3.2.

F.7.2.2 Results

Figure F.7-1 presents the containment atmosphere and metal temperatures and
cavity atmosphere temperature. Figure F.7-2 presents the containment hydrogen
concentration. Both figures show that the results are not sensitive to an

earlier failure of the double heated pipeway cell liner.

F.7.2.3 Conclusion

The structural analysis in Section 3.2.2.5.1.3 indicates that the liner on the
double heated pipeway wall may fail at about 70 hours. Although this is
somewhat earlier than the failure time used in the base case (90 hours), this
sensitivity study shows that the earlier failure time (70 hours, although 45
hours was used in this analysis) will not have a significant impact on the
results.

O
F.7-10
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F.7.3 Reactor Cavity Floor Liner Failure

J

F.7.3.1 Model

i

The CACECO analysis described in Section 3.2 and Appendix C.1 u s modified to

evaluate different' liner failure conditions. Four cases were considered in
the analysis. The first two parat!terized the actual concrete surface that
would react with sodium. A 20 and 30 foot diameter area were considered. The
remaining two cases investigated the effect of varying the cavity floor liner
failure time. An eight hour failure time and a no floor liner failure case
were considered.

F.7.3.2 Res'u'l ts

Table F.7-7 presents containment conditions at 24 hours and at the time when
the hydrogen burning conditions are met. The results for the 2 cases which
parameterized the concrete surface reaction area were very similar to the
Section 3.2 res'ults. Containment conditions at 24 hours were less severe.

} This was expected since less concrete ic assumed to react with the sodium.
'" Containment consequences prior to and af ter the initiation of hydrogen burning

were slightly more severa than the base scenario results. Because of the less
energy produced by the sodium-concrete reactions, the time to reach the
hydrogen burning criteria is increased and as a result the hydrogen
accumlilates to a greater value prior to ignition.

Table F.7-7 also presents the results for cases 3 and 4 Containment

conditions at 24 hours were''less severe than the Section 3.2 results. In the
case 3 results the reactor cavity floor liner was assumed to fail at 8 hours.
Prior to this period, the sodium-concrete, water and carbon dioxide reactions
did not occur resulting in'Tess severe consequences. Containment pressure and

0temperature were found to be 10.6 psig and 403 F versus Section 3.2 values
0of 11.1.psig and 450 F. Also consequences prior to and after hydrogen

ignition were'less severe since hydrogen formation did not occur until the
cavity liner f ailed. As expected the case 4 results exhibited

.

v
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TABLE F.7-7

SUP9%RY OF CONTAINENT CONDITIONS FOR "LESS SEVERE"
LINER FAILtRE SENSITIVITY ANALYSES

Near Ume of H I" "9At 24 Hours 2
Case

, .
Case Pressure Tempegature H Concentration Pressure Tempgrature H Concentration

2 2Number Description (psig) { F) (1) (psig) _ ( F) (%)

Base Section 3.2 11.1 450 0.0 22.4 845 4.5
Case Analysis (10 Hours)

1 20 Foot 10.9 446 0.0 22.7 859 4.6.

Diameter (10.3 Hours)
i RC Floor.

Liner Failure
I 2 30 foot 11.0 448 0.0 22.7 850 4.5 $ c,,

Diameter RC (10.3 Hours) mig:-.

E Floor Liner -4
; ui Failure ji's

*
i

. .

3 RC Floor 10.6 403 0.0 3.9 161 .2
Liner Failure (13 Hours)
At 8 Hours

4

4 No RC Floor 8.6 219 0.0 Not A p p 1 i c a b 1 e*

] Liner Failure

i
i * Hydrogen not' generated in the analysis (assuming nomal vent and purge operations).

:

|

!

1
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APPENDIX G j

SENSITIVITY STUDIES :
.

!

Sensitivity studies have been performed to examine the consequences of more (
t

energetic sodium-concrete reactions, mal-operation of the reactor ;

!' ' cavity-to-containment vent system, initial release of fission products and

| sodium through the head, variations in aerosol depletion parameters, and j

fvariations in debris bed formation ana 'evelling in the reactor cavity. These'

sensitivity studies are reported in this Appendix. ,
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G.1 SENSITIVITY TO BED LEVELLING CHARACTERISTICS IN THE REACTOR CAVITY ,

Q4

D G.I.1 Introduction

In the TM DB scenario (Section 3.2), it was assumed that after guard vessel
penetration the fuel entering the reactor cavity fragmented and spread over
the reactor cavity floor and did not melt into the concrete until the sodium

; boiled away. The fuel particulate formed a debris bed of thickness less than
the dryout thickness and even though liner failure may have occurred (as was
assumed) the fuel remained in debris form as long as sodium was present. The

' following sections describe the sensitivity to the bed levelling characteris-
tics in the reactor cavity.

,

Appendix G.I.A summarizes the evidence that exists to substantiate the
assumptions made on particulation and levelling. This evidence is in the
following areas:

1. In-vessel particulation and the state of the fuel at time of penetration.

2. Particulation within the reactor cavity postulating molten fuel (even
though the fuel should be in particulate form at the time of penetration).

1
,

3. Fuel spreading in the reactor cavity for the assumptions of (a) particu-
late fuel at the time of penetration of the reactor vessel and guard

,

vessel or (b) fuel particulation in the reactor cavity.

4. Debris self-levelling due to boiling sodium agitation.

i

G.I.2 Sumary I

The evaluation of the evidence in Appendix G.I.A relating to fuel j

fragmentation and debris bed self-levelling indicated the TMBDB assumptions
are appropriate for a Class 9 "most probable" analysis. Nevertheless, studies

__

_.

G.1-1.
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were conducted to define the margins that exist to allow for the possibility
of incomplete debris bed levelling. The conclusion from these studies is that
a factor of 2 to 4 is available between the dryout depth and the depth
corresponding to a uniform distribution over the reactor cavity floor. Recent
experimental data using more prototypic experimental techniques indicate the
dryout heat flux may be greater than predictions based on the original data
and fuel melting does not necessarily occur when the dryout heat flux is
reached. Thus, even larger margins than noted above are probable. These
margins support the assumption in the TMBDB scenario that the debris bed would
remain coolable until boildry of the sodium pool.

These assessments show that the assumption of complete fuel levelling is not
necessary to predict acceptable containment conditions at 24 hours.
Considerable margin exists to accommodate a range of more adverse assumptions.

G.1.3 Potential for Non-Uniform Debris Beds without Dryout

In this Section it will be demonstrated that the TMBDB scenario is not highly
sensitive to the bed levelling assumption. Indeed, configurations that depart
substantially from a bed of uniform thickness can be accommodated without
difficulty.

Debris beds of fuel in sodium are self-cooling as long as the sodium boiling
rate is not sufficient to result in vapor throughout the bed (or dryout).
When dryout occurs the debris bed is no longer coolable and the fuel can
re-coalesce and melt. The dryout condition is a function of debris bed
height, composition, and heat generation rate.

Several experiments, both in-pile and out-of-pile, have been conducted to
determine the bed loading at which debris bed dryout will occur. For this
study, the correlation presented in Reference G.1-1 was used. This
correlation was developed at ANL using data obtained from experiments in which

UO2 particles submerged in Na were volumetrically heated.

O
G.1-2
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g Recent experiments at ANL (Reference G.1-2) confirm the conservC ism of dryout

V depths as calculated on Table G.1-1. In the experiments, Teflon-coated steel
particles immersed in water were subjected to three different means of
heating, bottom, Joule, and induction, and the dryout heat flux was
determined. It was found that for loadings of less than 600 Kg/m2,
induction heating, which better simulates decay heating, produces higher
dryout heat fluxes than Joule heating. As the correlations used in the
calculation are derived from Joule heating, it is probable that the
correlations predict low values of dryout heat flux; hence, the calculated
maximum bed depths, which are a function of the dryout heat flux, are low.

Further experimental verification of this correlation is based on three tests

which were conducted in the Annular Core Pulsed Reactor (ACPR) at Sandia

Laboratories (Reference G.1-3). These tests utilized debris beds composed of

fully enriched U02 particles ranging in size from 100 to 1000 microns.

2 of U02 wereThese debris beds whose loadings ranged from 300 to 900 Kg/m
submerged in subcooled sodium whose bulk temperature was varied from 6730K

to 8730K

Bed dryout was obtained in two of the three experiments (at bed loadings of
2 2600 Kg/m and 900 Kg/m ). APCR power limitations prccluded bed dryout

2during the experiment with a 300 Kg/m bed loading. The data from these
experiments together with the dryout correlations developed by personnel at

2UCLA and ANL are shown in Figure G.1-1. At 900 Kg/m , where the two
correlations are in relatively good agreement, the dryout heat flux observed
in the experiment is consistent with the correlations. However, at 600

2Kg/m , the observed dryout power level occurs approximately midway between
the correlations. As noted earlier, reactor power limitation precluded a
dryout condition during the experiment with a bed loading of 300 Kg/m2
Thus no data are available which would be applicable to the cases shown in
Table G.1-1 where the debris is spread over a 40 foot diameter area or the
cases where the core and some portion of the axial blankets are spread over a
20 foot diameter area. However, the reasonably good agreement at 600 and 900

)v

G.1-3
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2Kg/m loadings indicates that the ANL correlation is valid for this study
2if, as noted in Reference G.1-1, a maximum heat flux of 95 w/cm is imposed

in the calculations.

Furthermore, the SANDIA experiments have indicated that bed dryout may be a
conservative criterion for the limiting bed depth. During the experiments,
dryout was achieved; however, test instrumentation revealed that the
temperature in the dryout region did not exceed 1265 K, a value well below
the melting points of both fuel and steel. Thus it appears that bed dryout
could occur without causing melting of either the fuel in the bed or the cell
liner with which it is in contact. This suggests another level of
conservatism when the dryout heat flux is used as the limiting heat flux.

Using the data in Reference G.1-1 together with the nominal decay heat at 1000
seconds the height of a debris bed that would cause dryout was computed for
CRBRP and is shown in Table G.1-1. The table gives the dryout height as a
fur.ction of core fuel and blanket material in the debris bed. Also shown in
the table are the corresponding depths of the debris bed assuming uniform
spreading over the entire reactor cavity (the expected case) or over only the
restricted area within the guard vessel support (the ' worst' case). From the
table, it is evident that, with uniform levelling over the entire reactor
cavity, the dryout depth ranges from 2 to 4 times the actual depth of the
debris bed. It is expected that the debris bed would only contain core fuel
plus the lower blanket at early times when the decay heat is high.* Thus a
large margin (3-4 inches) is available to allow for incomplete levelling over
the entire 40' diameter of the reactor cavity. If ao spreading beyond the
guard vessel skirt is assumed, i.e., with uniform spreading over only the area
within the 20' diameter guard vessel skirt, the dryout thickness is only

*For the heterogeneous core, additional blanket material is contained in the
internal blankets. Although the power generation rate would be higher in
these internal blanket assemblies than in other blankets, the power generation
rate is low compared to the core fuel and meltdown of those assemblies would
be expected to be on a longer timescale than the core fuel assemblies.
Therefore, the information discussed herein is a reasonable approximation for
the heterogeneous core.

O
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marginally exceeded (6.1 inches vs. 5.3 inches) if the entire lower blanket is
C included in the debris bed. Again, it would be e.xpected that very little of

the upper and radial blankets would be in the reactor cavity debris (at early
times when the decay heat is the highest).

Several debris bed configurations that would nut cause dryout are shown on
Figures G.1-2, 3 and 4. From these figures, it is evident that many
cor1 figurations exist in which bed dryout would not occur. Further, even a
modest degree of spreading beyond the guard vessel support skirt would be
sufficient to prevent dryout. It is not necessary for spreading over the
entire cavity floor to occur.

In conclusion, the debris bed on the reactor cavity floor should not dryout
and cause fuel melting prior to sodium boildry because:

1. The debris bed would be distributed over the reactor cavity floor in a
nearly uniform manner (Appendix G.1. A).

2. Self-levelling of the boiling debris bed would further level the bed
( (AppendixG.1.A).

3. A margin of a factor of 2 to 4 is available between the dryout depth and
the depth corresponding to a uniform distribution over the entire reactor
cavity. More recent experimental data using more prototypic experimental
techniques indicate the dryout flux may be considerably greater than
predicted by correlations based on the original data. Thus, the probable
margins are even greater than indicated above.

4. Recent in-pile experiments demonstrate that the dryout heat flux
condition does not necessarily lead to melting of the bed material.

G.1-5
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TABLE G.1-1

ASSESSMENT OF POTENTIAL FOR BE0 DRYOUT
'

IN THE REACTOR CAVITY

i

Debris Bed
i Debris Bed Height When

| Height When Uniformly
j- Uniformly Spread Over

Debris Bed ** Spread Over The Area Within
:

Height For The Reactor The Guard Vessel
Dryout Cavity Floor Support

Fuel and Blanket * (in.) (in.) (in.)

i Core 5.0 1.2 4.7

! Core Plus 5.3 1.5 6.1
'

Lower Blanket

Core Plus Upper 5.6 1.9 7.7 ,

'and Lower Blankets

i Core Plus All 6.3 3.4 13.7
the Blankets

|
.

I * Includes steel cladding, wire wrap, ducts, and part of the reactor vessel and
guard vessel lower heads.

' ** Calculations were for homogeneous core design (has slightly higher decay
heat than heterogeneous core),

a

i

-
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G.I.A Support fcr TMBDB Assumptions on Debris Bed Particulation and Levelling

O
G.1.A.1 In-Vessel and Vessel Penetration Processes

G.I.A.1.1 In-Vessel Particulation

A considerable body of experimental data has accumulated that indicate fuel
will particulate or fragment within the sodium in the reactor vessel
immediately after an HCDA. These data are reported in Section 3.1 and are
sununarized below.

Two series of large scale out-of-reactor experiments provide data on above
surf ace (M-series) and below surf ace (EDT-series) injection of molten fuel
into liquid sodium. The M-series tests consisted of dropping kilogram
quantities of 55000F to 58000F molten U0 2 into a pool of sodium. These
tests indicated fine fragmentation of the fuel. In the EDT (Energy

Dissipation Tests), molten U02 was injected below the surface of a sodium
pool at temperatures of 9000F and 13350F. These tests also indicated fine

fragmentation of the fuel will occur. TREAT in-reactor experiments also
indicated fuel fragmentation.

The above experiments were used by the FFTF project in Appendix A.5 of the
FSAR to show fragmentation as part of their in-vessel fuel retention
scenario. The conclusions with respect to fragmentation for CRBRP are
i dent i c a ~. . There is a preponderance of experimentM data that demonstrates

particulation or fragmentation will occur in the reactor vessel sodium
immediately after an HCDA.

Fuel-Sodium Particulation Experiments

The major experiments supporting particulation in the U02 - sodium system
(M-series, EDT-series, and TREAT series) will be described in detail followed
by a literature review of other supporting fuel-sodium experiments.

O
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iRBRP-3'
Vol .2, Rev.0

A ANL M-Series Experiments-

V
Three large-scale, molten U02 contacting experiments were performed
(Reference G.1.A-1). .To simplify the problem of producing large quantities of
molten U0 , a method involving a " thermite-type" chemical reaction was2

developed. The reaction occurs between uranium metal rowder and Mo03.
.

powder, yielding a mixture of molten UO2 containing about 17 w/o
molybdenum. Although molybdenum is not normally used as a structural material
in sodium-cooled fast reactors, it is somewhat similar to stainless steel
which is likely to be mixed with molten fuel imediately following an HC0A.

'

.Thus, the presence of a molten metallic constituent was not considered to be
an undesirable feature of the experiment. It was found that the addition of a
small amount of Cr0 in the mixture helped accelerate the reaction.

3

The apparatus consisted of an 18-inch-diameter interaction vessel, Figure
G.1.A-1, which held the 8-inch-diameter sodium-filled crucible. A reaction

chamber bolted to the cover plate held the uranium-Mo0 -Cr03 reactant3
mixture. The interaction vessel was designed to release gas through the.

spring-loaded vessel cover at pressures of approximately 100 psig, and through
a 200-psi rupture disk. The apparatus was located in a decontaminated het
cell that was capable of containing any credible release from the interaction
vessel.

,

The most important result to postaccident heat removal of the large-scale
experiments was the demonstration of particulate debris formation. In two of

the large-scale experiments, all of the UC2 was converted to particulate.,

In one experiment, about 90% of the U02 was converted to particulate; the.

remaining 10% remained as large porous pieces after all of the residual

U0 -sodium mixture was treated with alcohol to remove the sodium. The
,p

tendency to form particulate is demonstrated by the f act that most of the |;

UO2 was converted to particulate even though the initial sodium depth was
only about four inches. 'This is shown in the following tabulation:

|

J

-

. u
4 *
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Quantity Na Temp. U0 L ading Fraction2

Exp. Fuel, Ib Na,Ib F g-UO /cm -crucible Particulate
2

_

M1 1.4 6.6 550 2.0 1.0
M3 3.0 6.5 1160 4.2 1.0
M2 6.8 7.1 570 9.5 0.9

These results show that the particulation of all the fuel will occur for even
large concentrations (up to equal weight with the sodium) of fuel in sodium,
even for pools as shallow as four inches depth. Thus, in reactor situations
where the molten fuel must move through many feet of sodium and the sodium

mass is much greater than the fuel mass, the molten fuel will be completely
converted to particulate.

The particle size distributions obtained from in-pile tests in TREAT and from
previous small-scale tests are indicated on Figure G.1.A-2. The results
indicate that distributions were obtained with mean particle sizes ranging
from about 100 to 200 pm in diameter. The range of particle size

distributions from the finest E2 to the coarsest S3 are indicated as dotted
lines in Figure G.1. A-2 where the results from the three large-scale
out-of-pile tests are plotted. The results show that the out-of-pile tests
resulted in debris in the same general range as the in-pile tests, although
some of the debris was slightly finer than obtained previously.

ANL EDT Experiments

Two out-of-pile tests, called Energy Dissipation Tests, were performed which

involved the high pressure injection of thermite-generated molten UO2
underneath the sodium surf ace contained in nominal 20" diameter tanks
(ReferenceG.1.A-2). Test EDT-1 resulted in the finest particle size
distribution of any fuel-sodium test to date. The distribution could be
approximated in terms of the 100-1000 pm distribution plus 65 wt % of
particulate less than 100 pm.

O
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TREAT In-Pile Experiments

v
A number of experiments have been performed in TREAT using oxide fuel and
sodium coolant (References G.I.A-3 and 4). These tests employed from one to
seven fuel- pins at various lengths and used both static and flowing sodium.
The fuel that was displaced into the coolant particulated. The dashed lines
in Figure G.I. A-2 indicate the distribution of the fragment sizes obtained.

Other Sodium-Fuel Experiments

L Clerici, et 'al., (Reference G.1. A-5) present particle size data from their

. experiments'at the ISPRA facility. The quantities of molten UO2 ranged
,

0between 2 and 4 kg and the sodium temperature ranged between 350 C and
0700 C.

Mizuta (Reference G.1. A-6) also noted fragmentation of small samples of UO2
0when dropped into sodium at temperatures between 200 C 'and 300 C.

.

-O Amblard (Reference G.1.A-7) gives data that shows particulation when a hundred

b liter column of sodium at'443 C was dropped onto 4.2 kg of UO , 80% of0'

2

which was molten.

:

G.I.A.1.2 Fuel State During Vessel Penetration

The fuel would remain in particulate form while penetrating the reactor and
guard vessels since the sequence of physical processes would be:

a, 'Imediately after an HCDA, fuel would be fragmented by the sodium and

then settle on the reactor vessel lower head.
4

i

b. . Due to the probable thickness of the debris bed and because of the heat
generation rate debris bed dryout would occur within the reactor vessel.

.

--

y,,)
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c. Upon dryout, the bed would rapidly increase in temperature.

d. When the melting point of steel is reached in the bed, the steel within
the bed would melt and provide an excellent medium for transporting heat
to the vessel.

e. With molten steel at #25000F in contact with the vessel, it would

fail before the debris bed temperature increased to the melting point of

fuel (40000F).

The conclusion is that, at the time of vessel penetration, the fuel would be
in particulate form and a combination of molten steel, fuel particulate, and
sodium would enter the reactor cavity. The temperature in this mixture would
be near the melting point of steel (#25000F) and well below the melting
point of fuel (<50000F).

>.,

G 1.A.2 Fuel Particulation in the Reactor Cavity

As described in the previous section, fuel would be expected to be in
particulate form when it enters the reactor cavity. However, the possibility
of some molten fuel entering the reactor cavity followed by sodium will also
be examined.

Pertinent experiments involving 3 to 5 kg of fuel have been performed at ANL,
ISPRA, and CEA/Grenoble, see References G.I.A-3, 5, 7, 8 and 9. Some of these

tests simulated the condition in which molten fuel is released first and is
followed by sodium. Fragmentation of the fuel in sodium was observed in all
pertinent tests.

The above experiments are on a small scale; however, fragmentation and
particulation would be expected in larger scale as well since:

O
'
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- ) a. The experiments at ANL have indicated that with much larger amounts of
sodium than fuel, which is the case for CRBRP, complete fragmentation

would occur.

b. Fragmentation occurs at' the interf ace of fuel and sodium because of the
high temperature gradients, low thermal conductivity, and low tensile
strength of the oxide fuel. After particulation at the fuel-sodium

interface, the fluid turbulence would sweep the particles away,
constantly exposing new fuel to the sodium. The low thermal conductivity
of the fuel pr ents reduction of the temperature gradients and thermal
stresses until particulation is completed.

,

c. The very low thermal conductivity of the fuel oxide would liinit the rate
of reactor cavity liner heatup prior to particulation, even with larger
quantities of fuel.

.

The conclusion is that fuel particulation or fragmentation should occur if

p some molten fuel is present in the reactor cavity, even though large scale

Cl experiments have not been performed to confirm this assessment.

G.1.A.3 Fuel Spreading Within the Reactor Cavity

The potential for fuel spreading within the reactor cavity will be described
for the expected case in which fuel is in particulate form when entering the
reactor cavity and for the postulated case of molten fuel entering the reactor
cavity followed by eaily particulation. Fuel spreading due to debris bed
self-levelling is described in Section G.1.A.4.

G.1.A.3.1 Fuel Spreading with Particulate Fuel at Time of Vessel Penetration

The fuel particulate entering the reactor cavity would be mixed with the
sodium after impacting the reactor cavity floor due to the high turbulence
that would result from the discharge of materials from the guard ' vessel.

/~'Y.

Y
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Since much of the fuel debris would be very small, it would remain in
suspension within the sodium fcr some period of time. Scoping calculations
indicate the settling time for 75% of the fuel mass would be greater than 100
seconds. The time required for sodium to flow under the guard vessel support
skirt and equalize heights in the reactor cavity was calculated to be less
than 100 seconds, based on the area provided under the guard vessel skirt.
The required velocity for particles to remain in suspension when contained in
sodium flowing under the guard vessel support was calculated to be 4 ft/sec
for an average size particle. This compares to an average velocity of sodium
flowing under the support of 23 ft/sec.

Thus sufficient fluid energy is available to sweep the debris under the guard
vessel support and into the entire reactor cavity; and the time required for
the particles to settle onto the reactor cavity floor is larger than the time
required for the sodium to flow under the support skirt. Therefore, the fuel
would be expected to settle from the well-mixed sodium pool onto the reactor
cavity floor in an approximately uniform distribution.

G.1.A.3.2 Fuel Spreading with Fuel Particulation in the Reactor Cavity

In the postulated case of molten fuel entering the reactor cavity and then
particulating, the spreading of fuel would be similar to the more probable
case of fuel enterir.g the reactor cavity as particulate. This is because the
impact of the fuel and sodium on the reactor cavity floor and the subsequent
particulation would result in sufficient turbulence to suspend the fuel debris
within the sodium pool. After suspension, the sodium would carry the fuel
under the guard vessel skirt before the suspended fuel settles onto the floor,
just as described in Section G.1.A.3.1.

O
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G.1.A.4 Debris Bed Self-Levelling

(V Fuel debris beds in sodium self-level due to the agitation of the boiling
\

liquid if the heat flux is sufficiently high to result in local boiling.
Several experiments performed to verify this process are documented in the
literature. The largest scale e>,periments were performed with 1-3 kg of fuel
at ANL (Reference G.1. A-3). The degree of self-levelling was found to be
dependent on the initial configuration of the debris bed. When the bed was
initially peaked in the center, essentially complete levelling cccurred.
However, wh'en the bed was initially peaked at the edge of the container, a
residual difference in height of less than 1 inch was observed between the
high and low locations for heat fluxes representative of CRBRP conditions.
When related to CRBRP conditions, the non-levelling effect would occur
principally near the vertical surfaces. In Section G.1.3 it was shown that a
substantial margin exists to permit non-level beds without a significant
impact on the TMBDB scenario.

The relatively small size of the experiments compared to the reactor cavity
does not limit the usefulness of the results because the basic scaling

O consideration for self-levelling is that the bed area be large enough so that
edge effects do not have a substantial impact on the results. This condition
is satisfied when the number of vapor channels in the bed is much greater than

A vapor channel is normally associated with each 4 to 5 cm2 of bedcne.

surface area. The experimental configurations resulted in approximately 10 to
15 vapor channels. Thus, the requirement of bet y much greater than one is
satisfied and the data can be applied to larger r.onfigurations including CRBRP.

-

.
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f' N G.2 CONSEQUENCES OF INCREASED S0DIUM-CONCRETL ACTIONS
'

|
v

G.2.1 Introduction

Experiments (References G.2-1 and G.2-2) have indicated that sodium-concrete

reactions are self-limiting for conditions occerring during the TMBDB
scenario. These reactions have been represented in the reference case CACECO

analysis as a penetration attack of 0.5 inch per hour for a period of 4
hours. This reaction rate is used in Section 3.2.2 as described in Appendix

C.1. The sensitivity of the consequences to increased sodium-concrete
interactions is examined here.

G 2.2 Model

The CACECO code model defined in Appendix C.1 was modified to perform these

sensitivity studies. The model used in the reference case analysis in Section
3.2.2 includes a sodium-concrete reaction rate of 0.5 inch per hour for 4
hours, starEing at the time of reactor cavity liner failure (assumed to be at

[''i the time of penetration of the reactor vessel and guard vessel). To assess
the potential impact of more severe sodium-concrete reactions, the CACEC0
model was modified to consider reaction rates of 0.5 inch per hour for 12
hours and 1.0 inch per hour for 12 hours. The reaction energy was maintained
constant at 331 Btu /lb of concrete. The sensitivity analyses were run for
30 hours without venting and the results were compared to the reference case.

G.2.3 Results

The two cases in which more severe sodium-concrete reactions were assumed are
compared to the reference case described in Section 3.2.2. The additional
energy from the more severe sodium-concrete reactions causes the sodium pool
to heat up faster. Sodium boiling begins at about 9 hours in the reference
case; this is reduced to about 8 hours with a sodium-concrete reaction rate of

0.5 inch /hr for 12 hours, and to about 7 hours with a sodium-concrete reaction
rate of 1.0 inch /hr for 12 hours. This additional energy source is reflected
in slightly higher atmosphere temperatures in the reactor cavity and
containment building and a higher containment steel temperature. However, as

( ) indicated in Figure G.2-1, these differences are minor and would not impact
conclusions on the integrity of the containment.

G.2a1
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Because of the additional energy source, the pressure in containment would be
slightly higher (except for an early spike due to the treatment of hydrogen
burning, discussed below). Again, the differences are minor as indicated in
Figure G.2-2, and conclusions on containment integrity would not be impacted.

The hydrogen concentration in containment for the three cases is shown in
Figure G.2-3. In all cases, the predicted hydrogen concentration at 24 hours
and at 30 hours is zero. However, the short term (up to #10 hours)
concentrations vary slightly with the sodium-concrete reaction assumptions.
With more severe reactions, the sodium pool heatup would be more rapid and the

sodium vapor from the pool would be increased. This would result in the
hydrogen burning criteria (described in Section 3.2.1) being met earlier (<8
or 9 hours compared to <10 hours in the reference case). The maximum
hydrogen concentration prior to the hydrogen burning would be decreased
slightly (from 4.5% to #4%). The analytic assumption of instantaneous
burning when the criteria are met results in a predicted pressure spike as
indicated in Figure G.222. The predicted spike is slightly less severe with
increased sodium-concrete reactions but the variations are small enough to be
of no consequence.

G.2.4 Conclusions

Table G.2-1 summarizes the results of these sensitivity studies on
sodium-concrete reactions. The reference case considers a total depth of
reaction of two inches of concrete. The sensitivity studies considered total
depths of 6 inches and 12 inches. This provides factors of 3 and 6 on total
energy from sodium-concrete reactions. The results show that the predicted
containment conditions are not very sensitive to the sodium-concrete reaction
assumptions. This is due to the fact that the reaction energy from
sodium-concrete reactions is a small part of the total energy involved in the
scenario from decay heat, chemical reactions in containment and other chemical
reactions in the sodium pool.

Since the containment conditions are similar for the range of sodium-concrete
reactions considered, it is concluded that sufficient margin exists to cover
the uncertainties in sodium-concrete reactions.

O
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TABLE G.2-1

SUMMARY OF SENSITIVITY STUDIES ON S0DIUM-CONCRETE REACTIONS

Reference Case
0.5 in/hr 0.5 in/hr 1.0 in/hr

Sodium-Concrete Reactions for 4 hrs for 12 hrs for 12 hrs

PRE-24 HOUR RCB CONDITIONS

Peak Hydrogen Concentration (%) 4.5 4.2 3.8

Time for Peak Concentration (hrs) 10.0 9.2 8.3

24 HOURS RCB CONDITIONS

Atmosphere Temperature (oF) 450.0 480.0 520.0

Pressure (psig) 11.1 11.8 12.6

SteelTemperature(OF) 270.0 295.0 320.0

Hydrogen Concentration (%) 0.0 0.0 0.0

0xygen Concentration (%) 13.7 13.3 12.7

9
30 HOURS RCB CONDITIONS

Atmosphere Temperature (OF) 520.0 550.0 580.0

Pressure (psig) 12.5 12.7 13.4

Steel Temperature (OF) 315.0 335.0 360.0

Hydrogen Concentration (%) 0.0 0.0 0.0

0xygen Concentration (%) 11.7 11.2 10.4

.
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G.3 EFFECT OF MAL-OPERATION OF RC-RCB VENT ON THE TMBDB SCENARIO

O'

V G.3.1 Introduction

The reactor cavity venting system function is to prevent overpressurization of
the reactor cavity and to promote heat transfer between the vented gases and
pipeway cell structures before the gases are released to containment. The
effect of mal-operation of this system on the TMBDB scenario has been
investigated. Three different modes of malfunction were identified and
simulated by modifying the base case described in Section 3.2.2 and Appendix
C.I. The first case analyzed partial RC-RCB vent line plugging. The second
case simulated a plugging of one of the ,ent lines that interconnect the
pipeway cells. The third case investigated the effects of sodium vapor
flashing from the cavity sodium poo' when the pressure is rapidly reduced.l

- c.

G.3.2 CACECO Code Modeling

The CACECO Code model used to produce the Section 3.2.2 analysis was modified

for the three postulated malfunction modes. To represent partial
cavity-to-containment vent line plugging, blockages of 50, 80 and 98 percent
were simulated by varying the nozzle area.

The second malfunction mode (plugging of one of the pipeway cells
interconnecting vent lines) was simulated by removing the heat sink capacity
of one pipeway cell, s.nce line plugging would preclude vented gases from
exchanging heat with one of the pipeway cell structures. |

|

The third case simulated sodium vapor flashing. This was accomplished by ;

allowing the sodium pool to reach boiling (approximately 10 hours) and then |
l

allowing cavity pressurization to a high value (35 psig cell design pressure)
'

with the cavity assumed to be sealed. This was followed by cavity venting to

containment (17 hours).

,
_.

.
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G.3.3 Results

The case 1 results showed a less severe containment hydrogen, temperature and

pressure challenge at 24 hours for the three blockage conditions than the base
case. Table G.3-1 lists the respective values of containment pressure,
temperature and hydrogen concentration and reactor cavity temperature and
pressure for the three blockages. The containment consequences for these
calculations are less severe at 24 hours because less gases are vented.

However, pressurization and temperature increases are found to occur in the
cavity. For the 98 percent blockage, the peak cavity pressure was found to be
32 psig. The cavity design pressure is 35 psig; however, internal pressure is
not the limiting parameter used for sizing the reactor cavity walls; therefore
it is capable of withstanding internal pressures significantly greater than
the design pressure. Thus structural f ailure would not be expected for a 98%
blockage. However, this degree of blockage would appear to be near the upper
bound of acceptable blockages, considering the combination of higher than
normal temperatures and pressures.

Case 2 results indicate a more severe containment condit;on at 24 hours (Table

G.3-1). For this particular malfunction, the pipeway cell interconnecting
vent line would be plugged and the associated heat sink capability of the
pipeway cell would be lost. Therefore the sodium boiloff rate to containment
would be higher than the Section 3.2.2 analysis resulting in higher

0containment atmosphere temperature and pressure (590 F and 12.8 psig versus

4500F and 11.1 psig).

Figures G.3-1, 2 and 3 compare the containment pressure, temperature and
hydrogen concentration plots for the case 2 and Section 3.2.2 analysis. In

both cases, venting was assumed to be initiated at 36 hours. With the higher
containment pressure the RCB peak vent rate increases slightly. The
calculated value was found to be 26,200 CFM which is within the maximum design

requirement of 26,400 CFM. The same purge rate that was used in the base case
analysis was initiated approximately 45 minutes earlier to maintain an
acceptable hydrogen condition.

~

G
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Case 3 results at 24 hours are provided in Table G 3-1. The calculated

containment pressure, temperature and hydrogen concentration values at 24
hours (12.9 psig, 545 F and 0.0%) were similar to those calculated for
case 2. The initial containment pressure spike after cavity depressurization
was found to be 30 psig. This should not affect the structural integrity of
containment since the steel temperature at the time of the pressure spike is'
approximately 110 F. The associated atmosphere temperature spike has noU

effect on the containment metal temperature because of its large heat

capacity. Figures G.3-4 and 5 present the containment pressure and atmosphere
temperature plots with burst disk rupture at 17 hours (containment conditions
are less-severe than the base case between 10 and 17 hours because no venting

from the reactor cavity occurs during that time). It should be noted that for
case 3, the containment conditions after 24 hours would be very similar to the

case 2 results.

G.3.4 Conclusion

p It is concluded that the design has sufficient margin to accommodate
O postulated malfunctions of the RC-RCB vent system. Containment conditions at

24 hours for partial RC-RCB vent line plugging, for pipeway cell
interconnecting vent line plugging and for sodium vapor flashing from the
cavity sodium pool are similar to the calculated consequences from the Section
3.2.2 analysis. Acceptable containment conditions beyond 24 hours can be
maintained (specifically case 2 and case 3) by initiating the purge system
slightly earlier than assumed in the base case.

OO
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TABLE G.3-1

SENSITIVITY OF RCB AND RC CONDITIONS AT 24 HOURS
TO RC VENT FAlllRE MODES

Case 1 Case 2 Case 3
(Partial (Plugging of 1

Section RC-RCB Pipeway Cell (Na Vapor Flashing
3.2.2 Vent Line Interconnecting Following Cavity
Analysis Plugging) Vent Line) Depressurization)

50% 80% 98%
Blockage Blockage Blockage

RCB Pressure (psig) 11.1 11.1 10.4 6.1 12.8 12.9

RCB Atmosphere 450 450 420 220 590 545
Temperature (OF) y

T9
RCB Hydrogen 0.0 0.0 0.0 0.0 0.0 0.0 PE* Concentration (%) m?.

Y $"* RCB 0xygen 13.7 13.7 14.0 15.4 12.3 11.5 -

o
Concentration (%)

' RC Pressure (psig) 12.7 13.1 15.4 32. 14.4 14.4

RC Atmosphere 1740. 1740. 1760. 1840. 1750. 1755.
Temperature (OF)

O O O
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G.4 EFFECT OF INITIAL HEAD RELEASE ON TMBDB DOSE CONSEQUENCES AND RCB
ATMOSPHERE CONDITIONS-

G.4.1 Introduction

Section 4 discussed the dose consequences of four cases, representing varying
~

degrees of imediate leakage through the head. These cases covered initial
fuel and fission products relcased from 0 to 5% along with the sodium release
expected to accompany such fuel releases. The analysis presented here extends
the range of these four cases and evaluates the sensitivity of the dose
consequences to (1) changes in fuel release without an accompanying change in
sodium release and (2) changes in sodium release for a fixed fuel release.
Additional analyses were perfomed to evaluate the RCB atmosphere response,
and therefore containment integrity, to these various releases.

G.4.2 Radiological Consequences

Table G.4-1 gives the dose consequences of three cases of initial release of
fuel, fission products, and associated sodium assuming containment integrity

,

d (containment integrity is addressed in Section G.4.3). The results indicate
that, for releases beyond 5%, the mitigating effect of aerosol depletion is
stronger than the effect a larger initial source term might have on increasing
the dose. The overall effect of various initial releases is best seen by
looking at the 2 hour bone doses. From 1% to 5% fuel release, the bone dose
increases about in proportion to the increase in the fuel release. However,
at higher releases, the attenuating effect of the larger sodium releases
exceeds the effect of the larger quantity of fuel and the overall 2 hour bone
dose decreases as noted in the table.

The aerosol depletion effect alone of these releases can be seen by comparison
of the thyroid doses. The thyroid dose is the result of the halogen release
which is 100% for each of these cases. As the initial source term of fuel and
sodium increases, the aerosol depletion rate increases which causes more of
the halogen source to fall out leaving less available to leak out.

p
V

G.4-1
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Table G.4-2 shows the dose consequences of from 1 to 50% tuel and fission
products released initially without the accompaniment of tne sodium which
would be expected to be associated with such initial releases. Here the 2
hour bone doses are seen to be in direct proportion to the percent fuel
released. The 2 hour thyroid doses show no benefit from aerosol depletion
during the first two hours. The results in Table G.4-2 show that even for a
50% initial release, with minimal credit for aerosol depletion from sodium,
the dose consequences are relatively low.

Finally, Table G.4-3 shows the effect of reducing the sodium in the initial
release for the case of a 10% fuel and fission product release through the
head assuming an integral containment. The bounding case of no sodium is
compared to the case with 1,000 pounds of sodium. There is no difference in
the 2 hour doses between the 0 and 1,000 pounds of sodium cases because there

is little aerosol depletion during the first two hours. The 30 day doses are
slightly higher with no sodium but are not highly sensitive to the aerosol
effects of the initial release. This is due to the 30 day doses being more

dependent on the boilup phase and gas sparging phase of the scenario.

The overall conclusion to be drawn from the results of this analysis is that

the TMBDB scenario is not sensitive to a wide range of initial releases
through the head with an integral containment barrier.

G.4.3 RCB Atmosphere Response To Initial Head Release

CACFC0 Code Model

The CACECO Code model, described in Section 3.2 and Appendix C.1, was modified
to simulate the initial release of sodium and fuel through the head. To
simulate the initial release of fuel and fission products, the latent heats of

the fuel and various fission products were calculated up to the fuel vapor
point. The energy calculated was then superimposed on top of the decay curve
for a ten second interval. The appropriate partitioning factors were then
calculated (i.e., code input that distributes decay heat to a designated
cell). Similarly the sodium at 10000F was assumed to be injected to
containment and burn completely within a ten second interval.

O
G.4-2



|

CRBRP-3
Vol.2, R2v.0

Results

Using the revised CACECO model, the containment conditions computed are listed
in Tables G.4-1, 2 and 3 for the various cases. Tables G.4-2 and 3 indicate
containment atmosphere temperature and pressure are more sensitive to the

initial sodium release assumed than to the initial fuel release. The most
severe results were found when 7,000 pounds of sodium and 7.5% of the fuel and

solid fission products were assumed initially released to containment. The
containment atmosphere temperature and pressure were found to be 10300F and

24.4 psig. The containment metal temperature is not significantly affected by
the sharp transient in atmosphere temperature because of its large heat
capacity (at 1000 seconds the metal temperature is only 1400 ). TheF

containment could withstand all of the short term transients resulting from
the initial head releases considered.

Conclusions

The calculations indicate that containment integrity af ter the initial release
of fuel and fission products and sodium is not challenged for a wide range of
assumptions. Considering the worst assumption (7,000 pounds of sodium and
7.5% fuel and fission products) containment integrity would be maintained

following the initial head release.The general conclusion is that the TMDB
scenario has sufficient margin with respect to the a:nount of sodium and fuel
assumed to be initially released.

fm,
V
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TABLE G.4-1

EFFECT OF INITIAL FUEL, FISSION PRODUCT, AND S0DIUM RELEASE *

Dose (rem)
1% Fuel & F.P. 5% Fuel & F.P. 7.5% Fuel & F.P.
1000 lb. Na 3300 lb. Na 7000 lb. Na

Bone 0.93 3.83 3.12

2 Hour Lung 0.15 0.39 0.30

EB Thyroid 11.3 9.51 5.19

Whole Body 0.24 0.32 0.28

Bone 32.7 33.2 32.8

30 Day Lung 2.15 2.15 2.04

LPZ Thyroid 5.31 1.72 0.83

Whole Body 2.54 2.41 2.37

RCB Atmosphere Conditions **

Temperature (OF) 270 580 1030

Pressure (psig) 4.6 12.7 24.4

* Initial release of noble gases, halogens, and volatile fission products to
RCB = 100%.

** Peak values for 1 hour.

O
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-TABLE G.4-2

EFFECT OF INITIAL FUEL AND FISSION PRODUCT RELEASE;

WITH SODIUM RELEASE FIXED AT 1000 LB.

Dose (rem)
Initial Release of Fuel and Fission Products *;

| IJ( _5)( 10% 50%

Bone 0.93 4.56 9.10 45.4

: 2 Hour Lung 0.15 0.46 0.85 3.96

j EB Thyroid 11.3 11.3 11.3 11.3

| Whole Body 0.24 0.35 0.48 1.53

Bone 32.7 35.5 37.6 60.7
,

30 Day Lung 2.15 2.38 2.48 4.50

LPZ Thyroid 5.31 4.43 3.53 3.53

I Whole Body- 2.54 2.57 2.58 3.15

O>

RCB Atmosphere Conditions **

Temperature (oF) 270 290 310 450

Pressure (psig) 4.6 5.0 5.7 9.5,-

* Initial release of noble gases, halogens, and volatile fission products to
RCB = 100%.

** Peak values for 1 hour.c

!

i
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TABLE G.4-3

EFFECT OF SODIUM RELEASE FOR A GIVEN 10% FUEL-FISSION PRODUCT RELEASE *

Dose (rem)
Pounds of Sodium in Initial Release

0_ 1000

Bone 9.10 9.10

2 Hour Lung 0. 84 0.85

EB Thyroid 11.2 11.3

Whole Body 0.48 0.48

Bone 40.5 37.6

30 Day Lung 2.76 2.48

LPZ Thyroid 5.28 3.53

Whole Body 2.73 2.58

RCB Atmosphere Conditions **

Temperature (OF) 260 310

Pressure (psig) 4.6 5.7
.

* Initial release of noble gases, halogens, and volatile fission products to
RCB = 100%.

** Peak value for 1 hour.

9
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! APPENDIX H

i. HYDROGEN BURNING CHARACTERISTICS

! i

i.
i' i

'

| This Appendix provides the hydrogen burning characteristics used in the

! various analyses. Specifically, the hydrogen burning cr.teria are addressed

[ .in Appendix H.1 and flame length considerations are addressed in Appendix H.2.
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m H.1 HYDROGEN BURNING IN THE TMBDB SCENARIO AND RESULTANT
' CONTAINMENT CONDITIONS

H.1.1 Introduction

Hydrogen burning in the reactor containment building and the resultant
containment conditions will be described for the Thermal Margin Beyond the
Design Base (TMBDB) scenario. It will be shown that burning will lways occur

well before conditions that would support a detonation could exist. The
hydrogen burning scenario will be presented along with a scenario that bounds
the containment temperature and pressure. Containment conditions will be
presented for these hydrogen burning scenarios. Conditions at 24 hours will
be presented along with an evaluation of the margins beyond 24 hours before
venting and purging would be required.

1

H.1.2 Review of Hydrogen Burning Literature

H.1.2.1 Flammability Limits for Hydrogen in Air

O
V In this section, the flamability limits for hydrogen in air will be given for

ambient conditions, followed by a discussion of the effects of TMBDB
containment conditions on the flamability limits.

H.1.2.1.1 Flammability Limits at Ambient Conditions

The burning of hydrogen in air has been extensively studied at the U.S. Bureau

of Mines and elsewhere. References H.1-1, 2 and 3 sumarize much of this, work.

The flamability limits of hydrogen in air at ambient conditions are indicated
on Figures H.1-1 and 2 (Reference H.1-2). These two figures are different
representations of the same information. As the figures indicate, hydrogen
concentr;; ions in excess of 4% will burn if the oxygen content is above 5% and
an ignition source is present.- In the-TMBDB scenario, the very large sodium

A

H.1-1,
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flame presents a continuous ignition source. Regulatory Guide 1.7, which is
applicable to water reactors, also indicates the lower limit of hydrogen
flamability in air is 4% as long as the oxygen concentration is above 5%.

H.1.2.1.2 f.ffects of TMBDB Containment Conditions on Fiamability Limits

In the TMBDB scenario, containment conditions at times of interest are an
atmosphere temperature of e500 F, a pressure of ell psig, and a low
concentration of water vapor in the atmosphere. The effects of these
conditions on the flamability limits in the previous section will be
discussed.

As described in Reference H.1-2, when the atmosphere temperature increases,

the lowest hydrogen concentration at which hydrogen would burn decreases. A
decrease of #35% in the lower flamability limit was noted between room

9temperature and 750 F.

The lowest concentration of hydrogen that would be flamable in air increases
with pressure up to #20 atinospheres (Reference H.1-2). The 4% limit
increased to e6% with the 20 atmospheres pressure. For an increase of one
atmosphere (approximate TMBDB condition) the increase would be negligible (to

<4.1%).

At ambient temperatures the lowest concentration of hydrogen that would be
flamable for saturated and dry air are 4.1% and 4% respectively (Reference
H.1-2); therefore, the effect of water vapor in air is not significant at
ambient conditions. At higher temperatures the lowest flamable hydrogen
concentration rises slowly.

The net effect of the TMBDB conditions on the lowest conce:;tration of hydrogen
that would be flamable cannot be numerically determined; however, considering
the small magnitudes of the individual effects and the opposing direction of
these effects, a lower limit of 4% hydrogen concentration is considered

O
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(~}_ appropriate. It is noted that Regulatory Guide 1.7 applies the 4% limit to
C' . water reactor containments where the temperature, pressure, and water content

are considerably above normal.

H.1.2.2 Detonation Limit for Hydrogen in Air

Reference H.1-1 gives the lower hydrogen concentration detonation limit in air
at 18.3% at ambient conditions. Other experimentees (Reference H.1-4)
observed the lower hydrogen concentration detonation limit to be as low as
'14%. Shapiro and Moffette (Reference H.1-5), in their evaluation of the
safety aspects for LWRs, use 19% as the lower hydrogen concentration limit for
detonation.

The effect of TMBDB conditions on the lower hydrogen concentration detonation
limit is not known; however, the magnitude of the effects would not be
expected to be significant compared to the mt. gin between the flanrnability and
detonation limits. This is supported by the hydrogen burning experiments at

/7 HEDL that have indicated detonations occur under conditions similar to thoseU in TMBDB only at hydrogen concentrations above 10%. The exact concentration
was not determined from those experiments.

As Figure H.1-3 indicates, it would not be possible in the TMBDB scenario to
reach a hydrogen concentration in which a detonation and resulting high
pressures (7-15 atmospheres) would 0. cur. This is because the large ignition
source would cause the hydrogen to burn at the flantnability limit (#4%
hydrogen) which is considerably below the detonation limit (#14 to 19%
hydrogen). It is noted that the large quantity of sodium entering containment
would provide a continuous ignition source (satisfying criterion (b)), even if
for_ some unknown reason the sodium would not burn, because sodium at

0#1700 F would be red hot.

Regulatory Guide 1.7 states that in water reactors with the oxygen content
above 5%, the hydrogen concentration must not exceed 6% to insure that
explosive concentrations are avoided.

f3
L)
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H.1.2.3 Experiments Under Simulated TMEDB Conditions

Experiments have been performed at HEDL to study hydrogen burning under

simulated TMBDB conditions (Reference H.1-6). A conservative interpretation

of the experiments indicated that hydrogen would burn when entering the

containment if either criterion (a) or (b) is satisfied in combination with
criterion (c).

The hydrogen-nitrogen mixture entering containment is above 1450 F.a.

b. The hydrogen-sodium-nitroger mixture entering containment contains at
3 Uleast 6 g/m of sodiim at temperatures above 500 F.

c. The oxygen concentration is above 8%.

Criterion, (c) above, was found to be highly conservative. Figure H.1-4
reproduces the experimental results under the conditions that approach those
of the TMBDB event. The two symbols indicate the oxygen content of the inlet
and outlet gases in the simulated containment vessel. The average vessel
oxygen content is between the inlet and outlet values - probably closer to the
outlet value. As the figure indicates, hydrogen burning continues until
oxygen levels decrease to #4%.

H.1.3 Hydrogen Burning Scenario for TMBDB

The predicted hydrogen burning scenario will be presented in this section
followed by a scenario that bounds the containment pressure and temperature

conditions.

O
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H.1.3.1 Predicted Hydrogen Burning Scenario
a

With respect to ignition of hydrogen entering the reactor containment building
through the reactor cavity vent in the TMBDB scenario, the criteria used in
the Section 3.2.2 analysis are appropriate and supported by the HEDL data

(Reference H.1-6).

With respect to hydrogen burnmg after ignition, when the oxygen content is
reduced, applicable data are more numerous. Figure H.1-5 illustrates the
burning limits from the HEDL experiments, the lower flamability limits
derived by the U.S. Bureau of Mines and the flamability limit in Regulatory
Guide 1.7. Considering that the HEDL data define when hydrogen burns as it
passes through the sodium flame at the reactor cavity vent (establishing the
8% oxygen limit for complete hydrogen burning), and the Bureau of Mines data
define the burning region in a hydrogen-air atmosphere with an ignition source
(establishing the 5% oxygen limit for hydrogen burning above 4%), the
predicted hydrogen burning scenario for TM8DB conditions is that shown on
Figure H.1-6.4

The complete hydrogen burning criteria are that hydrogen will burn when
entering containment or within the containment when either criterion (a) or

(b) is satisfied in combination with criterion (c).

a. The hydrogen-nitrogen mixture entering containment is above 1450 F.

b. The hydrogen-nitrogen-sodium mixture entering containment contains at
3least 6 g/m of sodium at temperatures above 500 F.

.

c. The containment oxygen concentration is- above 8%. With the oxygen
concentration above 5% and the hydrogen concentration above 4%, the
hydrogen in excess of 4% would burn.

.
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H.1.3.2 Hydrogen Burning Scenario to Bound Containment Temperature
and Pressure O

Because of the possibility that hydrogen might burn at lower hydrogen
concentrations than 4% in the presence of the large sodium ignition source, a

bounding hydrogen burning scenario was developed to maximize the containment
temperature and pressure effects. For this bounding case, it was assumed that
all hydrogen burns if any oxygen is present in containment. This bound is
indicated on Figure H.1-6.

H.1.4 Containment Conditions

H.1.4.1 Conditions Prior to Venting and Purging

Containment conditions were determined for the predicted and bounding hydrogen

burning scenarios using the CACECO code model described in Section 3.2.2 and

Appendix C.I. Figures H.1-7, 8 and 9 show the containment atmosphere

temperatures, pressures, and hydrogen concentration for these cases as a
function of time. Table H.1-1 provides the containment conditions at 24 hours
for these cases. Figure H.1-10 indicates the containment conditions with
respect to the flammability limits.

At 24 hours, the predicted scenario is identical to the bounding case that
assumes complete hydrogen burning since the 8% oxygen cutoff value has not
been reached. Consequently, no hydrogen accumulation is predicted in
containment at 24 hours. Both cases indicate the containment does not require

venting and purging until times beyond 24 hours.

Beyond 24 hours the pressure, temperature and hydrogen concentration of the
predicted hydrogen burning case and the bounding case continue to climb. The
pressure differential between the predicted burning case and the bounding case
is an insignificant 1 psi. The atmosphere temperature differential is also
small. The hydrogen concentration for both cases decreases between 45 and 48
hours. This is a temporary condition due to the formation of sodium hydride
in the containment building. The reaction combines free hydrogen and sodium

O
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3 and as a result reduces the hydrogen concentration. In the predicted burning(b case, the hydrogen concentration is higher than in the bounding scenario;
however, this is unimportant because burning (or detonation) cannot occur at
the low oxygen concentrations. The time when venting and purging would be
required is determined by pressure considerations and by possible local
conditions when purging is initiated. Since the containment has a pressure
capability of 30-40 psig, and a 6% hydrogen concentration limit is used to
avoid any possibility of local concentration problems when purging is started,
the time before venting is required would be approximately 1.5 days for the
predicted burning scenario. For the bounding case, the time to vent would not
be significantly decreased.

For the predicted hydrogen burning scenario, Figure H.1-10 shows the oxygen
concentration decreases to 8% before hydrogen accumulates. The bounding case,

with respect to containment pressure and temperature is illustrated on the
figure as a decreasing oxygen content until the oxygen is depleted. The
hydrogen concentration then increases.

O
H.1.4.2 Venting and Purging Considerations

When venting is initiated (exhausted through a filter system), the containment
pressure would decrease. This would result in a decrease in the reactor
cavity pressure which would cause the sodium boiling rate to increase, because
of the reduced boiling point, as the pressure decreases. The higher sodium
boiling rate would increase the sodium vapor venting to the containment and
the resultant burning in containment. This would deplete the oxygen to the
point where hydrogen accumulation would occur. The increase in hydrogen can
be controlled by bringing fresh air into containment (purging). This process
would, obviously, dilute the hydrogen and increase the oxygen toward a level
that would support combustion.

In the predicted hydrogen burning case, venting at <1.5 days to control
pressure would increase the hydrogen concentration initially as the
accumulated hydrogen in the reactor cavity vents to the containment building

(N l
'
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along with the sodium vapor. Hydrogen burning would not occur because the
oxygen content in the containment building would be below 5%. Purging would
be initiated to control the long term hydrogen concentration so that
potentially explosive concentrations would not be attainable. When purging is
initiated, the oxygen concentration would increase until it reached the 5%
level and then hydrogen burning would begin and the hydrogen in excess of 4%
would burn (the sodium vapor ignition source exists until sodium boil dry at

#130 hours).

The analyses in Section 3.2.2 show that venting and purging can be used to
suitably control the hydrogen during the longer term.

H.1.5 Summary and Conclusions

The review of the hydrogen burning literature (Section H.1.2) has indicated
the lower limit of hydrogen flammability is 4% hydrogen with the oxygen
content above 5%.

The review (Section H.1.2) also indicated hydrogen would burn well before
conditions that would support a detonation could be reached because of the
sodium flame which acts as a continuous ignition source whenever oxygen is
present.

Based on the literature review and experimental data (Section H.1.2.3), a
hydrogen burning scenario w&s determined along with a scenario that bounds the
containment temperature and pressure conditions. In the predicted hydrogen
burning scenario, hydrogen would burn completely when entering containment if
the oxygen content is above 8%; any hydrogen accumulation in containment in
excess of 4% would burn if the oxygen content is above 5%.

Containment conditions were determined for these hydrogen burning scenarios.
The conditions at 24 hours were found to be acceptable for both scenarios.

The pressures and temperatures were essentially identical for these cases, and
both cases predicted no hydrogen accumulation at 24 hours.

O
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TABLE H.1-1

CONTAINMENT ATMOSPHERE CONDITIONS AT 24 HOURS

Predicted Hydrogen Bounding Hydrogen
Burning Scenario Burning Scenario

Atmosphere Temperature (OF) 450 450

Atmosphere Pressure (psig) 11.1 11.1

Hydrogen Concentration (%) 0.0 0.0

|

O
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H.2 FLAME LENGTHS FOR TMBDB SCENARIO

V
H.2.1 Introduction

The burning of a fuel, and the length of the ensuing flame, is a complex fluid
flow-chemical kinetics problem. The-length of a flame during fuel combustion
is determined by the time required for the fuel to burn, and the distance that
the reactants travel prior to complete combustion.

Combustion of gases such as sodium vapor and hydrogen occurs very readily when
oxygen is present; thus, the time for complete combustion of either of_these
components is a function of the time required for sufficient oxygen to come in
contact with either of the components. This in turn is determined by the flow
characteristics of the gases, turbulent or laminar.

In the laminar flame depicted in Figure H.2-1(a), oxygen must diffuse from the
surrounding atmosphere into the fuel jet, and a longer time is required for
oxygen to reach the center of the jet than to reach the outer edges. Thus,

Q the length of the flame is diffusion controlled. In a diffusion controlled'

D flame, the distance the fluid travels before complete combustion occurs is
determined by the volumetric flow rate.

If the flow is turbulent, the situation depicted in Figure H.2-1(b) exists.
.The oxygen is carried into the center.of the fuel jet quite rapidly forming a
homogeneous fuel-air ~ mixture. For a given nozzle size, the turbulence
intensity (and hence, the mixing) increases as the velocity of the fluid
flowing through the nozzle increases. The time for complete mixing, which
determines the flame length, has been found to be independent of the quantity
of fluid flowing through the nozzle (so long as the flow is sufficient to be
in the turbulent regime). Rather, it is a function of the diameter of the
nozzle.

[Jx.
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In the TMBDS scenario, flow through the reactor cavity vent pipe can,
depending on the pipe size chosen, range from laminar to turbulent. Laminar
flow is most likely to occur earlier in time when nitrogen has been totally
expelled from the reactor cavity and sodium boiling has not yet commenced (see
Figure H.2-2). At this time, the principal constituent of the fluid flowing
from the reactor cavity is hydrogen which may be in the laminar flow regime.
Approximately 19 hours after the initiation of the TMBDB event, sodium flow
becomes dominant and the flow would be in the turbulent range for pipes having

a diameter of approximately one foot.

Several variations on the reactor cavity to reactor containment building vent
design are analyzed in the next section to show that sufficient flexibility
exists so that an acceptable design can be provided.

H.2.2 Flame Length Calculation

H.2.2.1 Single Nozzle Configurations

Flame length calculations have been performed using the correlation presented
in Chapter VII of Reference H.2-1. When flow through the vent pipe is in the
laminar regime, equation 33 of Reference H.2-1 was used (see Appendix H.2.A).
Laminar flow occurs when the principal constituent is hydrogen which, because

of its low molecular weight, has a high volumetric flow rate per unit mass.
From the correlation, it can be seen that the flame height is a function of
the volumetric flow rate. Thus, the flame height will vary with time while
the flow is in the laminar regime.

The length of a turbulent flame can be found from Equation 37 and Figure 255
of Reference H.2-1 (see Appendix H.2.A). From the correlation and the figure,
it is apparent that in the turbulent regime, the height of the flame is a
function of the nozzle (pipe) diameter, and the flame height is independent of
the flow velocity. This results because the length of the flame is controlled
by the rate at which oxygen can be mixed with the fuel while the fuel is
flowing through the containment atmosphere. The longer the mixing time, the

,

longer the flame length.

O
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f3 Higher velocities in the turbulent regime have two offsetting effects. The
>

V> distance traveled by the gases in a given time is longer, and this, of itself,
would tend to increase the flame length. However, in the turbulent flow
regime, mixing occurs quite rapidly and mixing is enhanced by higher
velocities which, of itself, decreases the flame length. Thus, for a given
size nozzle,. flame length is independent of flow velocity. As the nozzle
becomes larger, the amount of rraterial to be mixed increases; hence, the time
- for complete mixing and combustion increases with an increase in the flame
length.

The length of the flame-from the reactor cavity vent pipe in the TMBDB
scenario would be a function of the composition of the flut iowing from the

- pipe. The length of the turbulent flame is proportional to the square root of
the ratio of the molecular weight of air to the average molecular weight of
the fuel. Thus, a jet with a high hydrogen content would be expected to have4

a longer flame than a jet having a high sodium vapor content. Because of
this, turbulent flame lengths were calculated for the extremes, pure hydrogen
and pure sodium vapor.

/~N
These extremes are representative of the extremes predicted for the TMBDB
scenario. Initially, there would be a high hydrogen and nitrogen content in
the stream (mole basis) with the nitrogen being essentially depleted by the,

time that the hydrogen burning criteria are met at 10 hours. At 19 hours,
sodium flow begins to be significant, and following the initiation of purging
at 36 hours, sodium is the main constituent of the fluid flowing from the
reactor cavity.

The calculated turbulent flame lengths range from 10-15 pipe diameters for the
sodium flame- up to 80 pipe diameters for the hydrogen flame. It should be
noted that the value for hydrogen is consistent with the flame length measured
in the HEDL autoignition tests; a 14-16 inch flame was observed for a 0.18

inch diameter nozzle (Reference H.2-2).

- The height of the reactor containment building above the vent location is
approximately 160 feet. -Thus for pipe diameters up to one foot, a turbulent
flame would always be well below the steel shell.

%J
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Figure H.2-3 shows flame heights as a function of time for pipe diameters of
1, 0.75, and 0.5 feet. As expected, the flame length at any point in time
decreases with decreasing pipe diameter, caused primarily by the fact that
flame length in the turbulent flow regime is a function of the pipe diameter.

A second factor influencing the flame length is that the smaller diameter
piping produces a higher Reynolds number for a given flow:

90Re =
pD7r

where

mass flow rate, lb/hrQ =

p viscosity, Ib/ft-hr=

pipe diameter, ftD =

Thus, transition from laminar to turbulent flow occurs at a lower mass (or
volumetric) flowrate for the smaller diameter pipe. As the length of the
laminar flame is proportional to the volumetric flowrate, the smaller diameter
piping produces a shorter laminar flame.

At 19 hours, flow in the system vnsists essentially of sodium which has a
much higher molecular weight than aydrogen, and tt.e flow is in the turbulent
regime. As the turbulent flame length is an inverse function of the molecular
weight, the length of the sodium flame is only 10-15 pipe diameters, and there
is a significant decrease in the flame length.

H.2.2.2 Multiple Nozzle Configurations |

The flame heights shown in Figure H.2-3 were based on the assumption that the
reactor cavity gases would flow into the containment building through a single
pipe. If multiple pipes rather than a single outlet pipe were used (see !

O
H.2-4
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.gq Figure H.2-4), the length of both the laminar flame and the turbulent flame
(j' could be reduced if the combined flow area of the multiple pipes were equal to

the single pipe flow area.

The. length of the laminar flame increases with the volumetric flow rate
through a given nozzle. The use of multiple nozzles, rather than a single'

nozzle, reduces the volumetric flow rate through a given nozzle, thereby
reducing the length of the flame.

The effect of the multiple. nozzle arrangement on the length of the turbulent
flame is a function of the nozzle diameter only. Thus, the smaller diameter
outlet piping used in the multiple nozzle arrangement results in a reduced
flame length.

Figure H.2-5 shows the effect of the multiple nozzles for a total flow area
2equivalent to a 1 foot diameter pipe (0.7853 f t ). For turbulent flames,

this. arrangement is identical to reducing the pipe diameter. The individual
nozzles have a smaller diameter than a single large nozzle, hence the

/]' turbulent flame is shorter.
%J

Laminar flow using this arrangement exhibits a slightly different behavior.
Because the flow is distributed among the three nozzles, the volumetric flow
rate through each nozzle is lower, producing a shorter flame than the
equivalent total flow through a. single nozzle.

'

The reduction in individual nozzle diameter, however, decreases the Reynolds
number *, thereby increasing the flowrate at which the transition from laminar
to turbulent flow occurs. Thus at 15 hours flow through one or two nozzles

*Re / Rey = V 1/nn
where Re Reynolds number for n pipes=

n
Re t Reynolds number for a single pipe=

H.2-5
.

$ - m -v-- v<q w q + m' w -



CRBRP-3
Vol.2, Rev.0

would be turbulent while flow through three nozzles would be laminar, and at
19 hours the two and three nozzle arrangements both would have laminar flames
which are longer than flame from a single nozzle which would have turbulent
flow. These flames, however, wou.d be shorter than the maximum flame length
calculated for the single nozzle because sodium, which has a shorter flame
length would have become the dominant component at this time.

H.2.3 Effects on Containment

The effect of the flame on the containment shell will depend on the

temperature of the combustion product gases when they come into contact with
containment.

If there were no cooling of the product gases, and only a stoichiometric
volume of air - with the sodium or hydrogen, the temperature of the gases
would be 3500-400fF. However, such high temperatures will not occur near
the containment shell since mixing of the combustion gases and the cooler
surrounding atmosphere will occur above the flame, causing the temperature of
the resulting mixture to be much lower than the temperature within the flame.

A plot of average flame temperature as a function of flame length is given in
Reference H.2-3 (see Figure H.2-6). It can be seen that the average flame
temperature peaks near the middle of the flame and then drops off rapidly as
the flame tip is approached. If it is assumed that the ambient temperature

for the situation shown in Reference H.2-3 is approximately 100 F, and that
the composition of the product gases and the surrounding atmosphere is similar
(i.e., they have similar thermal properties), an estimate of the amount of
mixing that has occurred can be made.

O
H.2-6
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'

'The temperature of the mixture can be determined by taking a weighted average
~

- of the temperatures ' the mixing streams:

T11+ 22
T =
mix W7+W2

i-

where

Tmix temperature of mixture, OF-=>

W
1

weight of stream 1, Ib=

W
2 weight of stream 2, Ib- =

T
i

temperature of stream 1, F=

2 temperature of stream 2, OFT =

Using this principle, it is found that for the observed decrease of 15000F
over a distance of one half the flame length 1.5 parts air are mixed with 1
part combustion gases. On this basis, the temperature of the gases
contacting the containment shell, which is 3 flame lengths above the top of
a forty foot hydrogen flame, would be 6200F (ambient containment

atmosphere temperature is 4 000F at 19 hours). For sodium burning, the
/ containment shell is 20 flame lengths above the 7.5 foot flame, and the
V- ' temperature of the gases contacting the containment shell would be 9270F'

(9000F ambient containment atmosphere temperature at 36 hours). These

values are not significantly. higher than the reactor containment building
atmosphere temperatures calculated in the CACECO analysis. Thus, no
detrimental effects on the containment shell would be expected to occur.

A similar calculation for the crane elevation, which is 1.5 flame lengths
above the hydrogen flame and 12.3 flame lengths above the sodium flame,

0results in temperature estimates of 800 F and 970 F at 23 hours and 36
hours respectively. These values are not significantly different from the
peak atmosphere temperature calculated in the CACECO analysis and no
detrimental effects would be expected.

ID
V
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H.2.4 Conclusions

The maximum flame length that would be predicted to exist during the TMBDB
scenario is 80 feet based on a one foot diameter single vent nozzle. This

flame would come within 80 feet of the reactor containment dome, if

unimpeded by anything in its path. There are at least two methods which can
be used to reduce the length of the flame: 1) multiple outlet pipes, or 2)
a smaller pipe diameter, with a six inch pipe being very effective.

The gases rising from the flame would be mixed with the surrounding
~

atmosphere and would, at the time of contact with the containment shell,
have a temperature near that of the containment atmosphere. Consequently,
no adverse effects on the containment shell would be expected.

Based on these assessments, it appears that any detrimental effects that
could be postulated from the flame contacting either the containment dome or
other structures can be avoided by an appropriate design of the vent piping
outlet.

O

O
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H.2. A Flame Length Correlation

H.2. A.1 Laminar Flame Length

Equation 33 of Reference H.2-1:

1/(2(nkC /V(1-C /2))l/2 + 2nD C /V(1-C /2))L =
7 7 g7 f

where

k proportionality f actor for dif fusivity changes along the length=

of the flame *
C
f molar concentration of nozzle fluid at the flame tip=

(same as C in Turbulent Correlation)t
3V volumetric flow rate, ft /sec=

2D diffusivity at fuel jet inlet temperature, ft /sec=
g

H.2. A.2 Turbulent Flame Length

Equation 37 of Reference H.2-1:

T M

f (Ct + (1-C ) R~~)
$2yf/d =

aT t
t tn n

where

2yf/d parameter plotted against L/d on Figure 255 of Reference=

H.2-1 (Figure H.2.A-1)
C
t

m le fraction of nozzle fluid in the designated plane=

T
f

adiab. tic flame temperature of the fuci, R=

t
stoichiometric ratio of reactants to productsa =

M average molecular weight of the fluid surrounding the fuel=
3

jet

*k was found by (D -D )/L where D is the diffusivity at the adiabaticf g f

flame temperature.

H.2-16
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M average molecular weight of the nozzle fluid=
n

tempe ature of the nozzle fluid,0R
{G}

T =
n

H.2.A.3 Validity of Correlation

The correlations used in this study were based on experiments using nozzles
of 0.4 inches or less. However, experimental information~on flames from
-large nozzles are reported in Reference H.2-3. In this study, laminar
flames of 3.2 and 6.2 feet (0.66 and 0.916 cfm respectively) were obtained
hsing a 12 inch diameter stack, and a turbulent flame of 62-63 ' feet was
obtained using a 31 inch diameter stack.* Comparison of these observed

values with calculated values indicates that the correlation used in the
evaluation may overpredict flame height.

The calculated flame height for a turbulent flame emanating from a 30 inch
stack would be 80 pipe diameters, or 200 feet, while the measured value was
62-63 feet, an overprediction of a factor of three. Calculated laminar
flame lengths are 9.4 feet (0.66 cfm) and 13.9 feet (0.916 cfm) versus
measured lengths of 3.2 and 6.2 feet. Thus-the laminar flame lengthe

correlation overpredicts the observed values by a factor of 2.2 and 2.9,.
values which are comparable to the factor of 3 overprediction for the4

turbulent correlation.

The foregoing analyses indicate that the Reference H.2-1 correlation can be
used as a conservative estimate of flame lengths, since the experime:/ ally~

observed flame lengths for large diameter nozzles are less than predicted by
the correlations.

*An additional test involving supersonic flow resulted in a 275-330 foot
flame for the 31 inch diameter stack. However, this test clearly is not
prototypic of CRBR flow conditions.
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APPENDIX X

.(A)

ASSESSMENT Of CONSEQUENCES OF FUEL IN PilTS

PIPING FOLLOWING REACTOR VESSEL DRAINING

!.1 INTRODUCTION

Section 3.1 describes the assessment of fuel debris transport following an
HCDA. Based on an estimate.that 70% of the fuel could be ejected upward
from the core, and using the particle distribution measured in the M-3 test
(which is considered to be representative of fuel-coolant interactions in
the upper reactor vessel plenum), 18% of the core fuel was predicted to
enter the reactor vessel outlet piping. This prediction is considered to be
conservative since it assumes that the 70% fuel is all ejected from the core
at the time the first fuel is predicted to be ejected. If fuel molting and
ejection occurs over a longer timescale (as is trore likely), the reduced
flow (as a result of the flow coastdown) would sweep less fuel into the
outlet piping,

n
.I Of the 18% fuel predicted to enter the outlet piping, most is predicted to

settle in the piping between the~ reactor vessel outlet nozzles and the
bellows that separates the pipeway cells from the PliTS cells, while less
than 0.1% is predicted to settle in the section of piping between the
bellows and the pump.

The fuel debris that remains in-vessel (82%) would settle on surfaces such
as the reactor vessel lower head. Sufficient depth of fuel debris may exist
to result in bed dryout and failure of the lower head of the reactor vessel
and guard vessel. This would result in draining of sodium from the reactor
vessel and primary heat transport system.. Although draining of the piping
may sweep some of the settled fuel within the PilfS piping into the reactor
vessel, the quantity cannot be oredicted accurately. Therefore, this
assessment of the consequences of fugl in the PHTS piping following vessel

draining'is based on the quantity of fuel predicted to enter the PHTS piping.

D
_,

I-1

_ , _ . _ . --



CRBRP-3 |

Vol.2, R;v.0
1

As a sensitivity study, Section 3.1 also considered fuel transport based on
the particle size distribution from the EDT-1 test, which resulted in the
highest percentage of " fines". For that distributica, 25% of the fuel was
predicted to enter the outlet piping, of which 12% settled in the piping
before the PHTC bellows, 2% settled in the piping between the bellows and
the pump and 6% was carried as f ar as the IllX. Although the EDT-1
distribution is not considered as representative of post-itCDA conditions as
the M-3 distribution, some consideration is given to it as a sensitivity
evaluation in Section I.4 of this Appendix.

The decay heat used is that associated with the entire core and all blanket
assemblies less the amount attributable to the halogens and volatiles. The

calculations assume an initial time of 1000 seconds.

O

,

O
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I.2 EFFECT ON PHTS PIPING
;p
t 1
''

When the fuel- in the piping is uncovered as a result of sodium draining, the
debris bed would still be a heat generating mass. If this heat is not

removed, the piping temperature would increase and, eventually, melt the
~

piping in which the debris is contained. The heat removal path from the
debris bed after sodium drainage would be radially through both the pipe and
the piping insulation to the atmosphere surrounding the pipe.

The locations at which the heat removal through the pipe wall and insulation
is less than the heat production within the debris bed were calculated.
Melt-through of the pipe would be expected at these locations. For this
evaluation, the data from Tables I-1 and I-2 were used.

The evaluation was performed by calculating the temperature transient of a
steel pipe initially at 1000 F which contains a varying quantity of fuel.
The amount of fuel was varied until the minimum quantity that would result
in a pipe melt-through was determined. This amount was then compared with
the data of Table I-1, and the potential locations for a melt-through were

) determined.t

Heat transfer from the pipe was calculated using the one-dimensional heat
transfer equation in cylindrical coordinates.

pC (h) = k f [ (r h) -+ Qi y

3p density of the material, 1b/ft=

C heat capacity, Btu /lb.=

thermal conductivity, Btu /hr-ft OFk =

radial distance, ftr =

temperature, OFT =

time, hrt =

material volumetric heat generation, Btu /ft3 hrQ =y

Q.)
I-3
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Because there are three materials to be considered, (see Figure I-1), three
separate equations, one for each material, are necessary. However, because
of the relatively thin, highly conductive pipe, some simplfication can be
made.

By assuming that the pipe temperature is radially uniform (reasonable
approximation because of the high conductivity) and calculating an overall
heat transfer coefficient based on air gap conductivity, insulation
conductivity, and the heat transfer coefficient to the cell atmosphere, the
number of equations can be reduced to one, which is then solved numerically.*

As can be seen from Table I-3 and Figure I-2 a potential melt-through region
exists in the reactor cavity pipeway cell, where a fuel volume of 0.3846

3 3f t fft exceeds the allowable value of 0.013 ft /ft. In the PHTS cells,
3the maximum concentration is predicted to be 0.004 f t /ft; therefore, no

piping penetration in that area is predicted. Thus, following draining of
the sodium from the reactor vessel and PHTS system, fuel debris could melt
through the piping within the three pipeway cells but is not predicted to
melt through the piping within the PHTS cells.

*It should be noted that the use of a single one-dimensional equation
implies circumferentN1 temperature uniformity, which is a reasonable
approximation because of radiation heat transfer from the fuel to the pipe
and the high conductivity of the pipe.

O
I-4
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1.3 EFFECT ON CELL LINERS
,-

- (- ''

Fuel which penetrates the piping would fall onto the piping insulation. The
tenperature of the fuel would continue to rise until the insulation is

penetrated. This could occur when the fuel approaches the fusion
temperature of the insulation (<3500 F). The debris material would then
fall onto the cell liner and result in a thermal transient in the liner.

An analysis of the cell liner thermal transient has been conducted using the
fuel debris distribution data given in Table I-1. The quantity of material
at the peak location in the reactor cavity is first converted to an
equivalent cell liner area coverage by calculating the chord length of the
pipe segment in which the debris has deposited (see Figure I-3 and Table
I-4). The fuel debris in the piping is then assu. 'o fall onto the floor

directly under the pipe segment with no further spreading cf the debris.
(If the fuel debris is in the form of fine particles, considerably greater
spreading would be anticipated.) After the fuel drops onto the floor
innediately under the pipe, heat would be removed from the fuel by
conduction into the cell liner with which it is in direct contact, and by,

(s) radiation to the surrounding structures. Because the fuel concentration
_,

varies with location, a parametric study was performed to determine the
liner temperature as a function of fuel density on the liner. The results
of this study then permit an assessment of liner effects when the quantity
of fuel in a piping section is known.

:

For this parametric study, two physical conditions of the debris on the
floor have been assumed: (1) the fuel forms a dry 50% porous bed and (2)
the fuel forms a 100% solid bed. These values represent a typical condition
of the bed when it is covered by sodium (<50% porous) and the maximum fuel
density that could exist in the bed (fully compacted fuel). The latter

' assumption is made to allow for physical and thermal effects which may cause'

a porosity reduction during the transition from a sodium covered bed to a
dry bed and during the piping and insulation melt-through.

!3
1 :
\d
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The calculations were performed using the TRUMP computer code, utilizing the
model shown schematically in Figure I-4. In this model, the fuel, which is

treated as a heat generating node, is in direct contact with the steel liner
which is in contact with an underlayer of insulating gravel and structural
concrete. There is also thermal comnunication between the fuel and the
surrounding walls via radiation. For these calculations, the area of the

surrounding walls has been set at 1000 f t2, a value which approximates the
wall area in the pipeway cell on the PHTS cell side of the wall separating
the reactor cavity from the PHTS cell. The results of the parametric
analyses are summarized in Figure I-5 which gives the peak steel temperature
reached during the transient as a function of the fuel concentration on the
liner.

Since fuel is not predicted to penetrate the piping within the PHTS cells,
liner penetration analyses are not applicable in that area. In the reactor

cavity pipeway cells, the concentration of fuel on the floor is predicted to
3 2exceed 0.15 ft /ft . As can be seen from Figure I-5, penetration of

this section of the cell liner would be predicted. The penetration is
estimated to extend the length of the pipeway cells The consequences of

early pipeway cell floor liner failures on contain, _nt conditions are given
in Appendix F.7.

|
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(% I.4 SENSITIVITY ASSESSMENT OF FUEL IN PHTS PIPING
V'

As can be seen from Table I-1, the quantity of fuel predicted to settle in
the piping is dependent on the particle size distribution of the fuel debris
in the upper plenum of the reactor vessel. To assess the sensitivity of the
results to the particle size distribution, 'an evaluation identical to that
delineated in Section I.2 and I.3 was performed using the finest debris
distribution observed experimentally, the distribution obtained from the'

EDT-1 test. Because the concentration of fuel in the PHTS cell piping for
this distribution is considerably higher than that estimated for the M-3
test (see Table I-1), it is estimated that a section of piping <9 feet in
length would melt.

From the data of Table'I-4 and Figure I-5, the fuel concentration based on
the EDT-1 distribution would result in liner taperatures in the range of
approximately 2000 F, close to the melting point of steel, depending on
the porosity of the fuel debris mass. At these higher fuel volumes, the
heat generated in the center region of the fuel mass cannot be adequately
conducted to the surf aces where it would be removed by either radiation to

~#
the surrounding structures or conduction into the steel liner. As a result,
the temperature of the fuel rises with a concurrent rise in the steel
temperature. This effect becomes even more pronounced with a porous bed
which has reduced conductivity as a result of the voids within the bed. On

'the basis of the preceding. 't is concluded that PHTS liner penetration
would not occur for the M-3 and some range of smaller particle size

~

distributions but becomes questionable as the EDT-1 distribution is
approached.

The evalual. ion of the reactor cavity pipeway cell remains as before, with a
-penetration of the cell liner being predicted.

A
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TABLE I-1

DISTRIBUTION OF UPWARD EJECTED DEBRIS FOR LOF HCDA

Post-Accident Distribution of Debris
3(ft per loop)

Volume Volume Piping Prior Between PHTS BetweenParticle Size Ejected Remaining to PHTS Cell Wall Pump
3 3Material Distribution Upward (ft ) In-Vessel (f t ) Cell Wall and Pump and IHX IHX

Fuel and Blanket M-3 74.0 54.5 6.5 <0.1 0. O.
EDT-1 74.0 46.9 6.0 0.8 0. 2.2

Steel * M-3 40.6 37.6 0.78 0.06 0. 0.16
EDT-1 40.6 37.6 0.84 0.14 0. 0.02

[ DEBRIS BED CHARACTERIZATION $n
L aiParticle Size Piping Prior to Between PHTS Cell Between Pump * 4

Distribution PHTS Cell W-ll Wall and Pump and IHX EL
Maximum Bed Depth M-3 0.497 Negligible 0.
(Fuel and Steel) (ft) EDT-1 0.367 0.213 0.

Maximum Bed Loading M-3 757. Negligible 0.(Kg U0 /m2) EDT-1 559. 324. O.2

* Steel values are based on an earlier analysis which used a flow coastdown curve higher
than that presently used for the fuel. Sensitivity studies show that this has negligible impact
on the final fuel distribution as the amount of steel entering the piping would be reduced.
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I

| TABLE I-2

|9 HEAT GENERATION AS A FUNCTION OF. TIME FOR TOTAL CORE'AND BLANKETS !
|

; I

j l

i Time 1

| (Hours). Q, (10) -Bt'u/hr Qv,(10)5 Btu /hr-ft3

- 0. 5.14 4.72
l'
1 .2 4.36 4.00 i

I .7 3.63 3.33
i

1.7 3.10 2.85--

;

i 11.7 2.05 1.88
e

23.7 1 72 1.58.

j 95.7 1.03 0.95

239.7 0.69 0.63 |
,

;

i
i

. i

Note: t is 1000 seconds after event initiation.o
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|TABLE I-3

PARAMETERS FOR PIPE MELTING ANALYSIS

Volume of BedLocation Maximum
3 Quanti y of Fuel

Particle Size Of Pipe Bed Depth, ft. f t /f t
Distribution Analyzed (50% Porous) (50% Porous) ft /ft

M-3 Reactor Cavity 0.497 0.7692 0.3846
Pipeway Cell

EDT-1 PHTS Cell 0.213 0.2226 0.1113

O

|

O
I-10
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|- TABLE I-4
i

,. FLOOR PENETRATION ANALYSIS PARAMETERS |

| ;

;
.

;

i Density of Fuel on FloorLocation Fuel Volume 3 2
,

Particle Size - Of Liner - Chord Length ft /ft j;

|
Distribution Analyzed ft /ft (50% Porous)* 0% Porous * 50% Porous * 0% Porous * .j

! !

i M-3 Reactor Cavity 0.3846 2.236 1.826 0.172 .0.2106' i
| Pipeway Cell i

j EDT-1- PHTS Cell 0.1113 1.541 1.235 0.0722 0.0901
!
i <

i

| * Refers to condition while in the piping prior to melt-through. .,
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R f j
R-h /
4 / -

h

n

L

V/FT = R2 COS 1 R_3. -(R-h) (2Rh - h )1/22

R

L = 2 R COS(SIN-1 R_ y
R

R = 1.5 FT.

h = .213 FT.

V/FT.= .2226 FT.3/FT.

L = 1.541

p , (.2226) (.5) = 0.0722
1.541

Figure 1.l. Skekh of Fuel 1)ehris in l'ine
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n.
APPENDIX J

~

NRC'S REQUESTS FOR ADDITIONAL INFORMATION

(RAI'S) ON CORE MELTDOWN CONSIDERATIONS

Since the Project's initial . submittal of the PSAR on April 10, 1975, the
Project has received several RAI's from the NRC. During the same time
period,. revisions to the PSAR have been made and,in many cases, these

revisions respond to the RAI's or alter their basis. Many of the RAI's
concern the plant's capability to deal with the effects of hypothetical core
disruptive accidents (HCDA's). This appendix is provided to lend
clarification to the manner in which each of the RAI's on the subject of

core melt has been responded to and the location of that response.

The initial submittal of the PSAR addressed the accomodation of HCDA's in
Appendix F. This appendix was considered as a parallel design approach
which implied that the accommodation of HCDA's was a design basis accident.
In April 1976, the Project submitted the report, " Third Level Thennal

( ,/ . Margins in the CRBRP." This report assessed the consequences of HCDA's when
these events are evaluated on a realistic basis (Class 9, events beyond the
design basis). It became obvious that two separate plant designs could not
be properly reviewed and a merging of the reference and parallel designs was '
effected.

On May 6,1976, the NRC and the Project reached agreement that the
probability of HCDA's can and must be reduced to a sufficiently low level to
justify their exclusion from the design basis accident spectrum and that the
PSAR should reflect this as the single design approach.

The CRBRP-3 document (Vols.1 and 2) is thus designed to revise and recast.
all -information addressing HCDA's as DBA's and to compiie the curren'ly
relevant information into this single document. This document addresses-the
issues relating to RAI's on HCDA's from energetics (CRBRP-3, Vol.1) to

#(s
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longer term accommodation (CRBRP-3, Vol. 2), but does not necessarily point
out the specific location of responses to RAI's. This appendix provides

tabulations of the RAI's generally addressed by CRBRP-3, Vol. 2, as follows:

A. This list is a compilation of RAI's from the NRC concerning PSAR
Appendix F, " Core Disruptive Accident Acconmodation." Many of the
questions concern features which are no longer part of the CRBRP TMBDB
design, thus they are not applicable. They are, however, listed here
for completeness.

001.433 222.90 thru 222.94
001.500 thru 001.536 222.96

001.558 222.97

001.566 310.33

020.40 thru 020.43
110.57

9

130.42
'

130.46

130.47

B. This list is a compilation of RAI's from NRC on the TLTM Report which
was submitted in April 1976.

001.615 thru 001.692
011.25

040.28

130.101 thru 130.114

222.99 thru 222.101
310.52 thru 310.67

| Each of these RAI's is responded to and the specific responses are to be
found in the PSAR question response section.
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