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2. To insure containment atmosphere mixing before venting, the purge air
shall be injected into containment below elevation 840'.

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

,

4. The purge s'ystem, in combination with the containment vent and cleanup
systems, shall maintain containment at a negative pressure after 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 control room.

i,

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

3pressure of 30 psia, a containment atmosphere density of 0.07 lb/ft
and a viscosity of 0.06 lb/ft-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
containment into the containment cleanup system.

4

3. The containment vent system shall be compatible with the following
gases, vr.pors and aerosols: Ar, N , H , H 0, C0, CO , 0 , Na 0, Na 0 '

2 2 2 2 2 2 22
ha0H, Na 00 , fission products, and compounds resulting from fission2 3
product reactions. The system must remain functional for inlet gas
temperatures and pressures given on Figures 2-5 and 2-6, and, beyond
150 hours for temperatures up to 250 F.

4

4. The vent system operations shall be by remote manual actuation from the
*

control room. -

2-7

. = . _ .- . . _ .
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2.1.2.9 TMBDB Containment Cleanup System

1. The containment cleanup system efficiency shall be a minimum of 99% for
vented materials in the solid or liquid state, 97% fo'r vapors (NaI,
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 ;
beyond 150 hours, containment atmosphere temperatures up to 250 F

4shall apply. It shall be capable of performing all of its intended
functions in the presence of Ar, N , H , H 0, CO, C0 , 0 , Na 0, Na 0 '

2 2 2 2 2 2 22
NaOH, Na Co3, fission products, and compounds resulting from fissionp

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 C0 which can vary from 0 to 8% ofp 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 Stan A rd Deviation: 3.0 < a < 3.5

Aerodynamic equivalent radius is based on AER = r50 ('"
| .

where p = 2.21 and a = 0.1

0
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Ns 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 functions 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

6r 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

0
2-9
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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 control room.

1

2.1.2.10 Annulus Cooling System

1. To insure containment and confinement do not fail 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 f ailure or excessive containment leakag~ e.

G
3. Concrete confinement temperatures shall be below those that cause

structural failure.

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

actuation from the control room.
1

2.1.2.11 Containment System Leakage Barrier

At any given time, containment out-leakage shall not exceed the greater of:
4

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.

O

2-10
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All containment penetrations, including fluid systems piping and containment
isolation valves, electrical penetrations, and hatches, shall maintain their
integrity such that the above leakages are not exceeded for at least 100
hours following the initiation of the TNBDB scenario. The limiting 1NBDB
temperature, pressure and radiation environmental requirements for
penetrations during the 100 hours period shall be as follows:

CONTAINMENT PENETRATIONS ~ ENVIROM4ENT (0-100 HOURS)

Peak Total
Containment Maximum Radiation Accumulated
Penetration Temperature Maximum Level Dose
Location (OF) Pressure (R/hr) (R)

PHTS Cel k 250 Figure 2-6 1 x 106 3 x 106

RCB Above Figure 2-5 Figure 2-6 1 x 106 1 x 107
Operating Floor

All Other Cells 250 Figure 2-6 1 x 106 3 x 106

After containment venting / purging is initiated (24 to 100 hours),
containment in-leakage shall not exceed 1000 scfm at a negative pressure

'

inside of -3.5 inches water.

1

2-10A
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The limiting TMBDB temperature, pressure and radiation environmental

requirements for containment penetrations after 100 hours are as folicws:

CONTAINMENT PENETRATIONS ENVIROPMENT (Beyond 100 Hours)

Peak Total
Containment Maximum Minimum Radiation Accumulated
Penetration Temperature Pressure Level Dose
Location (OF)' (In. Water) (R/hr) (R)

PHTS Cells Figure 2-36 -3.5 5 x 103 1 x 107

RCB Above Figure 2-5* -3.5 1 x 105 1 x 108
Operating Floor

All Other Cells Figure 2-36 -3.5 5 x 103 1 x 107

*Beyond 150 hours, the maximum temperature is 2500F. Figure 2-5 defines &
the atmosphere temperatures. The designer shall determine the appropriate W
penetration temperature that would result from the atmosphere
temperatures. Figures 3-27 and 3-28 provide selected steel shell
temperatures that can also be used for this determination.

Containment penetrations above the operating floor shall perform their
function in the presence of the following plated sodium aerosol (including
NaOH, Na 0, and Na 00 )

2 2 3

2Vertical Surfaces: 0.5 lb/ft
2Horizontal Surfaces: 80 lb/ft

4

!

O
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Criteria for hydrogen burning:

a. The hydrogen-nitrogen mixture entering containment is above
14500F.

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 abo've 8% (satisfying criterion c) for 36 hours; thus, no

,

hydrogen accumulation would occur during this time (i.e.10 to 36
hours).

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

O
3-23
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hydrogen concentration is maintnined well below explosive levels, the
containment 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 sodium 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 conoitions (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.

,

* Appendix H.3 considers the potential for a high concentration of the
lighter hydrogen collecting at the top of the RCB due to buoyancy forces
(stratification). It is concluded that in the TMBDB scenario the mixing
forces would be more than adequate to counteract buoyancy forces and to
prevent any significant collection (stratification) of hydrogen at the tap
of the RCB. 4

|

O
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Dose Factors

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.
After 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

O for the higher vent rates. The efficiency of the TMBDB filter system is
O 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 003 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 relati,'e to 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 ganna contribution to the whole body dose considers the
shielding provided by the steel RCB and the concrete confinement building.

i Figure 4-1 shows the dose rate inside the reactor containment building for

j Case 2.

O
V .
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4.2.2 Radiological Doses

Using the methods described in Section 4.2.1 the radiological aoses at'the
Exclusion Boundary (0.42 miles) and the Low Population Zone (2.5 miles)
were cakulated for the four different source terms described in Section
4.1. These doses are summarized in Table 4-3. The 30 day LPZ doses

include the plutonium released after boil-dry to 30 days. Plutonium
release beyona 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 3.5 rem and the maximum thyroid dose would be about

100 rem. Bone doses are about 55 rem. 4

O'
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 from the RCB.
Consequently, so long as the initial release does not result in failure of
the containment barrier, the radiological consequences are relatively '

insensitive to the magnitude of the release. For the full range of
releases considered in Cases I through 4, the RCB pressure and temperatures
woulo not result in failure 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 failure by overpressure) for CRBRP and light water

reactors (LWR). The CRBRP values are for the worst of the above four
; cases. The LWR releases are for the accident scenarios PWR-6 and BWR-4

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 shows the integrated radioactivity released to the environment
for Case 2.

4-10
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TABLE 4-3

DOSE SlMMARY FOR HYP0THETICAL ACCIDENT
SCENARIOS CONSIDERED

Doses in REM

Organ Case 1 Case 2 Case 3 Case 4

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

"

30 Day Bone 55.1 55.1 55.7 56.2
Low Lung 3.95 3.96 3.02 3.02
Population Thyroid 99.2 99.2 5.31 1.72
Zone W. Body 3.51 3.50 3.07 2.94 4

.
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TABLE 4-4

COMPARISON 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

III Includes: Ru, Rh, Co, Mo, Te

(2) Includes: Y, La, Zr, Nb, Ce, Pr, Nd, Np, Pu, Am, Cm -

(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
4-20
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APPENDIX A

DEVELOPMENT PROGRAMS SUPPORTING THERMAL MARGIN ASSESSMENTS

This appendix describes the development programs completed and the remaining
experimental work scheduled to complete support of TMBDB analyses. 4

A.1 SODIUM-CONCRETE INTERACTIONS DEVELOPMENT PROGRAM

A.1.1 Purpose

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 faulted liners. The sodium-concrete
experimental program objective has been to increase the experimental data
base, to confirm the self-limiting nature of sodium-limestone concrete
interactions and to further understand the underlying phenomena involved.

4

A.I.2 Program

Two additional large scale sodium-concrete reaction tests have been performed.
4

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 (s1100 F)
sodium was poured onto the test specimen and heated to approximately 1600 F0

and maintained near this temperature for about 100 hours.

A-1
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A Large-Scale Faulted Liner Feature Test (designated LFT-6) has also been |
Iperformed with a steel liner and a layer of Mg0 gravel above the concrete

specimen. The liner contained a 6 inch diameter centered hole. The concrete
specimen was similar to that described above for the LSC-2 test.

UApproximately 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 sodium
penetration into the concrete and sodium-concrete reaction product
composition. Details of the LSC-2 and LFT-6 tests are reported in Reference
A-8.

2Several additional intermediate-scale tests (1 ft concrete surface area) ,

have been completed. Reference A-9 presents a comprehensive summary of all

the sodium-concrete reaction tests completed as of December 1981, both in this
development program and tests from other programs at U.S. labs and abroad.
Reference A-16 is an executive summary of the sodium-concrete reaction test
data and its application to limestone concrete.

A.I.3 Schedule

Additional tests scheduled in this development program are as follows:

Scheduled
Tests Description Completion

1. Dolomite Aggregate This series of tests will determine July 1982
Characterizations differences, if any, in sodium

! reactions with calcitic limestone
| and dolomitic limestone aggregstes.

I 2. AB/AA Comparison This 4 test series will assess July 1982
Tests differences, if any, in results at*

' HEDL and Sandia labs with both

{ dolomitic and calcitic limestone
concretes.

4

!
:
.

: A-2
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Scheduled
Tests Description Completion

3. LCT-Series This 11 test series will investigate December 1982
the effects on sodium-concrete
reactions of CRBRP design features
such as surface orientation
(horizontal or vertical), presence
of insulating concrete, restraint,
external pressure, embedments in the
concrete, and pre-dehydration
(simulating delayed liner failures). 4

A.l .4 Criteria of Success

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 concrete will not
enable the reaction front to proceed through the concrete structure.

1

I A.l.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.

I

|

| DO'
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A.2 HYDR 0 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-Sodium-Water Jets
o Effects of Oxygen Depletion on Hydrogen Burning
o Hydrogen Formation in Sodium-Water-Air Atmospheres
o Effects of Jet Velocity

and the following extinguishment tests:

o Effects of Oxygen Depletion on Hydrogen Jet Burning Efficiency
~

o Effects of Jet Sodium Concentration j
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-catalytic
recombination, three large scale tests involving sodium-concrete interactions
were performed and hydrogen ignition characteristics were determined. A

O
A-4
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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.l.2 for description)

o LFT-6 (See Section A.l.2 for description)

o LFT-5. This is similar to LFT-6 except that faulted liner conditions
for FFTF were being simulated; below the faulted liner are firebrick,
insulating brick, and refractory 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 concentration
and the oxygen concentration of the simulated containment vessel.

A.2.3 Schedule

This development program has been completed and the final results are reported
in Reference A-8. 4

A.2.4 Conclusions

The test results for the larger-scale tests were consistent with the
small-scale results reported in Reference A-4, and gave further confirmation
of the hydrogen burning criteria of Section 3.2.1 and Appendix C.l. No

further testing is required.
4

O

A-5
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A.3 FURTHER VALIDATION OF THE CACECD COMPUTER CODE

A.3.1 Purpose

The objectives of this activity were to further validate the CACECO computer |4
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 so.ne
results from 1977. With the additional experimental data that subsequently
became available, further confirmatory validation was performed under this
development program. 4

A.3.2 Program

The further validation of the CACECO code included the following items: ~

4

1. A report has been issued, Reference A-10, which describes the analytical |4
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 (Reference A-5) to provide updated
4

user information.

3. A report has been issued (Reference A-ll) which sumarizes the
4

experimental information used in the code and/or code input. The code and
input data were compared with data from appropriate sodium-concrete and

heated concrete tests, the HEDL hydrogen auto-ignition experiments, and
appropriate concrete water release experiments.

A.3.3 Schedule

This development program has been completed and the final results reported in
References A-10 and A-ll. 4

,
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A.3.4 Conclusions

The analytical and experimental validations of the CACECO code reported in
References A-10 and A-11 provide confirmation that CACECO is a valid tool for
assessing beyond design base thermal margins for the CRBRP. No further work
is necessary under this development program.

4
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A.4 COMPREHENSIVE TESTING PROGRAM FOR CONCRETE AT ELEVATED TEMPERATURES

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 te: ting 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 from 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
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 taechanical (strength) properties of prototypic CRBRP limestone
aggregate concrete and lightweight insulating concrete exposed to elevated
temperatures.

O
A-8

.

_.



r
.

.

CRBRP-3
Vol.2, Rev.0

0 The Camprehensive Testing Program for Concrete at Elevated Temperatures p

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 a,t 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.

jPart 1

Concrete cylinders 6" x 12" were tested for each temperature in the designated
quantities in Table A-1 for the following parameters:

Compressive Strength (f'c)a.

b. Modulus of Elasticity (E )
c

c. _ Stress-Strain Relationship (o versus c)

d. Moisture and Weight Loss
Poissons Ratio (p) (Standard Weight Concrete Only)e.

b iv
A-9
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TABLE A-1

OPEN-HOT M0ISTURE MIGRATION STATE

Test Temperature Standard Weight Concrete Lightweight Concrete
(DF) (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
0900 F 3 3

11500F 3 0

Total 30 18

Three cylinders - (standard weight r.oncrete 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 the( 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
range 720 0F to 1150 F for standard weight limestone aggregate concrete
in the open-hot moisture migration system:

i
I The variation of concrete shear strength (v ) with temperaturea.

c
I (Approximately 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
A-10
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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 concrete. 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 f
temperature range of 72 F to 1150 F 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 (?j) and (?)a.

of concrete at elevated temperatures.+

b. Thennal Conductivity (k)++
Specific Heat (C ) *c. p

d. Density at Elevated Temperatures (p)*
e. Moisture and Weight Loss **

A.4.3 Schedule

Phase I of this program has been completed, and the final results are reported
in Reference A-12. The Phase II tests have been completed and the final

; report is being prepared.
4

+ Approximately 3 specimens for each property
++ 2 specimans for each material

m +++ 6 specimans for each material
* Natural outfall of Phase I
** Natural outfall of Phase I and Phase II, item d.

A-11
. -- ._ - ._ . - - . - - -



.

.

CRBRP-3
Vol. 2, Rev. 4

A.4.4 Conclusions

The mechanical properties of limestone concrete (Phase I tests) were
determined and the results have been factored into the structural analyses.
The Phase 11 tests have been completed and the results are being evaluated.

4

-
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A.5 BASE MATERIALS TEST FOR LINER STEEL
'

A.S.1 Purpose

To obtain physical material data, under strictly controlled conditions, for
the cell liner steel and weldment material.g

A.5.2 Program

The experimental program was designed to produce tensile, creep and thermal
expansion 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 materiels underwent mechanical properties
testing in the as-received condition. All tests were performed in an air
atmosphere.

A.S.2.1 Uniaxial Tensile Tests

O 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
i

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

(See Note 1) (See Note 2) (See Note 2)

Test Temp. (OF) A B C

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 2 - - - -

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-I in/in/sec strain rate

Note 2 - All type 2 and type 3 uniaxial tension tests were performed at
4

the 10-4 in/in/sec strain rate.

A.5.2.2 Creep and Stress-Rupture Tests in Air

0Uniaxial creep tests in air were run over the temperature range 800 F to
1600 F, at 200 F intervals. Four stress levels were investigated at each 4

A-14
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O~
temperature, in order to obtain meaningful creep and rupture relationships.
The stress levels at each temperature were selected so that the rupture times
would not exceed 500 hours.

A.5.2.3 Thermal Expansion Tests

In addition to the mechanical property tests described above, mean and
instantaneous coefficients of thermal expansion were run to supplement

4
existing data, limited to temperatures below 800 F. These supplementary

0tests were performed over the temperature range 700 F to 1700 F, at
100 F intervals. Two tests were run at each temperature for the ASME
SA-516, Grade 55 material only.

A.S.3 Schedule

The tests originally planned for this development program have been

v completed. The test results for the base liner material were satisfactory,
(Reference A-13) and have been factored into structural analyses. The test
results for the weldment material did not satisfy ductility requirements for
temperatures above 1000 F. An alternate weldment material possessing greater'

ductility has been proposed. Properties of the alternate weldment material
and the need for additional testing are being assessed.

4

A.S.4 Criteria of Success

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,
i

:

O
|
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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.

O

l

|

O
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A.6 S0DIlM SPILL DESIGN QUALIFICATION TEST (LT-1)

This test program has been completed and information gained from the test has
been factored into.the scenario presented. Details of the test and the test

results are presented in Reference A-14. 4|

t
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A.7 TMBDB AIR CLEANING SYSTEM PERFORMANCE TESTS

A.7.1 Purpose

Although the components which make up the TMBDB air cleaning system (quench

spray chamber jet venturi scrubber and high efficiency fibrous bed scrubber)
4

are cormiercially available and have been used in a variety of industrial
applications, the performance of these components to the requirements of
Section 2 in removing sodium and other reaction products generated during the
CRBRP TMBDB scenario had to be demonstrated. This testing program confirmed |4
the adequacy of the-TMBDB air cleaning system.

The specific objectives of this program were: |4

a. Confirm the performance 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
air cleaning system equipment (quencher, venturi scrubber, high efficiency
fiber bed scrubber and associated valves).

A.7.2 Program

A sodium aerosol was generated and aged in a test facility to simul' ate the |4
in-containment conditions predicted from the CRBRP TMBDB scenario. These

products were vented through the air cleaning system. The TMBDB
in-containment conditions and air cleaning system flow rate were simulated. 4

The parameters measured both upstream and downstream of each component are

listed on the following page.

A state-of-the art report has been prepared to demonstrate 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).

A-18
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Data Requirements

The following in-containment data were obtained as a function of time during 4
the conduct of the test:

4

o atmosphere temperature o containment absolute pressure
o Na0 concentration o Na 0 concentration

2
o NaOH concentration o particle size

o Na CO concenuadon o total mass concenkation2 3
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 fallout %

from appropriate data above

The following ta were obtained outside of the containment atmosphere at |4(/ 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) (liquidandgas)

o Na 0 concentration o water solution concentration of2
'

Na0H, Na CO
2 3

o Na0H concentration o particle size distribution

*The HEPA filter was a specific characteristic of the HEDL test, and is not
part of the TMBDB design features. 4

i
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,

o Na 00 concentration o pressure differential across2 3
each component

o removal efficiency of each
component for particle size

distribution

Additionally, the following specific information was obtained.
4

o Quench unit humidity

o Determination of % of sodium reaction products generated in the test
facility which are vented through the air cleaning system.

Determination of % of duct and air cleaning equipment which becomes pluggedo

by sodium reaction products. ~

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 tenn operation.

o Evaluation of effect of increasing sodium reaction product (NaOH and
Na C0 ) concentration in the water used for air cleaning equipment

3

(separate water supplies should be provided for each unit (quencher,
venturi scrubber, and high efficiency fibrous bed scrubber) in order that
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

This development program has been completed and the final results are reported
in Reference A-15. 4,

0
...
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O
A.7.4 Conclusions

The test results showed. satisfactory air cleaning system performance. The
removal efficiencies exceeded those used in the radiological 1ssessments
(Chapter 4). No further testing is required.

4

,
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Figure A-2. Tension and Creep Rupture Tests - Weldment Material
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C.l.2 Heat Sources

C.l.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 within 95% of the previous homogeneous design. Table C.1-3 gives the decay

4
power for the vario.us classes of fission products. The code uses a 109-109
interpolation technique to determine the power levels at intemediate times.

The decay heat associated with the noble gases is input to the containment
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 sodium. The remainder of the decay heat is released at the
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
begins. Less decay heat in the reactor cavity would reduce the sodium boiloff
rate and therefore would result in less severe containment conditions.

C.).2.2 Sodium 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
atmospheres. The initial activity would be 25 milli-curies per cubic
centimeter. The energy would decay with a 15 hour half-life.

C.l.2.3 Sodium-Concrete Interactions

The sodium-concrete reaction parameters used in this study are based on small
and intermediate scale tests. These values are:

1. A penetration attack rate of 1/2 inch / hour
(References C.1-2, C.1-3 and C.1-4).

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). g

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.

These reaction parameters are represented in the code as an energy input. The
analysis assumed that the liner failure permitted sodium to attack the
concrete across the full extent of the floor, or 1257 square feet, in the
cavity.

C.1.2.4 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 ratias.

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
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TABLE C.1-4

CHEMICAL REACTIONS

Reaction Equation Heat of Reaction Type of Reaction

* 2Na + H O ='Na 0 + H 1,600 Btu /lb Na Pool
2 2 2

* 2Na + 2 H O = 2 NaOH + H 4,514 Btu /lb Na Pool
2 2

4 Na + 3 CO2 = 2 Na CO3+C 4,326 Btu /lb Na Pool
2

Na + Concrete 331 Btu /lb Concrete Pool

4 Na + CO2 = 2 Na 0 ,+ C 3,800 Btu /lb Na Atmospherep

2 Na + H O = Na 0 + H 3,400 Btu /lb Na Atmosphere
2 2 2

4 Na + O2 = 2 Na 0 5,700 Btu /lb Na Atmosphere
2

=2HO 54,425 Btu /lb H Atmosphere2H2+O2 2 2

2 Na + H2 = 2 NaH 1,050 Btu /lb Na Atmosphere

'H 0 + Na 0 = 2 NaOH 1,500 Btu /lb Na Atmospherep 2
<

O(.

*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
r
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TABLE C.1-5

CONVECTIVE HEAT TRANSFER COEFFICIENTS

TypicalVajues
(Btu /hr-ft 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 105 atmospheres.

1.74 at 3000F AT
4

e

i

;

,

O
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C.3-28 M. G. Cowgill, 8. C. Gowda and K. C. Thomas, "CRBRP Final Report on

Base Materials Tests for Cell Liner Steels," CRBRP-ARD-0252, January
4

1980.*

C.3-29 H. Kupfer, H. Hilsdorf and H. Rusch, " Behavior of Concrete Under
Biaxial Stresses," J. Amer. Contr. Inst. 66, No. 8, pp. 656-665 (1969).

I
^

C.3-30- S. Freedman, " Properties of Materials for Reinforced Concrete," in
M. Fintel, ed., Handbook of Concrete Engineering, pp. 141-211, Van
Nostrand Reinhold Co., 1974.

C.3-31 Letter from P. S. VanNort to R. S. Boyd, Transmittal of " Third Level
Thermal Margins Report," Docket 50-537, S:L:977, April'22, 1976.
(Availability: Nuclear Regulatory Commission, Public Document Room.)4

'

*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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O
G.2 CONSEQUENCES OF INCREASED S0DIUM-CONCRETE REACTIONS

G.2.1 Introduction

Experiments (References G.2-1 through G.2-4) have indicated that
4

sodium-concrete reactions are self-limiting for conditions occurring 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.l. The sensitivity of the consequences to increased
sodium-concrete interactions is examined here,

i

G.2.2 Model

The CACECO code model defined in Appendix C.1 was modified to perform these
sensitivity studies. The model osed in the reference case analysis in SectionO 3.2.2 includes a sodium-concrete reaction rate of 0.5 inch per hour for 4
hours, starting at the time of reactor cavity liner failure (assumed to be at
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

G.2-1
cJ.
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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.

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 contai.. ment 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 ( 4
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 s4%). The analytic assumption of instantaneous
burning when the criteria are met results in a predicted pressure spike as
indicated in Figure G.2-2. 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

|
t

G.2-2
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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.

G.2.5 References
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TABLE G.2-1

SUMMARY OF SENSITIVITY STUDIES ON SODIUM-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

Steel Temperature (oF) 270.0 295.0 320.0

Hydrogen Concentration (%) 0.0 0.0 0.0

0xygen Concentration (%) 13.7 13.3 12.7

5
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

0xygenConcentration(%) 11.7 11.2 10.4

.

9
G.2-4
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I 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 1400F). The
containment could withstand all of the short term transients resulting from
the initial head releases considered.

Conclusions

The calculations indicate that containment integrity after the initial release

k of f.uel 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 TPEDB
scenario has sufficient margin with respect to the amount of sodiun and fuel
assumed to be initially released.

O
__

G.4-3
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TABLE G.4-1

EFFECT '0F INITIAL FUEL, FISSION PRODUCT, AND SODIUM 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 55.7 56.2 55.8

30 Day Lung 3.02 3.02 2.91

LPZ Thyroid 5.31 1.72 0.83

Whole Body 3.07 2.94 2.90 4

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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O
TABLE G.4-2

4

EFFECT OF INITIAL FUEL AND FISSION PRODUCT RELEASE
WITH S0DIUM RELEASE FIXED AT 1000 LB..

Dose (rem);
~

Initial Release of Fuel and Fission Products *

: 1% 5% 10% 50%

Bone 0.93 4.56 9.10 45.4

2 Hour Lung 0.15 0.46 0.85 3.96
<

EB Thyroid 11.3 11.3 11.3 11.3

Whole Body 0.24 0.35 0.48 1.53

Bone 55.7 58.5 60.6 83.7

30 Day Lung 3.02 3.25 3.35 5.37

(} LPZ Thyroid 5.31 4.43 3.53 3.53

i Whole Body 3.07 3.10 3.11 3.68 4

)
RCB Atmosphere Conditions **

,

Temperature (OF) 270 290 310 450,
,

1
j Pressure (psig) 4.6 5.0 5.7 9.5
i

; * Initial release of noble gases, halogens, and volatile fission products to
; RCB = 100%.
1

( ** Peak values for 1 hour.

:

,

O
G.4-5
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TABLE G.4-3

EFFECT OF S0DIUM 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 63.5 60.6

30 Day Lung 3.63 3.35
3

LPZ Thyroid 5.28 3.53

Whole Body 3.26 3.11
4

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.

O

G.4-6
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APPENDIX H

HYDROGEh BURhlNG CHARACTERISTICS

This Appendix provides the hydrogen burning characteristics used in the
various analyses. Specifically, the hydrogen burning criteria are addressed
in Appendix H.1,' flame length considerations are addressed in Appendix H.2,
and the potential for hydrogen stratification is addressed in Appendix H.3.

'

4

t

|
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V appropriate. It is noted that Regulatory Guide 1.7 applies the 4% limit to
'

water reactor containments where the temperature, pressure, and water content
are considerably above normal.

f

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 experimenters (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 margin between the flamability and
.

detonation limits. This is supported by the hydrogen burning experiments at
HEDL that have indicated detonations occur under conditions similar to those
in TMBDB only at hydrogen concentrations above 10%. The exact concentration
was not detennined 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 occur. This is because the large ignition

j source would cause the hydrogen to burn at the flamability 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
<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.

O|

V

H.1-3
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H.1.2.3 Experiments Under Simulated TMBDB Conditions

Experiments have been performed at HEDL to study hydrogen burning under

simulated TMBDB conditions (References H.1-6 and H.1-7). A conservative
4

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).

a. The hydrogen-nitrogen mixture entering containment is above 1450 F.

b. The hydrogen-sodium-nitrogen mixture entering containment contains at
3least 6 g/m of sodium 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.

!
|

l

O

H.1-4
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H.l.3.1 Predicted Hydrogen Burning Scenario

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
(References H.1-6 and H.1-7).

With respect to hydrogen burning 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 flammability limits
derived by the U.S. Bureau of Mines and the flammability 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 TMBDB conditions is that shown on
Figure H.1-6.

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.

H.1-5
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H.1.3.2 Hydrogen Burning Scenario to Bound Containment Temperature
and Pressure

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 boundhg hydrogen
burning scenarios using the CACECO code model described in Section 3.2.2 and
Appendix C.1. 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

Jrespect to the flamability limits. Y

.

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
hour s. This is a temporary condition due to the formation of sodium hydride
in the containment building. The reaction combines free hydrogen and sodium

O
H.1-6
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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
,

.

e
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H.3 POTENTIAL FOR HYDROGEN STRATIFICATION

H.3.1 Introduction

During the TMBDB scenario, the potential for hydrogen collecting at the top
of the containment dome in concentrations significantly greater than the
average in containment (i.e., stratification) is different at different
times in the scenario. There are three time frames in the base case
scenario of interest, (1) early in the scenario, before nydrogen ignition (0
to 10 hours), (2) hydrogen burning period (10 hours to 133 hours), and (3)
post-boildry period.(133 hours to 8000 hours). In all three time periods
there would be mixing forces in operation that are adequate to assure that
no significant hydrogen stratification would occur.

In the initial period (1) the dominant mixing force would be forced
convection turbulence due to the high velocity of the hydrogen jet entering|

containment through the reactor cavity vent. In the hyarogen burning pertoo
(2) the forced convection turbulence would still be in operation and mixing
would be still further enhanced by the convection currents induced by the
high temperatare in the flame. In the post-boildry period mixing would be
maintained primarily by the action of the vent /purgz system.

It is noted that the hydrogen monitoring sample point is near the top of the
containment dome, so that the higher concentration would be measured at all
times.

H.3.2 Pre-Hydrogen Ignition Time Period

During the initial ten hours of the TMBDB scenario, hydrogen enters the
reactor containment building at conditions which do not meet the burning
criteria given in H.l.3.1. During this time period the hydrogen jet would
have three forces acting to mix it with the RCB air; namely, molecular
diffusion, natural convection and forced convection. As shown below, these

O '

H.3-1

- _ _ - _ _ _ _ _ _ - _ _ .



.

.

CRBRP-3
Vol. 2, Rev. 4

forces would be more than adequate to counteract buoyancy forces and prevent
any significant collection (stratification) of hydrogen at the top of the
RCB.

H.3.2.1 Molecular Diffusion

Molecular diffusion is a mass transfer process resulting from a
concentration gradient existing between two locations. While the gradient
exists, mass will flow from the region of high concentration to the low
concentration region, and given sufficient time, this process can bring the
system to an equilibrium state. For the TMBDB condition, however, the mass
flow into the system, 84 lb/hr average, exceeds the diffusion mass transfer
rate,10-20 lb/hr, and this process would not, of itself, be adequate to
prevent stratification even at the higher temperature existing after
ignition at 10 hours. However, the diffusion process would supplement other
processes.

H.3.2.2 Natural Convection

The hydrogen entering the reactor containment building from the reactor
cavity is at a higher temperature than the containment shell. This
difference in temperature could cause flow in the containment buildin_g which
causes mixing. In the initial 10 hours of the scenario, the temperature
differences between the incoming hydrogen and containment shell is less than
a hundred degrees. Under these conditions, the buoyancy forces resulting
from the temperature difference are not sufficient to overcome the buoyancy
forces resulting from the concentration difference, and mixing of the
streams due to natural convection flow would not be expected. 'After
ignition at 10 hours, the temperature induced buoyancy forces are greater
than the concentration induced buoyancy force, and free convective flow
would occur, causing mixing of the fluid with the RCB.

4
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H.3.2.3 Forced Convection

The major force that would mix the incoming hydrogen with the containment
atmosphere is the turbulent action of the hydrogen jet. If the Reynold's
number at.the pipe exit exceeds 30, the flow quickly becomes turbulent
downstream of the exit, and the turbulent action _ entrains fluid from the

surrounding environment Reference H.3-1 (see Figure H.3-1). The Reynold's

number for the TMBDB scenario is 1400; thus, turbulent flow and significant
entrainment would be expected. .

Entrainment, a measure of the mixing, in a turbulent plume can be calculated
by the formula Q = .404 # X

where:

3Q= volumetric flow rate of the plume at location X, ft /hr

K J/p,=

hr

lb-ftJ momentum flux,=

2 2hr -ft

p density, Ib/ft=
'

X = distance from the jet exit, ft

I

| It can be seen that as the distance from the jet exit increases, the quantity
of material flowing in the plume increases; i.e., Q is a function of X. This
occurs because of entrainment from the surrounding environment. Thus the
difference between the quantity of material flowing at location X and the flow

j of hydrogen into the RCB is the amount of material from the RCB atmosphere
I which has been entrained.

| 4
;
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Furtnermore, the mean composition at location X is given by Q /0 where
O X

the subscripts 0 and X represent respectively, the origin ano a specific
location.

Table H.3-1 provices a calculation of the hydrogen concentration at a location
160 feet above the vent pipe outlet, the approximate intersection of the jet

| with the containment shell. From the table, it can be seen tnat, at this
elevation, the hydrogen stream has been diluted to approximately 1.5% of its
original concentration. Continued flow within the containment, inducea by the
injection of the hydrogen stream would cause further dilution, and in the
limit, the concentration in tne containment building would approach that of a
well mixed tank.

H.3.3 liydrogen Ignition to Sodium Boildry Time

After the hydrogen stream has been ignited, the surrounding' air would continue
to be entrained by the turbulent action of the jet (this is the means by whicn
the flame gets its oxygen), and convection currents would be induced in the
containment due to the large temperature differential between the combustion
product gases and the containment building dome.

When venting ana purging are initiated, the mixing action aesignea into the
~

s

TMBDB vent / purge system woula further enhance mixing even though this feature
is not needed until the post-boilary perica. '

H. 3. 4 Post-Sodium Boildry Period

|

Long term (post boilary), the combustible gases expected to be produced by
reactions within the reactor cavity are hydrogen ana carbon monoxide which

|

woula be expected to form a mixture having a molecular weight similar to air
\because of the predominance of carbon monoxide (MW = 28) [see Section 3.2.3].

These gases would enter containment at high temperature and would probably not
flow through the reactor cavity vent exclusively, aue to the expectation that

4
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many leakage paths would have opened by the time sodium has boiled dry (the'

' base case scenario assumes leakage through the reactor head seals beginning at

\; 50 hours). Furthermore, the flow rates are much lower late in the
po'st-boildry period so that, forced convection turbulence can no longer be
counted on as the major mixing force. Thus, during this period the mixing

_ s

action from the TNBDB vent / purge system would be the major force for

preventing hydrogen stratification (and for breaking up any stratification
'

that might occur late in the scenario if the vent / purge has been turned off,

' ' for a time).

H.3.5 Conclusions

Thbphtentialforhydrogenstratificationinthetopofthecontainmentdomes

has been assessed for the various conditions existing in containment
throughout the TMBDB scenario. It is concluded that concentrations
significantly higher than the containment average would not accumulate early

.,

in,thii scenario due to mixing forces inherent in the reactor cavity vent'

- arrangement and the burning at the nozzle. Later in the scenario,
stratification is prevented and/or dissipateo by the mixing action of the
containment vent / purge system.
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TABLE H.3-1

ATMOSPHERIC ENTRAltNENT IN HYDROGEN JET

Hydrogen Flow Rate 84 lb/hr

Pipe Diameter i foot

384 lb lb-mole 359 ft 4 ,19197 ftPipe Velocity 0 STP*
rhr 2 lb lb mole ft

2 lb lb-mole = 0.0055 lb/ft3Fluid Density 0 STP* lb mole 3359 ft

K=E= = 2.9 (10 ) " 40
P .0055 2hr

Q 0 160' = (.404) (2.9)II (10 ) (160) = 1,000,000 'r
4

h

3
Q 0 origin = 84 lb _ = 15,000 ft /hr

ft 3
)

I
%H 0160'=I,0b0 00 = 1.5%2

Note 160' is the approximate vertical distance between the vent pipe outlet
and the contaiment shell.

*The use of standard conditions gives a lower velocity and a higher density
than those that would exist at higher temperatures. This in turn gives a

lower (conservative)valueoff=f.
' O
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Figure H.3-1. Flow Patterns for Jet injection Into a Gosed Container
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