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ABSTRACT

Studies of the threat to safety-related equipment posed by
hydrogen burns in both large dry atmospheric and subatmospheric
PWR containment buildings have been conducted at Sandia National
Laboratories. These studies have taken the form of analyses and
experiments.

Analyses for an atmospheric large dry containment used a model of
the Three Mile Island containment building. The subatmospheric
analyses studied the Surry Nuclear Power Plant. Both analyses
used hydrogen source terms as calculated by the MARCH code. The
HECTR computer code was used to analyze hydrogen transport and
combustion and their effects on heat transfer models of a
pressure transmitter.

For hydrogen combustion analyses in which single hydrogen burns
were predicted, HECTR calculated that the worst case equipment
model temperature would just exceed the qualification temperature
(by 6 K) for ten minutes. For multiple hydrogen burns
(simulation of ignition by igniters at 7 v/o), HECTR calculated
that the safety equipment ruodels could increase in temperature
significantly above the qualification temperature for long
periods of time. For analyses in which combustion was not
allowed, HECTR predicted that potentially detonable hydrogen
concentrations could occur in many cases.

A series of experiments was conducted to study the survivability
of both aged and unaged nuclear qualified cable and pressure
transmitters in a simulated LOCA and hydrogen burn environment.
All test specimens survived the single hydrogen burn test
environnents. However, in the multiple burn testa, the cable
specimens and pressure transmitter did not survive the
environments.

In conclusion, single hydrogen burns throughout large dry
containments do not appear to pose a serious threat to the safety
equipment studied in this report. However, a dilnmma occurs when
considering the effect of igniter-induced multiple burns in large
dry containments. Analyses indicate that the absence of igniters
(no combustion) can result in pctentially detonable mixtures for
both the atmospheric and subatmospheric containments. But with
igniter use, both analyses and experiments indicate that the
multiple burn environment can pose a threat to safety equipment.

._
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EXECUTIVE SUMMARY

Analytical and experimental investigations of equipment survival
in hydrogen burns in large dry PWR containment buildings have
been conducted. Both atmospheric and subatmospheric containments
were considered. Two sets of analytical studies were carried out
for atmospheric large dry containments. One set analyzed the
hydrogen burn that occurred as a result of the March 1979,
accident at Three Mile Island. The other set considered a hybrid
power plant consisting of the Zion reactor housed in the TMI-2
containment building. An analytical study of subatmospheric
containments was also carried out using a model of the Surry ,
nuclear power plant. To complement the analyses, a series of
experiments simulating hydrogen burns in large dry containments
was also conducted using the Sandia severe combined environment
test chamber (SCETCh).- The experiments investigated the
survivability of thermally and radiation aged nuclear qualified
Brand Rex power and control cable and a Barton 763 pressure
transmitter in a simulated LOCA/ hydrogen burn environment.

The analytical studies used the HECTR computer code to calculate
the temperature response of equipment models to hy.trogen burns in
various containment locations. Hydrogen source terms for the
analyses were calculated by the MARCH code. Other parameters
which were varied in the analyses included LOCA break size,
ignition criteria (single burn and multiple burn by igniter
simulation) and the operation of engineered safety features. The
equipment thermal response models used in the analyses were based
on the Barton 763 gauge pressure transmitter.

'

The results reported below for the atmospheric large dry
containment are specific to the TMI-2 containment; however,
atmospheric large dry containments have many common structural
features. Therefore, the trends of the results reported below '

and in the main body have significance for all atmospheric large
dry containments (applicability of those results to other

i atmospheric large dry containments is addressed in the main
body). The subatmospheric large dry containment results apply to
all subatmospheric containments operating in the United States
since they are all based on the Surry design.

Equipment model temperature response was a function of the
hydrogen burn type to which the equipment was exposed. Single
hydrogen burns dispersed their energy throughout containment in
relatively short time periods. The atmospheric large dry
containment analyses had no cases where single hydrogen burns

, caused the surface temperature of the three-layer Barton model to
j exceed 444 K (a typical equipment qualification temperature). In

fact, surface temperatures were well below the 444 K temperature'

limit. The Surry single burn analyses had two cases in which the
Barton model surface temperature exceeded 444 X, but the peak
temperatures were only slightly above 444 K (447 K and 450 K) for

i



. . _ . .

short time periods (less than ten minutes). It should be noted
that ' the Surry containment represents one of the most severe
cases (highest hydrogen mole fractions) for both atmospheric and'

sebatmospheric large dry containments.
,

i

Multiple burns simulating ignition by igniters at seven volume-
percent hydrogen released most 'of the hydrogen energy into a
relatively small region of containment (the source compartment)
over a relatively long period of time. This localized and
lengthy release of energy due to multiple burning sometimes
forced the Barton model surface temperature to exceed 444 K for

'
long periods of time. Roughly half of the hybrid analyses
resulted in equipment model temperatures significantly exceeding
the qualification temperature. The worst hybrid case resulted in ;

a peak model surface temperature of 670 K. The surface remained
above 444 K for 51 minutes. All the Surry analyses resulted in
equipment model temperatures significantly exceeding the
qualification temperature. The worst Surry multiple burn case
resulted in a peak surface temperature of 670 K which remained
above 444 K for 50 minutes.

Analyses were also performed to calculate hydrogen concentrations
in large dry containments assuming no hydrogen burning. When no
hydrogen burns occur, HECTR predicted potentially detonable gas
mixtures would occur briefly (in some cases) in the hybrid
analyses. These mixtures occurred only in the source
compartments. HECTR predicted potentially detonable gas mixtures t

would occur for lengthy periods of time in all of the Surry i

analyses. These mixtures occurred in the source compartments as
well as globally throughout the containment and were a direct
result of the cold spray water (45 F) stripping out the steam.

The hybrid and subatmospheric analytical results should be vieued
; in light of HECTR's simple criteria for specifying a detonable

concentration. One must also realize that the Barton transmitter
'

served as a surrogate for all safety equipment in these analyses.
A more accurate evaluation of the threat to safety equipment ,

posed by hydrogen burns must consider such factors as precise
equipment location, function, material properties, susceptibility
to thermal stress, and the length of time during the accident for
which the equipment is required to function.

,

t

The analytical results can also be viewed in light of the results
,

of experiments simulating single and multiple hydrogen burns in f
'

large dry containments. Single burn tests of aged and unaged
nuclear qualified cable and Barton pressure transmitters indicate
that cable and equipment having similar thermal characteristics
and sensitivities can withstand a LOCA and single hydrogen burn
resulting from a 75 percent core Zircaloy-water reaction in a
large dry containment. The observed post-test condition and
performance of the test specimens is consistent with the results
reported for the EPRI-NTS tests and previous hydrogen burn

i

2-

;
,
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simulations at Sandia's Central Receiver Test Facility, as well
as observed damage at TMI-2. The results of these tests should
not be extrapolated to hydrogen standing flame environments
(beyond the scope of this work) where safety equipment may be
exposed to-plume or flame heat fluxes.

In contrast to the single burn test results, the multiple burn
test results indicate that multiple burns can pose a serious
threat to safety-related equipment located in small and/or poorly
ventilated source compartments. Cable specimens and a Barton
pressure transmitter exposed in the multiple burn simulation
tests failed to survive.

In conclusion, the results of the single burn tests and HECTR
analyses of large dry atmospheric and subatmospheric containments
indicate that for a LOCA involving a 75 percent metal-water
reaction, a single hydrogen deflagration does not present a
serious threat to the survival of nuclear qualified safety-
related equipment studied in this report.

However, a conclusion regarding deliberate ignition systems is
not as clear. The HECTR results indicate that detonable
concentrations of hydrogen may accumulate locally in a source
compartment of a large dry atmospheric containment and both
locally and globally in a large dry subatmospheric containment
unless a deliberate ignition system is employed. A deliberate
ignition system would prevent detonations by burning the hydrogen
at lower (nondetonable) concentrations. This presents a dilemma
since the results of HECTR analyses which model deliberate
ignition as well as the results of scoping multiple ?. urn tests
indicate that multiple burn (deliberate ignition) environments
could pose a serious threat to the survival or safety-related i
equipment in a source compartment.

]
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1.0 INTRODUCTION

One of the many events that occurred during the Three Mile ;

Island accident was a single hydrogen deflagration which I
raised the pressure inside the containment building. The |
integrity of the TMI containment was not compromised, but ;

the event raised concern that a similar event in the future l

might degrade or incapacitate equipment necessary to monitor I

the reactor and maintain it in a safe condition. This con-
cern has led to the implementation of hydrogen control
schemes at several power plants.

The approach to hydrogen control has largely been dictated
by containment type. Because of their small volumes and low
design pressures, ice condenser PWR containments and
Mark III BWR containments have distributed ignition systems
which are intended to burn hydrogen as it is generated. In

this way hydrogen is eliminated before it can build up to
concentrations which, if ignited, might threaten the ability
of the containment to isolate fission products from the
environment. The atmospheres in Mark I and II BWR contain-
ments are nitrogen inerted, precluding hydrogen combustion
completely.

Rulemaking for hydrogen control in large dry and subatmo-
spheric containments has been deferred pending the comple-
tion of research into the effects of hydrogen combustion in
these structures. This research is based on the premise
that hydrogen released as a result of a 75 percent core
metal-water reaction is representative of the upper bound of
hydrogen release in a hydrogen-producing accident.1

This report summarizes the results of recent analytical and
experimental research at Sandia National Laboratories deal-
ing with equipment survival in hydrogen burns in large dry
and subatmospheric containment buildings. It integrates
these new results with the results of earlier work on hydro-
gen burn equipment survival at Sandia and the Electric Power
Research Institute (EPRI).

2.0 DESCRIPTION OF WORK TO DATE

2.1 Recentiv Reported Work

Recently reported work relevant to hydrogen burn equipment
survival in large dry containments has been in the area of
experimentation. The Electric Power Research Institute

(EPRI) conducted a series of tests at the Nevada Test Site(NTS) which exposed nuclear-qualified safety equipment to
hydrogen burns of varying severity in a large, spherical

vessel.2 A series of tests at the Sandia Central Receiver
i Test Facility (CRTF), which simulated one of the most severe
(
,

-4-'
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of the EPRI-NTS tests, augmented equipment performance and
thermal response data from the EPRI-NTS series.3 A 'second
series of - CRTF tests investigated the effects of aging on
cafety equipment exposed to simulations of. increasingly ~

,

severe hydrogen burns.4 -

The EPRI-NTS tests studied the effects of hydrogen burns on
several samples of nuclear-qualified safety equipment and
cables. The tests ware performed in a 74,000 ft3 dewar at
the Nevada Test Site. Deflagrations of hydrogen concentra-
tions up to 13 volume-percent were studied. Instrumentation

'

inside the test vessel provided data on the burn e nvi r c.n-
ment. The burns had a deleterious effect on this instru-
mentation as testing progressed, and, as a result, there is
some uncertainty in the environmental descriptions based on
data from these instruments.

The safety equipment samples tested in the EPRI-NTS tests
were powered and their operation was monitored during and ,

after exposure to-the hydrogen burns. The cables were not
powered or monitored in any way during the tests. They
were, however, evaluated upon removal from the test vessel.

The authors of Reference 2, a summary of the EPRI-NTS
results, stated, "The study showed that equipment qualified
to operate under LOCA conditions should be able to operate

'

during and after the high-temperature spikes produced by
hydrogen burns... Despite substantial external damage to
the cables, only those with preexisting defects or cumula-
tive damage from many burns failed."2

The CRTF simulation of an EPRI-NTS 13 volume-percent
hydrogen burn provided detailed operational and thermal '

,

response data on a nuclear-qualified pressure transmitter,i

i solenoid valve, and three brands of nuclear-qualified
cable. All samples were unaged.

' The transmitter and solenoid valve operated normally during
and after exposure to the simulated hydrogen burn. The
transmitter displayed a small change in calibration after ,

completion of the tests. Temperature measurements indicated :
'

that the transmitter and valve did not reach temperatures !
j which might jeopardize their operation. !

Cables were powered during expoure to the simulated
hydrogen burn and maintained their electrical integrity
throughout exposure. No short circuits were detected. '

'

During postexposure insulation testing, none of the con-
i ductors failed.

The CRTF sensitivity testing 4 examined the effects of
aging on nuclear-qualified cables and pressure transmit- ,

ters. Artificially aged and unaged cables and transmitters

: r
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were exposed to simulationc of increasingly severe hydrogen
~

i deflagrations. The most severe heat flux pulse had three
-times the peak flux and total heat content of a deflagration
expected to result from the combuction of hydrogen precipi-
tated by an accident involving a 75 percent core metal-water +

reaction. All samples were electrically powered during
exposure to the simulated hydrogen burn fluxes and the
transmitters were also pressurized.

All cables maintained their electrical integrity during
exposure. Dur*ng postexposure insulation testing, only one
conductor (out of 30) failed. The failed conductor was from

'

the aged cable which had been exposed to the most severe
!heat flux pulse, and failure occurred at the most severe

high-potential withstand voltage. Thermal aging had only a
slight effect on the cable insulation properties.

| While separate cable samples were used for each pulse, the
aged and unaged transmitters were each subjected to the full
set of severe pulses. Both transmitters functioned properly
throughout the tests. Calibration checks before and after
each test demonstrated that exposure to the severe heat flux
pulses individually and in toto produced only small changes

'
in calibration.

Overall, aging had little effect on the performance of the
,

: cables and transmitters.
>

'

2.2 New Work r

The new work wa6 initiated to complete issues that had not'

been addressed by the old work. The EPRI-NTS tests did not
address the environmental conditioning of the equipment due

|
to the LOCA which would precede a hydrogen buen and also did

j not test aged equipment or cable. The Sandia CRTF tests did
not address pressure effects on equipment and cables which

i

would occur during a burn as well as pressure and thermal
effects due to the LOCA environment.

|
The new work reported here involved analyses of equipment
thermal response to hydrogen deflagrations in large dry and

I subatmospheric containment buildings and a series of experi- ,

2

ments which studied the operational response of safety
equipment to a simulated LOCA/ hydrogen burn environment in a
large dry containment building. Although the TMI Unit 2
containment and Surry containment are both large dry con-
tainments, their results will be reported separately because
the atmospheric large dry and subatmospheric large dry con- ;

tainments have varying operating conditions. The analyses '

used the HECTR computer codes and the experiments were
conducted in Sandia National Laboratories' Severe Combined
Environment Test Chamber (SCETCh). The work is discussed
briefly here. Details of the work and results are given in ,

the appendices.
.

-6-
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1

Two sets. of large dry analyses were conducted. Both used a
model of the Three Mile Island Unit 2 containment building.
The first set, referred to as the TMI analyses, considered
the hydrogen burn which occurred during the TMI accident in
March of 1979. The second set, referred to as the TMI-
hybrid or hybrid analyses, used a model of the Zion reactor
core housed in the TMI-2 containment. The hybrid model was
used because of the availability of the Zion reactor model
and the TMI Unit 2 containment model.

The TMI analyses considered possible variations in con-
tainment surface areas (surface areas in containment are not
known exactly), burn time, and combustion completeness.
Each of the TMI analyses presumed one of two sets of initial
conditions immediately preceding ignition as determined by
previous research on the TMI hydrogen burn event.6,7 The
TMI analyses concentrated on containment gas temperature and
pressure with some consideration given to equipment thermal
response.8

The hybrid analyses considered containment conditions and-

equipment thermal response during LOCAs which had hydrogen
bu rising . The LOCAs were limited to small and intermediate
sized coolant system breaks. The parameters of the study
included break location, ignition criteria, equipment
location, equipment thermal characteristics, and containment;

compartmentalization.

The subatmospheric analyses studied hydrogen deflagration in
the Surry nuclear power plant. The containment building
model was similar to that used in the American Nuclear
Society Source Term Study.9 These analyses were concerned
primarily with equipment thermal response. The parameters
included break size and location, equipment location, equip-
ment thermal characteristics, and ignition criteria.

The experimental tests were performed in Sandia's Severe
Combined Environment Test Chamber (SCETCh) and included the

j simulation of a LOCA/ hydrogen burn heat flux, prensure !
| pulse, humidity, and oxygen concentration. Both single burn
) and multiple burn (deliberate ignition) environments were

simulated. Test specimens included aged and unaged samples

{
of nuclear qualified cable and pressure transmitters. |

]

3.0 RESULTS OF NEW WORK

3.1 TMI Analyses Results

3.1.1 Introduction

.is section summarizes the analysis of the March 1979 TMI-2'-

hydrogen burn event. This analysis was requested by DOE and

-7-
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postulated that hydrogen addition rates calculated by Henrie
and Postma be used.10 Since the Hent ie and Postma report
was released, a TMI-2 hydrogen burn analysis has also been
performed by the Factory Mutual Research Corporation
(FMRC).ll Our report includes and builds upon the
analyses of both References 10 and 11. The hydrogen genera-
tion in core, release rates, and mixing used in the analysis
are based upon the results of References 10 and 11.

The HECTR computer code 5 was used to calculate the con-
tainment gas and safety-related equipment thermal response
during and after the hydrogen burn. A moderately compart-
mentalized model of TMI-2 was used. The TMI-2 containment
building was divided into eight compartments with 17 inter-
compartment flow junctions and 46 structural surfaces. The
eight compartments selected were: (1) the reactor cavity,
(2) the refueling canal, (3) the steam generator compartment
with the pressurizer SGlA, (4) the second steam generator
compartment without the pressurizer SGlB, (5) the basement
level. (6) the second floor, (7) the dome region, and
(8) the enclosed stairwell and elevator. The major
Engineering Safety Features (ESP) modeled during the burn

~

were the reactor building fan coolers and spray system.

The thermal response models for the safety-related equipment
were based on a Barton 763 gauge pressure transmitter. Four
models were developed. The model reported in this analysis
was a one-dimensional, three-layer representation of the

Barton 763. This model accountea for the air gap between
the casing and internal electronics. In an analysis, the
one-dimensional thr0e-layer model was analytically subjected

| to an incident heat flux pulse used at the Sandia Central
Receiver Test Facility (CRTF) for prior hydrogen burn simu-'

lation equipment e)periments. The surface temperature
response of the model was calculated and compared to the

: measured surface temperature rise of an actus' 9arton 763
exposed to the flux pulse at the CRTF. Tne peak surface
temperature of the model was calculated to be approximately
ll*K higher (less than 5 percent difference) than the

measured Barton 763 surface temperature. The three-layer
model and measured Barton 763 thermal time response
characteristics were equivalent. This one-dimensional,
three-layer model is considered to be the most realistic of
the four models and its surface temperature response to

hydrogen burning will be reported in this analysis as a
basis of evaluating the thermal response of electrical,

l equipment to a hydrogen burn. The surface temperature due
to hydrogen burning will be compared to that for which
equipment is normally qualified. Environmental qualifica-
tion test profiles described in IEEE323-74 recommend a

maximum pressure of 483 kPa and a maximum temperature of
444*K. The qualification test profiles maintain these

maximum values for several hours.
|

| -8-
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Calculated peak equipment surface temperatures at or below
the 444 K qualification temperature were considered not to
threaten equipment. Testing of the Barton 763 at the CRTF
has shown that the interior equipment temperature sub-
stantially lags the surface temperature for large single
incident heat flux pulses. However, the interior temper-
ature of tne equipment can approach the surface temperature
for multiple or repeated incident heat flux pulses such as
ftom multiple hydrogen burns.

The Barton 763 models were placed in five containment
locations. The locations were (1) the basement, (2) the
second floor, (3) steam generator compartment SG1A,
(4) steam generator compartment SGlB, and (5) the dome
region.

3.1.2 Containment Conditions Prior to Burn

The initial conditions prior to the burn in containment are
dependent upon the hydrogen generated in the primary vessel
and released, with steam, through a break in the primary
cooling system. This analysis did not attempt to calculate
the amount of hydrogen and steam released from the primary
but used results from other analyses 10,11 to establish the
initial conditions in containment prior to the hydrogen burn.

Approximately 320 to 360 kg of hydrogen were released at TMI
into the reactor building over a 7 to 8 hour period before
the hydrogen burn.10-13 Hydrogen and steam were released
through the discharge duct from the reactor coolant drain
tank (RCDT). The RCDT is located in the basement level with
the discharge duct exit near the ceiling of the basement.
The hydrogen and steam then entered the second and third
floor levels through openings between the floor levels. The
hot, buoyant hydrogen and steam mixture might lead to
stratification in the compartments into which the mixture
would enter, but the stratification would be opposed by
phenomena which would promote mixing in containment. Those
phenomena include (1) circulation of gas by the reactor
building fan coolers, (2) circulation of containment gas by
hot nuclear steam system surfaces, (3) mixing of con-
tainment gas by condensation onto cool surfaces, (4) plume
entrainment by released steam and hydrogen, and (5) molec-
ular diffusion. At TMI, the fan coolers circulated

'

containment air roughly once every 12 minutes before the
hydrogen burn occurred.

Experiments and analyses 10,ll indicated that average
hydrogen concentration differences between containment
levels greater than one percent total hydrogen were not
likely. A small amount of hydrogen was released approxi-
mately 45 seconds before the hydrogen burn occurred, which
could have produced a small, enriched hydrogen region in the

-9-
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basement; however, the bulk of the hydrogen released during |
the 7 to 8 hours before the burn was well mixed throughout I
the containment, j

The assumed initial conditions at TMI for the hydrogen burn
analysis in this report are listed in Table 3.1. Those
preignition conditions include an initial hydrogen

'

concentration of 7.3 to 7.9 percent and an initial water
vapor concentration of 3.5 to 5.5 percent. The initial gas-

temperature and pressure were 326.5 K and 110.3 kPa,
respectively.

Table 3.1

Initial Conditions Used for the TMI-2 Hydrogen Burn Analysis

Case XH (%) KH O (t) P(kPa) T(*K)2 2

1 7.9 3.5 110.3 326.5
2 7.3 3.6 110.3 326.5
3 7.5 5.5 110.3 326.5

|
3.1.3 Containment Response to Hydrogen Burn

The containment building pressute is monitored by the once
Through Steam Generator (OTSG) pressute transmitters A and B
and by Engineered Safety Features (ESFs) pressure switchos.
Figure 3.1 shows the pressure data recorded during and after
the hydrogen burn. A peak pressure of approximately 302 kPa
occurred 10 to 12 seconds after ignition during the accident
at TMI. The 12 second pressure rise is a rough indication
of the burn time in the containment.

Containment gas temperatures were recorded every 6 minutes.
Unfortunately, the hydrogen burn occurred between recording
times and no data for gas temperatures during burning is
available. However, high-temperature alarm sensors indi-
cated that the hydrogen burn began in the basement and con-
tinued upward through the floor levels and steam generator
compartments into the dome region.10

,

The completeness of the hydrogen burn at TMI-2 is not
precisely known. Henrie and Postma10 concluded that
approximately 86 percent of the hydrogen was consumed during

, the burn.
!

-10-
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Figure 3.1. TMI-2 Containment Gas Pressure Response to
Hydrogen Burning (Reference 6)
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3.1.4 Results |

Eleven HECTR production runs are reported on in Appendix B
for the TMI-2 hydrogen burn analysis. These runs are ,

summarized in Table 3.2. The eleven runs examined the l

effects of four parametere on the HECTR calculations.
Parameters varied included: (1) the initial gas conditions,
(2) the burn duration time (burn time mode), (3) the com-
pleteness of the hydrogen burn, and (4) the containment
surface area. The reader is referred to Appendix B for a
detailed description of the production runs.

Table 3.2

HECTR TMI-2 Analyses
.

Burn Time Burn Surface Initial Gas
Case Mode Completeness Area Conditions

lA Long BDT 100% Default A
1B Short BDT 100% Default A
1C Short BDT 100% 130% A
1D Long BDT X Default A
lE Long BDT Y Default A

2A Specified 100% Default A
2B Specified X Default A
2C Specified Y Default A
2D Specified 100% Default B
2E Specified 100% Default C
2F Specified X Default A

A Case 1 Initial Gas Conditions, Table 3.1
B Case 2 Initial Gas Conditions Table 3.1
C Case 3 Initial Gas Conditions, Table 3.1

X 1% H2 total mole fraction percentage left in dome
2% H2 total mole fraction percentage left in steam

generators
2.2% H2 total mole fraction percentage left below dome

Y 0% H2 total mole fraction percentage left in dome
3.5% H2 total mole fraction percentage left elsewhere

in containment

BDT Burn Duration Time

-12-
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The HECTR code was used to calculate the containment gas
temperature and pressure response and the surface temper-
dture response of the one-dimensional, three-layer
Barton 763 pressure transmitter model to hydrogen burning.
Total incident heat fluxes to the Barton 763 during the
hydrogen burning were also calculated.

Peak containment gas prossures for complete hydrogen burning
in containment ranged from 300 kPa to 340 kPa. The initial
conditions and burn duration times had a significant effect4

on the peak pressure calculated during the hydrogen burn-
ing. Incomplete hydrogen burns as described in Section 3.1.3
had peak gas pressures ranging from 300 kPa to 320 kPa. All
peak pressures calculated were significantly below. the
483 kPa equipment qualification pressure. A summary of peak
gas pressure, gas temperature, Barton model surface temper-
atures, and incident fluxes to equipment models is presented
in Table 3.3. Compartments with no flux listings signify
that the Barton was not located in that compartment.

Case 2F results will be presented in this section in detail
because it was fairly representative of most of the cases plisted in Table 3.3. Figure 3.2 compares a calculated con-
tainment gas pressure response for the typical HECTH produc-

; tion run to the actual TM1-2 OTSG A measured containment
'

pressure. Approximately 86 percent of the hydrogen was
consumed during the burn. HECTH calculated a quicker
pressure increase during hydrogen burning than was measured
and a 5 percent higher pressure peak compared to the
measured peak. However, the ovetall agreement is quite
good. Sprays were activated at approximately 55 seconds.

The HECTH analyses predicted that peak gas temperatures in
containment during hydrogen burning increased with
increasing containment elevation. Peak gas temperaturns in '

the dome ranged from 940 K to 1070 K, with the lower poaks
occurring for incomplete burning. Second floor peak gas
temperatures ranged from 790 K to 1030 K and basement peak

,

~

gas temperatures ranged from 760 K to 1020 K. Figure 3.3
shows the calculated containment temperature response for
the Figure 3.2 pressure response. The burn duration was
12 seconds. The burn was initiated in the basement and
propagated almost immediately into SGlA. The burn then '

propagated into the second floor at approximately
3.5 seconds and into the dome at approximately 6.5 seconds.
From 6.5 to 12 seconds, burning was occurring throughout
containment. The burn ended at 12 seconds.

-13-.
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Table 3.3

HECTR THI-2 Deflagration Summaries
._

Cas Barton Incident Flux
Tm RmCase Compart- Pm Tm Tm

. (kW/m') (kW/m )
7 2

ment (kPa) (*K) (*K)

it. 1 320 870 -- -- --

2 320- 1000 333 52 27

3 320 1010 333 54 28
4 320 1020 -- -- --

5 320 960 334 37 24

6 320 970 333 50 27

7 .320 1030 338 70 38

1B 1 340 920 -- -- --

2 340 1020 333 54 29

3 340 1030 333 55 30
4 340 1040 -- -- --

5 340 990 334 44 30
6 340 1010 335 63 35

7 340 1060 338 76 42-

;IC 1 330 920 -- -- --

2 330 1020 333 54 29
3 330 1030 333 55 30 t

i 4 330 1040 -- -- --

5 330 980 333 42 29

6 330 1000 334 61 34

7 330 1050 337 74 40

1D 1 310 800 -- -- --

2- 310 900 332 42 19 ,

3 310 890 332 42 19
4 310 970 -- -- --

5 310 850 333 29 18

6 310 890 333 42 19
| 7 310 1000 338 66 36 !
i l

-- -- --
j

! 1E 1 300 710
2 300 780 333 26 12

i 3 300 780 331 26 12

|
4 300 780 -- -- --

|
5 300 760 331 19 12

6 300 790 332 26 14'

| 7 300 1030 339 71 41
( |

!IF 1 340 800 -- -- --

2 340 1010 335 49 35 |
3 340 1020 335 50 35 |

4 340 1060 -- -- --
,

1
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Table 3.3

HECTR TMI-2 Deflagration Summaries (Concluded)
!

Cas Barton Incident Flux
Case Compart- Pm Tm Tm Tm Rm

2ment (kPa) (*K) (*K) (kW/m ) (kW/m )

5 340 1020 336 56 39
6 340 1030 337 59 42
7 340 1070 340 68 48

2B 1 320 720 -- -- --

2 320 890 332 32 22
3 320 900 333 33 21
4 320 1000 -- -- --

5 320 890 333 35 23
6 320 900 334 38 25
7 320 1010 338 57 39

.i

2C 1 310 660 -- -- --

2 310 790 331 21 12
3 310 790 331 21 12
4 310 810 -- -- --

5 310 800 331 25 14
6 310 800 332 26 15
7 310 1060 340 65 46

2D 1 300 730 -- -- --

2 300 900 332 32 21
3 300 900 332 32 21
4 300 930 -- -- --

5 300 910 333 37 24
6 300 910 334 39 25
7 300 940 336 43 28

2E 1 310 750 -- -- -- -

2 310 930 333 38 26
3 310 930 333 39 26
4 310 970 -- -- -- >

5 310 940 334 44 29
6 310 950 335 46 31

'
7 310 980 338 53 35

2F 1 320 750 -- -- --

2 320 910 333 33 22
3 320 910 333 34 22
4 320 1010 -- -- --

5 320 900 333 37 24

f'
'

6 320 900 334 40 25
7 320 1020 338 64 39

,

f

-15-
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For the HECTR TM1 analysis, the peak surface temperature of
the Barton 763 one-dimensional, three-layer model never
exceeded the equipment qualification temperature of 444 K.
Peak surface temperatures for the models ranged from 333 K
to 340 K.

Peak incident total heat fluxes for the Barton 763 model
reflected the gas temperatures with respect to containment
elevation. Peak total incident fluxes ranged from 43 kW/m2
to 77 kW/m2 in the dome region and from 22 kW/m2 to
64 kW/m2 in the lower elevations of containment. Figure
3.4 shows the worst-case flux profiles for the dome region
and lower containment elevations, respectively. The
time-integrated total-incident heat fluxes for Figure 3.4
are shown in Figure 3.5.

Given the containment gas conditions and heat fluxes, those
results can be used to estimate the extent of cable damage
that might have occurred during the hydrogen burn. Cable
flammability studios have been performed at FMRC.14 The
tests conducted at FMRC base cable flammability on two
parameters: (1) critical heat flux, and (2) absorbed igni-
tion energy. The critical heat flux is the minimum flux
below which ignition of cable cannot occur. The absorbed
ignition energy is the minimum time integral of external
flux above which a flammable cable vapor / air mixture near
the surface of the cable can be maintained as long as the
external heat flux is above the critical flux.

Absorbed ignition energy for cable damage (Ed) and cable
ignition (Ei) as determined by FMRC range from 900 kJ/m2
and 1,300 kJ/m2, respectively, to 1,100 kJ/m2 and
17,000 kJ/m2 Typical Ei values for polar crane and power
cables are 1,300 to 1,800 kJ/m2 and 1,300 kJ/m2, re-
spectively. The absorbed ignition energies are based on an
external heat flux of 14 to 27 kW/m2 The critical heat
flux indicates that once Ed or Ei has been obtained, cable
damage or ignition will occur as long as the critical heat
flux is maintained.

Figures 3.4 and 3.5 indicate that critical heat flux levels
of 14 to 27 kW/m2 do not exist in the basement when inte-
grated flux levels of 900 kJ/m2 are obtained. Therefore,
cable damage or ignition are unlikely below the dome
region. Cable damage may occur in the dome region but cable
ignition is unlikely. This conclusion is consistent with
results reported in Reference 15. An energy damage level of
1,100 kJ/m2 in the dome region from Figure 3.5 corresponds
to a flux level of 24 kW/m2 in the dome region from
Figure 3.4. These observations have been made assuming that
incident total heat fluxes to cables would be roughly the
same as those to the Barton 763 equipment model.
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! The reader is referred to Appendix B for a more detailed
description of containment gas and equipment model responues
to the TMI-2 hydrogen burning.

3.1.5 TMI-2 Summary-

'
| The HECTR calculated pressures agree well with the measuted

TMI-2 containment pressures during and after the nydrogen
: burn. HECTR predicts a quicker pressure rise during hydro-

gen burning than was measured. HECTR overpredicts pressure
by 10 percent or less in all cases during and after the
hydrogen burn compared to the measured containment pressure.

HECTR predicts maximum peak gas temperatures during burning
to occur in the dome region. Peak temperatures it; contain-
ment below the dome region are 50 K to 180 K lower than in
the dome. The dome peak gas temperatures were higher be-
cause the dome region had less heat transfer surface area to
volume, allowing less heat transfer to occur out of the dome
gas during and after burning. ,

The one-dimensional, three-layer Barton 760 models never
exceeded tho equipment qualification temperature of 444 K.
The maximum surface temperature calculated was 340 K. The
TMI-2 burn appears to pose no threat to equipment with
thermal characteristics similar to those of the Barton 763.

Assuming that the Barton model incident total fluxos would
be comparable to incident total fluxes to cable in contain-
ment, the HECTR analyses indicate that damage to cable in
lower containment levels would be unlikely. Damage to cable
in the dome region would be possible but burning of cable
would be unlikely.

1 3.2 Hybrid Larce Dry Analyses Results

3.2.1 Introduction

Analyses have been performed at Sandia National Laboratories
to characterize containment temperature and pressure re-
sponse and safety-equipment temperature response to hydrogen
burning in a large dry containment during degraded core ac-
cidents. The hydrogen and steam released from the primary
system into containment were calculated by the MARCH code
for two small break LOCAs and one intermediate break LOCA.

| Subsequent hydrogen transport from the break location and
hydrogen burning in containment were calculated using the
HECTR code.

A "hybrid" large dry nuclear power plant was modeled in this;
~

analysis. The containment modeled was that of the Three
Mile Island Unit 2 (TMI-2) Nuclear Power Plant. The con-
tainment has a net volume of 2,000,000 ft3 The prima /

1
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system modeled was that of the Zion Nuclear Power Plant. The
Zion reactor has a more powerful core than the TMI-2 reactor
(3,250 MWt versus 2,772 MWt). Since all large dry PWR

nuclear power plants have different containment volumes,

zirconium mass, and internal containment structures, the

hybrid analyses were intented to be a generic study to

identify potential problem zones in containment with respect
to hydrogen transport (mixing) and burning.

In Reference 16, prior analyses (for containment loading)
'

had been performed to calculate the final uniform hydrogen
concentrations in various PWR containments for LOCAs with
75 percent Zircaloy oxidation. The Zion nuclear power plant
was included in this study but the TMI-2 nuclear power plant
was not. The final hydrogen mole fraction in the Zion con-
tainment was calculated to be .091 (9.1 percent). The 9.1
percent value is based upon dry air calculations without
steam present in containment. The Zion containment has a
volume vf 2,600,000 ft3, and, by taking the ratio of the
Zion to TMI-2 containment volumes (1.3), a possible maximum
dry air hydrogen concentration of 12 percent can occur in
the TMI-2 containment using the Zion core model.

Table 3.4 lists the containment volume to zirconium mass
ratio (Vol/Zr) for the hybrid model as well as fifteen other
nuclear power plants. The hybrid volume to mass ratio is
within 10 percent of the volume to mass ratio of nine other
power plants. Thus the hybrid is representative of a

typical large dry nuclear power plant.

Four power plants listed are subatmospheric large drys
(North Anna and Surry) and the rest are atmospheric large
drys. The ratios were calculated from information reported
in Reference 16. Ranges in volume to zirconium mass occur
due to differences in fuel designs: newer fuel designs tend
to use more zirconium mass. The lower Surry ratio (lower in
relation to Reference 16) reflects the larger zirconium mass
used in the Surry March calculations (see Table C.4.1).
Data for the exact amount of zirconium in a reactor core
often does not exist. Therefore, calculations of zirconium
mass may vary from one reference to another.

From the ratios of Table 3.4, one might expect the lowest
ratio values to produce the highest global concentrations of
hydrogen in containment and thus the most severe environ-
ments. However, the ratios of containment volume to zir-
conium mass can be somewhat misleading because the various
containments have different operating pressures. Thus con-
tainment volume alone is not a true indicator of the moles
of air inside containment. Table 3.5 lists the same plants
with the ratio of volume of air at one atmosphere inside
containment to the mass of zirconium. The corresponding
global hydrogen concentration in dry containment air re-
sulting from a 75 percent core metal-water reaction is also

-22-

- - _ - _ _ _ .



- _ _ _ - _ _ -

Table 3.4

Containment Volume to Reactor Zirconium Mass
Ratiol for Various Large Dry Power Plants

|

3Plant Vol/Zr (ft /lbm)

1. Ginna 32 - 34

2. Palisades 35 - 42i

l

3. Maine Yankee 36 - 37

4. Ft. Calhoun 37

5. Arkansas -1, -2 43

6. Point Beach 45

7. Millstone-2 46

8. Trojan 47

9. Turkey Point 47

10. Hybrid 50

11. North Anna -1 -2 52

12. Surry -1, -2 50 - 55

13. Robinson 52 - 57

14. Bellefonte 63

15. Zion 64

1 ased on Reference 16B

I
i

|
|

|
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Table 3.5

Containment Air Volume (at 1 atm) to Zirconium Mass
Ratio and Resultant Hydrogen Mole Fractions Based

Upon 75% Zirconium Oxidation

H x 100
Plant Vol (1 atm)/Zir (ft /lbm) 2

2 3
1. Surry -1, -2 31 - 34 14.7 - 16.5

2
2. North Anna 32 - 35 15.4

3. Ginna 32 - 34 15.5 - 16.6

4. Palisades 35 - 42 15.2 - 15.6

5. Maine Yankee 36 - 37 14.8 - 14.9

6. Ft. Calhoun 37 14.9 - 15.

7. Arkansas -1, -2 43 13. - 13.1

8. Point Beach 45 12.5

9. Millstone-2 46 12.3

10. Trojan 47 12.1

11. Turkey Point 47 12.

12. Hybrid 50 12.
,

13. nobinson 52 - 57 10.1 - 11.

14. Bellefonte 63 9.3

15. Zion 64 9.1

1From Reference 16

2 urry and North Anna have operating pressures of 62 - 69S
kPa (9 - 10 psi).

3The 16.5% hydrogen mole fraction for Surry reflects the
zirconium mass and containment volume used in the Surry

I analyses of this report.

-24-

_ ____ - _ _ _ _ _ -



. . . . . . . . . . . . . . . . . . .. .

-

listed in Table 3.5. As can be seen from this table, the
| ratio -of containment air volume at one atmosphere to
i zirconium mass is a more appropriate indicator of the

maximum possible global hydrogen concentration inside
i containment given a 75 percent zirconium-water reaction.

The values of hydrogen mole fraction (excluding the hybrid
and the -highest Surry value) shown in Table 3.5 were taken
from Reference 16. The 16.5 percent hydrogen mole fraction
for the Surry containment reflects the zirconium mass and
containment volume used in the Surry analyses of this
report. Thus the Surry analyses are representative of the
most severe cases (highest global hydrogen concentrations)
for atmospheric and subatmospheric large drys.

Based on dry air calculations alone, containment-wide
hydrogen deflagrations in atmospheric large drys would be
most severe for Ginna and least severe for Zion. Parameters
such as containment surface area to volume, initial condi-
tions (caused by a LOCA) prior to burning, and operation of
ESPs would also have to be investigated. However, the sub-
atmospheric containment-wide hydrogen deflagration should
bound the atmospheric large drys based on Table 3.5.

During a LOCA, large amounts of steam / water can be released
into containment. Appreciable amounts of steam in the air
will decrease the hydrogen concentration. The amount of
steam in the containment will depend upon the heat sinking I

capability of containment surfaces, operation of ESPs, and |
the amount of steam released from the primary system.

The Surry subatmospheric spray system is activated when
containment pressure exceeds 170 kPa and is maintained at
8'C. In the Surry calculations (see Section 3.3), the spray
system was activated during the LOCA and was extremely ef-
fective in stripping out steam in containment. Atmospheric
large dry spray systems have much higher pressure set points
(290 kPa for TMI-Unit 2, for example) and are maintained at
temperatures higher than 8'C. For the small break LOCAs
analyzed, the hybrid spray system was not activated.
Reactor building fan cooler coolant water is also not main-
tained close to the 8'C level of the Surry spray water and
would not be expected to be as effective in stripping steam
out of containment. Therefore, including the presence of
steam and the effects of ESPs, it is believed that the Surry

. Plant would still be the most conservative case in terms of
. containment-wide hydrogen burning.

Two containment models were used for the hybrid analyses.
The first model divided the TM1-2 containment into eight
compartments: (1) The reactor cavity (RC), (2) the steam
generator compartment with the pressurizer (SGlA), (3) the
steam generator compartment without the pressurizer (SGlB),

!

!
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(4) the refueling canal, (5) the basement level (BL), (6) the
second floor, (7) the dome region, and (8) the enclosed
stairwell and elevator. The compartments were selected
based on actual boundaries in containment such as walls and
floors. The second model divided the TMI-2 containment into
eleven compartments. The basement level was divided into

,

two compartments and SGlA was divided vertically into three
equal volume compartments.

The Barton 763 models were placed in four containment loca-
tions for this analysis. The locations were (1) the base-
ment level compartment (s), (2) the second floor. (3) the
steam generator compartment (s) with the pressurizer (SGlA),
and (4) the steam generator compartment without the pres-2

surizer (SGlB). These four locations were considered to'be
the most likely locations for the safety-related equipment
after reviewing the TMI GEND Planning Report (GEND-001). A
description of the Barton 763 model is located in Section
3.1.

Two small break LOCAs with 1- and 2-inch diameter breaks
S D2) and one intermediate breaX LOCA with a(S D1 and2 2

(S D4) were studied in the hybrid4-inch diameter break 1
: analysis. Core uncovery was allowed until 75 percent of the

Zircaloy had oxidized. Emergency cooling was restored to
recover the core and stop oxidation at the 75 percent
level. The effect of break location in containment on the
accident and results was also studied by alternately placing
the break in the reactor cavity, the two steam generator
compartments, and the lower basement level where the reactor
coolant drain tank is located. The compartment in which the'

break is located will be referred to as the source compart-
i ment.

Three hydrogen ignition criteria were used in this 1
'

analysis. The first study ignited hydrogen at its local
maximum concentration in the source compartment during the
LOCA. The second study ignited hydrogen at its average (or

;

; global) maximum throughout containment at the end of the
LOCA. The third study ignited hydrogen at the HECTR default+

ignition level of 0.07 (7 percent) hydrogen mole fraction
level. The HECTR default ignition level is considered to be
the most likely minimum hydrogen concentration which can be
ignited during a LOCA. This third hydrogen ignition study |
also represents deliberate hydrogen burning at lower hydro-
gen levels by some type of ignition system such as glow or
spark plugs. The default ignition mode forces hydrogen

|

; burning to occur in any compartment that reaches a hydrogen
i mole fraction of 0.07 during the LOCA: the compartment in

which burning first occurred was always the source compart-
! ment in these studies.
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The effect of ignition location for maximum hydrogen igni-
tion levels at the end of the LOCA was also examined. Igni-
tion locations included the basement, the steam generator
compartment, and the dome region.

The effect of spray operation on containment temperature and
pressure and the Barton 763 model thermal responses during
hydrogen burning was also calculated in this analysis.

3.2.2 Results

The HECTR code was used to calculate: (1) hydrogen trans-
port during the prehydrogen burn LOCA, (2) containment
temperature and pressure response to hydrogen burning, and
(3) the surface temperature response of the one-dimensional,
three-layer pressure transmitter model to hydrogen burning.
The hydrogen transport calculations were first performed
without hydrogen burning to observe hydrogen transport
throughout the containment during the accident.

3.2.2.1 Hydrogen Transport Results

Two types of maximum hydrogen concentrations were calculated
in the containment for all of the LOCA studies. The first
type occurred in the source compartment at the tima of
maximum hydrogen release from tne break. The release of
hydrogen into the source compartment caused the highest
local hydrogen concentrations throughout containment to
occur in the source compartment during the LOCA. At the
same time, hydrogen concentrations in compartments outside
of the source compartment were lower because the hydrogen
released into the source compartment had insufficient time
to be transported to the rest of the compartments in the
containment.

Hydrogen concentrations in the source compartment can often
result in peak hydrogen mole fractions greater than 0.14.
Hydrogen mole fractions above 0.14 are assumed to indicate
that hydrogen detonations may be possible. HECTR does not
have the capability to analyze detonations. The code only
indicates when a potentially detonable concentration of
hydrogen is present in a given location. The code uses a
simple set of criteria to define a detonable mixture. The
HECTR conditions for a detonable mixture are a hydrogen con-
centration greater than 14 percent, oxygen concentration
greater than 9 percent, and a steam concentration less than
30 percent. All three conditions must be satisfied simul-
taneously. As stated, these are very simple criteria.
Whether a detonable concentration actually exists in a given
location is very sensitive to compartment geometry, pres- .

sure, temperature, and other gases which may be present in
the compartment atmosphere. Thus, a HECTR prediction of a
detonable mixture indicates the need for detailed analysis ,

|
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which considers all of these parametero. Should ignition of
a detonable concentration occur, HECTR treats the resulting
combustion as a deflagration.

The second type of maximum hydrogen concentration calculated
occurred at the end of the LOCA hydrogen transport calcula-
tions. The hydrogen concentration at the end of the LOCA
was relatively uniform throughout the containment (varying
by a total mole fraction of approximately 0.01). The hydro-
gen concentration was relatively uniform because enough time
had elapsed for all of the hydrogen to be transported
throughout containment. Each compartment (except for the

source compartment) also had its maximum hydrogen mole
fraction at the end of the LOCA. Therefore the hydrogen
concentration at the end of the LOCA will be referred to as
the maximum average (or global) hydrogen concentration.
However, the local hydrogen peaks in the source compartments
during the LOCA were always higher than the global hydrogen
concentrations throughout the containment at the end of the
LOCA.

Table 3.6 lists the hydrogen transport results for the

S D4 scenario calculations. TheS Dl, andS D2, I22source compartment, maximum global hydrogen mole fractions,
the source compartment peak local hydrogen mole fraction,
and the containment model used are presented for each case.
The global maximum hydrogen mole fractions are presented as
ranges of maxima to demonstrate the range in the final mole
fractions of hydrogen for the compartments in the TMI-2 con-
tainment models. The source compartments studied in these
cases were SGlA, the basement level (BL), and the reactor
cavity (RC). Analyses in which the source compartment was
SGlB will not be presented because the results were essen-
tially the same as the SG1A source compartment results. The
maximum global hydrogen mole fractions which occurred at the
end of the LOCA showed no appreciable sensitivity to the
break locations. HECTR calculated a hydrogen mole fraction
variance throughout containment of approximately 0.01. The
almost uniform hydrogen concentrations were caused by
turbulence generating mechanisms that occurred during the
LOCA such as fan cooler operation, the hydrogen and steam
sources from the break, and the hot nuclear steam system

surfaces.

The maximum local hydrogen mole fractions for the source
compartments were functions of source compartment volume and
ventilation to neighboring compartments. In general, smal-
1er source compartments had higher peak hydrogen mole frac-
tions. The reactor cavity was the smallest source compart-
ment and had the highest hydrogen concentrations. Source

compartments with large flow path areas and ventilation from
the fan coolers had lower peak hydrogen concentrations.
SG1A was the best ventilated source compartment resulting in
the lowest peak hydrogen mole fractions.
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a

e

I

L
-Table 3.6-

i
Hybrid LOCA Hydrogen Transport Results i

Case Scenario SC GHM SCM gj{

1h S D2 SG1A O.11 - 0.12 0.12 12
1B RC 0.11 - 0.12 0.37 1 i

1C BL 0.11 - 0.12 0.16 1

2A S D1 SGlA 0.10 - 0.11 0.11 12 ;

2B RC 0.10 - 0.11 0.27 1 {
4

'

2C -BL 0.10 - 0.11 0.16 1

3A. S D4 SGlA 0.11 - 0.12 ,0.13 1I
3B RC 0.11 - 0.12 0.61 1
3C BL O.11 - 0.12 0.16 1
3D BL 0.10 - 0.12 0.21 2 i

3E SG1A 0.11 - 0.12 0.13 2 L

i

SC: Source compartment |i

l GHM: Maximum global hydrogen concentration i
SCHM: Source compartment peak hydrogen concentration f

CM: Containment model: 1 = containment divided into eight
compartments. 2 containment divided into 11
compartments,

;

I

Hydrogen was released at a greater rate in the S D4 ;I

scenario than in the S D1 scenarios. TheS D2 and S D1 |2 2 2
had the lowest hydrogen release rate. The high S D4 ;I
hydrogen release rate resulted in the highest peak hydrogen !

mole fraction in the small, relatively enclosed reactor !,

cavity. !

" Detonable messages were received from HECTR during the LOCA !
for the basement level and reactor cavity source compartments [
in all of the cases listed. HECTR indicated that detonable !

mixtures occurred for brief periods of time during maximum |

hydrogen injection into the source compartments. ;

!

3.2.2.2 Hydrogen Deflagration Results [

Table 3.7 lists the temperature and pressure calculations.

performed for the three LOCA scenarios with hydrogen burns. [
Included in Table 3.7 are the scenario, the source compart- L

] ment (SC), the ignition criteria (IC), the compartment in
'

which hydrogen burning was initiated (IBC), spray operation, i

the number of hydrogen burns per compartment (BPC), the peak i

1

i

'

.

* *

.

I
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Table 3.7

Hybrid Hydrogen Burn Analyses

Case Scenario SC IC IBC Spray BPC TGM PGM TEM TDM
(*K) (kPa) (*K) (*K)

4A S2D2 SGlA G BL 0 1 1210-1290 480 400 1340
4B SGlA G BL 1 1 1210-1290 480 400 1340
4C SGlA G SF 0 1 1330-1340 500 400 1400
4D SGlA G DL 0 1 1300-1350 510 400 1420
4E SGlA G SGlA O 1 1290-1350 500 400 1390
4F SGlA D SGlA 1 1-2 740- 830 300 420 --

4G RC G BL 1 1 1220-1330 480 400 1370
4H BL G DL 1 1 1250-1350 500 390 1430
41 BL D BL 1 0-11 430- 820 200 440 --

4J BL L BL 1 1 1180-1370 430 380 --

Sk. S2D1 SGlA G BL 1 1 1100-1160 420 400 1200
-L SGlA D SGlA 1 0-2 450- 840 250 400 --

| $ SC RC L RC 1 0-1 400- 920 210 400 1560
8 SD RC G DL 1 1 1170-1220 440 400 1300

|
! SE BL L BL 1 0-1 550-1340 230 400 --

| SF BL G DL 1 1 1000-1190 410 400 1260

|
| 6A SID4 SG1A G BL 1 1 1210-1310 480 400 1360
i 6B BL D BL 0 0-12 390- 920 220 540 --

6C BL L BL 1 1 1150-1460 410 420 --

6D BL G DL O 1 1250-1350 490 420 1430
6E BL' D BL 1 0-20 380-1160 220 670 --

SC: source compartment PGM: peak gas pressure
,

! IC: ignition criteria TEM: peak equipment surface temperature
IBC: compartment in which hydrogen burn was G: global ignition

initiated L: source compartment ignition
BPC: number of hydrogen burns per compartment D: default ignition
TGM: peak gas temperatures

|

1
|
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containment gas temperatures and pressures (TGM and PGM,
respectively) during the burn, and the peak equipment surface
temperature (TEM). The TGM variable is presented as a range
of maximum temperatures to demonstrate how the peak gas
temperatures in the compartments with the Barton 763 model
varied during hydrogen burning in the TMI-2 containment
model. The ignition criteria are given as G (global igni-
tion), L (source compartment ignition), and D (default
ignition). Spray operation is indicated by O for off and 1
for on. The variable TDM is included to show the peak
compartment gas temperature calculated for each casu when
the peak did not occur in a compartment with the Barton 763
equipment model. For global ignition, peak gas temperatures
usually were calculated in the dome. Peak gas temperatures
were calculated in the source compartments for the local and
default ignition cases.

3.2.2.2.1 Global Ignition

Global ignition was initiated at the end of the LOCA with
hydrogen mole fractions ranging from 0.10 to 0.12 tot the
S D2, S D4 scenarios. The global ignitionS D1, and2 2 I

burns were characterized by high containment pressures and
temperatures throughout the containment . building. One
hydrogen burn was calculated per compartment as the hydrogen
burn propagated throughout the containrent. The TGM column
from Table 3.7 presents a range of peak gas temperatures
which occurred throughout containment during the hydrogen
burn. The highest temperatures generally occurred in the
dome region during the burn. Higher temperatures were
calculated in the dome region because the ratio of heat
transfer surface area to volume of burning gas was the smal-
lest in the dome region compared to any other compartment.
The smaller heat transfer surface area allowed less energy
to be lost by the gas.

For all three scenarios, peak gas temperatures (TGM) ranged
from 1000 K to 1350 K and peak gas pressures ranged from
410 kPa to 510 kPa. The peak containment pressures remained
above the equipment qualification pressure of 483 kPa for
less than 5 seconds.

The spray system was activated during hydrogen burning for
all three scenarios, but spray water did not leave the spray
headers until after the peak gas temperatures and pressures
had been calculated because of the 30-second delay time
after pressure activation of the spray system. Therefore,
spray operation did not affect the peak gas temperatures and
pressures due to hydrogen burning but did cool the contain-
ment gas more rapidly than for the cases in which the spray
system was shut off. Equipment surface temperatures also
decreased at a greater rate during spray operation when
compared to no spray operation.
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The one-dimensional three-layer model surface temperatures
never exceeded the 444 K equipment qualification temperatura
in any of the cases studied.

3.2.2.2.2 Source Compartment Ignition

Table 3.6 lists the initial hydrogen mole fractions used for
the source compartment ignition cases. The source compart-'

S D2 scenario was the basement lovelment enosen for the 2
and had a maximum hydrogen molo fraction of 0.16. The
hydrogen mole fractions outside of the source comparbaent at
the time of ignition were lower, ranging from 0.00 to 0.14.
The basement level and reactor cavity were selected as

S D1 scenario and had hydrogensource compartments for the 2
mole fractions of 0.15 and 0.27, respectively, at the time
of ignition. Hydrogen mole fractions outside the source

S D4 scenariocompartment ranged from 0.05 to 0.07. The I

used the basement level as its source compartment and had a
peak hydrogen mole fraction of 0.16 at the time of igni-
tion. Although the hydrogen mole fraction was flagged by
HECTR to be in the detonable regime, the hydrogen ignition-
was treated as a deflagration. The hydrogen mole fractions
in the rest of the containment compartments at ignition
ranged from 0.08 to 0.14.

S D4 scenarios with source compartmentS D2 andThe t2
ignition resulted in one burn per compartment with peak gas
temperatures occurring in the source compartments (1370 K
and 1460 K, respectively). Peak gas temperatures were lower
outside the source compartment, ranging f rom 1180 K to 1270

S D2 scenario and 1150 K to 1160 K for theK for the 2
S1D4 scenario. Gas pressures for the S D2 and S1D42
scenarios ranged from 410 kPa to 430 kPa and did not excoed
the equipment qualification pressure of 483 kPa.

S D1 scenario with source compartment ignitionThe 2
resulted in one hydrogen burn occurring in some compartments
and none occurring in others. This nonuniform hydrogen
burning occurred because of the low hydrogen mole fractions
in ecntainment outside of the source compartment at ignition
time. These low hydrogen mole fractions were below the
HECTR flammability limits in some compartments. Therefore.
these burns resulted in high peak gas temperatures in the
source compartments (1340 K and 1550 K) and low peak gas
temperatures elsewhere in contal.iment (400 K to 920 K), Gas
pressures were low (210 kPa and 230 kPa) and did not acti-
vate the reactor building spray system.

The peak equipment model surface tenperatures did not e< coed
the 444 K equipment qualification temperature.
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3.2.2.2.3 Default Ignition

The default ignition. cases calculated multiple hydrogen
burning to occur in the source compartments during hydrogen
release. The source compartments had from 2 to 20 burns
during the LOCA. Multiple burns occurred frequently in the

L small source . compa r tment.s since 7 percent hydrogen concen-
| trations were achieved rapidly between burns. Multiple
| burns in large source compartments occurred less frequently

because more time was required for the hydrogen concentta-
tion to reach 7 percent after a burn had occurred. The
multiple burns caused moderate to high peak gas temperatures
to be calculated in the source compartments, ranging from
820 K to 1470 K. The multiple burns consumed large frac-
tions of the hydrogen entering the source compartmonts al-
lowing less hydrogen to be transported to the rest of the
containment. For some cases, multiple burns were also cal-
culated in compartments directly adjacent to the source com-
partments. For compartments not directly in contact with
the source compartment, some had no hydrogen burning or had
a single hydrogen burn at low hydrogen concentrations re-
sulting in low peak gas temperatures for those compartments.

The peak gas pressures were calculated to be low because
hydrogen burning occurred at low hydrogen mole fractions
throughout containment. Peak gas pressures ranged from
200 kPa to 300 kPa. The reactor building spray system was
not activated for the default ignition cases.

For the eight. compartment containment model, the 444 K
equipment qualification temperature was exceeded in one
default ignition case (Case 6B). The source compartment was
located in the basement and had 12 hydrogen burns. The one-
dimensional three-layer model surface temperature was cal-
culated to excced 444 K for 31 minutes. The peak surface
temperature was calculated to be 540 K.

Case 6E used the second containment model with 11 compart-
ments. The multiple burns which were calculated in the
source compartment were severe enough to cause the cal-
culated one-dimensional three-layer model surface temper-
ature to exceed 444 K for roughly 51 minutes. The peak
surface temperature calculated was 670 K.

3.2.3 Hybrid Large Dry Summary

Containment and safety-related equipment thermal responses
were calculated for hydrogen burning in a hybrid large dry
containment. Hydrogen was ignited at (1) the average
maximum hydrogen concentration throughout containment at the
end of the LOCA, (2) at local maximum hydrogen concentra-
tions in the source compartment, and (3) at a hydrogen con-
centration of 7 percent to simulate igniter burn initia-
tion. The first two ignition cases generally resulted in
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one hydrogen burn per compartment, and the third resulted in
multiple hydrogen burns in compartments.

The peak qualification pressure of 483 kPa was exceeded in
five average maximum burn cases. However, the time above
483 kPa was less than five seconds for the five cases
considered.

The one-dimensional, three-layer thermal model of the
Barton 763 pressure transmitter was found to be slightly
conservative but was det'rmined to be a realistic represen-
tation to study equipment surface temperature respcnue to
hydrogen burning. The three-layer model exceeded the 444 K
qualification temperature in two cases analyzed (6B and
6E). The peak surface temperature calculated was 670 K and
remained above the 444 K qualification temperature for
51 minutes. This worst case occurred for an S D4 default1
ignition case with multiple hydrogen burning.

The use of the Zion core in the TMI-2 containment was
intended to be a generic study for large dry PWR contain-
ments since these PWRs differ with respect to (1) the
ratio of containment volume and primary system zirconium
mass and (2) the internal structures (rooms or compartments)
arrangement inside containment. Table 3.4 illustrated the
hybrid model to be within 10 percent of containment volume
to zirconium mass ratio for nine of the fourteen power
plants listed. Thorefore, it is felt that the hybrid
analyses can be used to identify potential problems with
respect to the release and burning of hydrogen in large dry
containments or conclude that no problems exist.

Single hydrogen burns due to global and source compartment
ignition and resulting equipment thermal responue appear to
represent no threat to the hybrid type PWR containment.
Peak equipment temperatures were well below the 444 K quali-
fication temperature. From Table 3.5, equipment and con-
tainment gas temperatures and pressures could be expected to
be lower than the hybrid results for containments 13 to 15
and equivalent to the hybrid results for containments 7 to
12. Containments 3 to 6 should be bounded by the Surry
dnalyses.

The default ignition (multiple burn) analyses resulted in
equipment temperatures exceeding 444 K for two cases. The
excessive temperatures occurred in small and poorly venti-
lated source compartments. Large or well ventilated source
compartments did not calculato equipment temperatures above
444 K. Since the hybrid studies are generic, these results
indicate that further studies might be performed for default
ignition cases for large dry PWR containments which could
have small and/or poorly vented zones into which hydrogen
would be released and ignited at 7 percent.
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No assessment was made for equipment damage with respect to
detonations. High values of local hydrogen concentration
were observed for releases to the reactor cavity and base-
ment level. Again, small source compartments in any large
dry PWR could bo expected to produce detonable concentra-
tions.

3.3 Surry Subatmospheric Analyces

3.3.1 Summary of Accident Conditions
.

The Surry analyses used a 15-compartment model of the sub-
atmospheric containment building. The SD and SD2 1
accident sequences were the basis of the studies. Those
sequences are, respectively, small- and intermediate-size
LOCAs with loss of emergency core cooling. The scenarios ;

assumed the reactor core to be uncovered long enough to |
allow 75 percent of the Zircaloy to react with steam to
release hydrogen, at which time core cooling was restored.
The break location was varied among all containment compart-
ments which housed portions of tne primary coolant system.

Two ignition criteria were studied. The first assumed igni-
tion to occur in the basement at the completion of the
75 porcent metal-water reaction. This resulted in a single
burn in most containment compartments.

The second ignition criterion simulated deliberate ignition
by an ignition system. In these cases ignition occurred at
any time the hydrogen concentration reached 7 mole fraction
percent in any location. This ignition will be referred to
as default ignition.

3.3.2 Results

The HECTR calculations determined the gas temperaturos and
pressures inside containment and the temperature response,
due to hydrogen combustion, of safety equipment modeled in
the various containment locations. Because it gave the best
fit to experimental data of the four transmitter thermal
models, the three-layer model results provide a best esti-
mate of the thermal response of typical safety equipment to
hydrogen burns and it is these results which are discussed
here. Since the "generic" environmental qualification pro-
file of 1REE323-7417 has a maximum temperature of 444 K
(340 F) which is held for several hours, calculated peak
equipment temperatures from these analyses which were at or

f below this value were considered to be nonthreatening. Peak
equipment temperatures above this value were considered
potentially threatening to equipment functionality. In

i these cases the peak temperature and the time the equipment
spent above 444 K were noted.
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3.3.2.1 Containment Temperature-Pressure Environments

None of the cases studied resulted in a maximum compartment
pressure approaching the 483 kPa equipment qualification
value. The highest gas temperatures and pressures in any

SDcompartment occurred in the single-burn cases. In the 2
cases the peak gas temperatures were around 1400 K to 1500 K

SDand peak pressures were in the 400 kPa range. For the 1
events the peak gas temperatureu were around 1550 K and peak
pressures were around 410 kPa.

3.3.2.2 Detonable Mixtures in Containment

HECTR predicted potentially detonable hydrogen mixtures
SD cases at theSD andthroughout the containment for 12

completion of the 75 percent metal-water reaction. Those
mixtures resulted from the efficient removal of steam from
the containment atmosphere by the cold (45'F) sprays. As a

,

j result of the steam removal, the hydrogen concentrations
rose and HECTR indicated potentially detonable mixtures of |

hydrogen throughout the containment building. In some cases
HECTR indicated detonable concentrations at several dif- )
ferent times 11. the same compartment. These concentrations !

lasted on the order of minutes before being dispersed.

3.3.2.3 Equipment Model Temperature Response Results

As noted earlier, the three-layer transmitter model is the
model which is most representative of an actual piece of
safety-related equipment in widespread use in nuclear power

.
plant containments. Thus, the three-layer model of the

| Barton 763 pressure transmitter served as a surrogate for
safety-related equipment in these analyses and results from
this model form the basis of the following discussion.
Results from the other three models may be useful if their
thermal characteristics can be related to those of other
known pieces of equipment. For this reason they are
included in the results tables of Section C.5.0, Appendix C.

The following discussion of results is divided into sections
based on break size and ignition criterion. The SD2
(small break) cases are discussed first, followed by the
SD (intermediate-size break) cases.1

S D Sprays-On Single Burn3.3.2.3.1 2

These cases had a single burn at the completion of the
| 75 percent metal-water reaction. There was one case in this
i

scenario for which the three-layer model exceeded 444 K.
! The equipment model was located in the steam generator A

cubicle (which also happened to be the source compartment).
.

The model surface temperature exceeded 444 K for 3 minutes
and had a peak temperature of 447 K.

!
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Steam removal by the sprays produced detonable concentra-
tions throughout containment.

S D Sprays-On Default lynition3.3.2.3.2 2

One case was run using the largest steam generator cubicle as
a source compartment. Thirty-eight multiple burns were cal-
culated to occur in the source compartment which drove the
three-layer transmitter model surface temperature above 444 K
for 90 minutes. Its peak temperature was 507 K. The three- <

1ayet equipment model temperature response is given in
Figure 3.6.

A run for a small source compartment was also performed.
The source compartment chosen was the pressurizer telief
tank cubicle. This cane proved to be a demonstration of the
strong effect of the combination of the sprays and ignit-
ers. All analyses were run on a Cray XMP supet computet.
For the large source compartment case there were 38 burns in
the source compartment and the case required 17.73 minutes
of Cray computing time to complete. So many burns occurred ,

in the small source compartment caue that the analysis !

exceeded the allotted 30-minute run time and results could
not be obtained. It is therefore expected that the three-
layer equipment model in the small pressure relief t.ank I

source compartment with the sprays on would reach a higher
temputature than it would in the larger source compartment
and hence would probably exceed the 507 K calculated for the
same model in the largest steam generator cubicle when t. hat
cubicle was the source compartment.

S D (Intermediate liteak LOCA) Case Select. ion3.3.2.3.3 1

Hydrogen transport studies for the S1D cases were con-
ducted prior to the equipment temperature response a na l- |
ysis. These studies indicated that, regardless of the
source compartment, there was an even distribution of hyd ro-
gen throughout the containment building at the end of the
75 percent metal-water reaction. Thus, regardless of the
source compartment, the results would have been similar for i

SD single-burn cases with the same spray condition.all 1
A review of the S2D single-burn analyses also indicated
that source compartment location was not impo r t a n t. at the
end of the 75 percent metal-water reaction ( lit terros of
hydrogen concentrations) in those cases. Also, for the
igniter cases (which assumed 7 percent hydrogen mole fract. ion
ignition) the combustion and high equipment temperatures are
generally confined to the source compartment. The number of
burns is determined by the size of that compartment.

Generally, two cases were run: one with a large source com-
partment, the other with a small one. The large source
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compartment chosen for these studies was a steam generator
cubicle. The small source compartment was the pressurizer
cubicle.

S D Sprays-On Single Burn3.3.2.3.4 1

| These cases had a single burn at the completion of the
75 percent metal-water reaction. In addition to the steam

'

generator cubicle and pressurizer cubiclo source compartment
cases a third case was run using the pressurizer relief tank
cubicle as a source compartment. The three-layer equipment
model exceeded 444 K for one case in which the model was
located in a source compartment. The energy from the hot
steam and hydrogen coming out of the break combined with a
single hydrogen burn caused the model to exceed 444 K for
10 minutes. The peak temperature calculated was 450 K.

As with the SD sprays-on single-burn scenario, HECTR2
predicted potentially detonable hydrogen mixtures due to
steam removal by the sprays. These mixtures occurred more
than once in several compartments throughout containment.

3.3.2.3.5 S D Sprays-On Default Ignition1

One case of this type was run using a steam generator
cubicle as a source compartment. There were 59 burns in the
source compartment which caused the three-layer equipment
model to reach a peak temperature of 670 K. This model
remained above 444 X for 50 minutes. The three-layer
temperature plot for this case is given in Figure 3.7.

A small source compartment case was not run for this
scenario. Given the results of the SD sprays-on igniter2
case which exceeded the allotted computer run time, the
large number of burns which occurred in the SD no-spray1
igniter case with the small source compartment, and the
inverse relationship between the source compartment volume
and the number of burns there for igniter cases, it was
determined that nearly 120 burns would occur in a small
aource compartment for a sprays-on igniter case. Thus the
temperature of the three-layer equipment model would prob-
ably have exceeded 670 K for this case. This large number
of burns would require an inordinate amount of computer time.

3.3.3 Subatmospheric Analyses Summary

By comparison with experimental results, a three-layer model
of the Barton 763 pressure transmitter was developed and
found to give a mildly conservative yet realistic represen-
tation of a device for studying equipment temperature
response to hydrogen burns using the HECTR computer code.
Equipment temperatures were calculated for SD and SD1 2
scenarios with a 75 percent core metal-water reaction and
single and multiple hydrogen burns.
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SD cases in which theThere were two instances in the 2
three-layer model exceeded the typical equipment qualifica-
tion temperature of 444 K. One instance occurred for a
single burn case. In the single burn case, the three-layer
model peak surface temperature (447 K) slightly exceeded the
equip. ment qualification temperature for 3 minutes. The
second instance was for a case in which ignition occurred
anytime the hydrogen concentration reached 7 mole fraction- !

percent at any containment location. This ignition cri- |
terion corresponds to having igniters in the containment.

building. The equipment model surface temperature remained
above 444 K for 90 minutes and reached a peak temperature of
507 K. The high temperature occurred in a source compart-
ment for both caues.

SD cases the three-layer equipment model had cal-For the 1culated temperatures which exceeded 444 K twice. One single
burn case had a peak model temperature of 450 K and was
above 444 K for 10 minutes. The model surface temperature
also exceeded 444 K for a seven percent hydrogen ignition
case. The peak surface temperature was 670 K and remained
above 444 K for 50 minutes. Again, the high temperatures
were calculated to occur in source compartments.

In cases which considered deliberate ignition by igniters
the majority of the burns and thus high equipment temper-
atures were generally confined to the source compartments.
Smaller source compartments would have resulted in more
multiple burns, and therefore even higher equipment temper-
atures.

The effect of the sprays in these analyses was significant.
The spray water is maintained at 45*F prior to spray activa-
tion and this low temperature resulted in efficient steam
removal from the containment atmosphere. In cases where
ignition was delayed until the completion of the 75 percent
metal-water reaction, HECTR predicted potentially detonable
mixtures throughout containment prior to tha completion of
the reaction.

The Surry containment is considered to be one of the most
conservative plants for both atmospheric snd subatmospheric
nuclear power plants (see Table 3.5). Because of the effect
of spray operation, single deflagrations inside Surry pre-
sented a more challenging thermal stress to the Barton than
did the TMI hybrid analyses. Multiple burns can be equally
severe to equipment for both subatmospheric and atmospheric
large drys.

These analyses were carried out for a piece of equipment
that is considared to be representative of safety equipment
in terms of thermal characteristics. As such these studies
considered the three-layer model of the Barton 763
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transmitter to be a surrogate for all safety equipment in
containment. It is recognized that the sensitivity of dif-
ferent devices to thermal stresses can vary widely depending
on the construction and function of the equipment. There-
fore, in order to assess the threat to a specific piece of
equipment in a containment with a deliberate ignition system
(especially in potential hydrogen source compartments)
particular attention shou]J be given to the location of the
device in containment, its function, thermal character-
istics, material properties, and its susceptibility to
thermal stress. Based on these considerations, a determind-
tion regarding the necessity for the demonstration of equip-
ment survival margins can then be made.

3.4 SCETCh Tests

The SCETCh tests exposed aged and unaged specimens of
nuclear qualified cable and pressure transmitters to LOCA
and hydrogen burn environments. Single burn and multiple
burn simulations were conducted. The tests included simula-
tion of the HECTR predicted heat fluxes, pressures, moisture
conditions, and oxygen concentrations during a LOCA and
hydrogen burn.

3.4.1 SCETCh Description

The SCETCh facility was designed to simulate severe environ-
ments having combined thermal, pressure, and chemical com-
ponents. The chamber is cylindrical (15.25 inches in
diameter by 27 inches long) and is made of Inconel 625.

Heat for the LOCA portion of the tests was provided by 45
quartz lamps (2.5 kW each). The hydrogen deflagration heat
fluxes were reproduced using electrically heated stainless
steel foils one mil thick. Photographs of the chamber and
foils are given in Appendix D.

|
An external pressure source (air) was used to establish the

I necessary pre-deflagration oxygen and pressure conditions.

3.4.2 Translation of Environments

Once a representative HECTR generated hydrogen deflagration
scenario had been selected, an analysis was performed to
determine what would be required to create such an environ-
ment in the SCETCh. A computer program (FOILTEMP) was writ-
ten which combined the appropriate analytical models and was

,

used to predict the required foil temperatures, foil powers,
| and initial (pre-pulse) conditions necessary to reproduce

the HECTR predicted deflagration environment. Details of
the analysis can be found in Appendix D. These results were
then assimilated into the foil design, control setup, and
test plan.
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The first point of concern was to match the heat flux
absorbed by the equipment during the simulated hydrogen burn.
This involved calculation of appropriate thermal radiation
viewfactors and consideration of wavelength dependency of
the thermal radiation in the HECTR calculations and in the
SCETCh. The HECTR predicted radiative plus convective flux

| was duplicated in the SCETCh using electrically heated foils
'

to provide a mostly radiative flux.

It was also deemed important to match the peak steam and
total pressures generated by HECTR, as moisture intrusion
through cracks in the cable jacket or through transmitter
seals could conceivably lead to electrical failure. This
was accomplished by starting the pulse from a LOCA condition
of saturated steam at 358*K, and a total pressure (ini-
tially) of about 241 kPa (accomplished by injection of an
additional 83 to 115 kPa of air immediately before the
pulse). This additional air necessitated venting of the
SCETCh after the pulse to return to the HECTH LOCA pressure.

Desides matching HECTR predicted peak steam and total pres-
sures inside the SCETCh, this combination of initial SCETCh
steam and total pressures results in a SCETCh pre-pulse
oxygen concentration of 15 to 16 percent. This is the same
initial (pre-deflagration) oxygen concentration predicted in
the HECTR results.

The necessary SCETCh foil power versus time profile was
calculated using FOILTEMP. The heat flux to equipment pro-
duced by this foil power profile in the steam environment
could not be directly measured because of erratic behavior
of the heat flux gauges due to condensation. Instead the
heat flux to equipment versus time curve in the steam
environment was inferred from the foil power profile based
on calioration of the heat flux gauges versus foil power in
dry environments inside and outside the SCETCh. The heat
flux versus foil power curve in the steam environment was
obtained by modifying the dry environment curves to account
for steam absorption. The necessary modification for steam
absorption was first estimated analytically and then fine
tuned using the experimentally observed pressure response
(pressure response is an indirect measurement of gas energy
absorption). Using this procedure the heat flux to equip-
ment versus time in the steam environment could be inferred
from the measured foil power versus time.

3.4.3 SCETCh Single Burn Tests

Both single and multiple burn tests were conducted in the
SCETCh. The following two sections summarize the single
burn test results. The multiple burn test results are i

summarized in Section 3.4.4. Details of the tests can be
I found in Appendix D. The results indicate that nuclear
1
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qualified class 1E cable can survive a single hydrogen burn
resulting from a 75 percent metal-water reaction in a large
dry containment.

For the single burn tests, the accident environment simu-
SD event in the TMI-hybrid power plantlated was for an 2

which resulted in a 75 percent core metal-water reaction.
SD event simulated was representative ofThe particular 2

the most severe environments calculated in the HECTR TMI-
hybrid analyses. The hydrogen burn was assumed to occur at
the completion of the 75 percent metal-water reaction.

3.4.3.1 Cable Tests
|

Several specimens of new and artifically aged Brand Rex
XLP/CU three-conductor power and control cable were tested i

in a simulated LOCA/ hydrogen burn environment. The cable |

conductors were connected to a three-phase power supply
which established a potential of 480 volts from cable to
cable and 277 volts between each cable and the cable mount.
This arrangement facilitated the identification, during
testing, of specific conductors which might have shorted to
each other or to the cable mount.

The LOCA portion of the experiments was conducted after
thermal equilibrium had been reached. The SCETch LOCA
environment maintained a temperature of 358 K, a total pres-
sure of 150 kPa, and a steam partial pressure of about
50 kPa (saturation).
Approximately 4.4 hours into the LOCA, the hydrogen burn was
assumed to occur (based on the HECTR calculations). At this
time, the stainless steel foils were energized to provide
the heat flux pulse which would simulate the hydrogen de-
flagration. Following the hydrogen burn simulation, the

LOCA was continued for another 2 hours.

Two tests (one each of an aged and unaged specimen) were
conducted at the optimum foil power (i.e., at 100 percent of
the foil power necessary to simulate the HECTR-defined
hydrogen burn heat flux). These are referred to as the
100 percent tests in Table 3.8. The 110 percent tests used
foil powers which resulted in heat fluxes 10 percent higher
than the HECTR calculated heat fluxes. These tests were
conducted near the limit of foil power.

During two "110 percent" tests conducted with aged cable
samples, one or more of the stainless steel foils broke down
during the heat flux pulse resulting in test termination
prior to the planned end of the test. The foil breakdowns
occurred after the peak power had been reached but prior to
the completion of the pulse. In both cases the foils were
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Table 3.8

Cable SCETCh Test Matrix
1

,

| Pulse Number of Samples
(i) Aced Unaced'

100 1 1

110 - 3

110+ 2 -

replaced and the specimens were subjected to another LOCA
simulation and 110 percent pulse; hence, the "110+ percent"
test category in Table 3.8.

Results of the 100 percent tests are discussed here. The
results of the 110 and 110+ tests were similar and are pre-
sented in Appendix D.

A linear ramp up to the peak heat flux was used in all of
the cable tests. This was necessary due to the response
time of the foil control algorithm. The actual test heat
flux profile for the 100 percent unaged cable test is shown
in Figure 3.8 along with the HECTR generated profile. The
linear ramp up to the peak results in approximately 30 per-
cent more energy incident on the cable specimens (the dif-
ference in areas under the curves in Figure 3.8).

Both the aged and unaged 100 percent cables maintained their
applied cable-to-cable and cable-to-ground voltages during
testing. Conduction voltages for the unaged 100 percent
cable are shown in Figure 3.9. (A short to ground which'

occurred during the aged cable test was traced to the splice
connecting the cable to the three-phase power supply. The
splice was not a nuclear qualified item and was not a test
specimen.)

Physical damage in both the aged and unaged cable tests was
primarily confined to the cable jacket. The post-test con-
dition of an unaged and aged cable are shown in Figures 3.10
and 3.11, respectively.

The jacket of the unaged cable showed extensive blistering
and charring. There was extensive small surface cracking
but no large penetrations to the cable interior.

Damage to the aged ccble jacket was different. There was no
blistering and the amount of charring was minimal. The most
significant damage to the aged cable was the axial cracking
of the jacket which penetrated to the interior of the
cable. The cracks were wide enough to expose the white
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filler material to the heat flux. As a result, this
material melted in several places. However, the conductor

insulation remained intact.

There was a white crystalline material at the loop in the
aged sample. This region of the specimen was outside of the
foil assembly. The region inside the foils had no such
material. The two 110+ percent aged samples had the same
white crystalline material over their entire length after
exposure to the partial pulses they experienced. After
exposure to the complete pulse the white crystalline
material was no longer present on the in-foil portion of
those samples.

Also, after exposure to the partial pulses (which reached
the peak flux) the 110+ percent aged cables had no cracks in
their jackets. Thus, the cracking in the aged 100 percent
sample jacket probably occurred during the tail portion of
that pulse.

The effects of oxygen availability are significant in this
type of testing. The HECTR calculations which defined the
test environment indicated that the preburn oxygen concen-
tration was 15 to 16 percent and was approximately 10 per-
cent after the burn. The prepulse oxygen concentration in
the SCETCh was 15 percent. In order to assess the effect of
increased oxygen, an unaged cable was subjected to a pulse
outside the chamber. The cable burned vigorously for 30 to
40 seconds exposing the cable conductors.

As discussed in the previous paragraphs, unaged cable sub-
jected to pulses inside the SCETCh blistered but did not
burn. Apparently the 15 to 16 percent oxygen atmosphere in

; the SCETCh (corresponding to HECTR calculations of
containment environments) suppresses cable burning.

I As mentioned previously, the linear ramp up to peak heat
flux used in the cable tests results in approximately 30

t percent more energy incident on the cable specimens compared
| to the HECTR calculations for the particular SD event2

| studied in the TMI-hybrid analysis. Thus all of the single
I burn cable test environments were more severe than any of

the HECTR calculated TMI-hybrid environments.

After completion of these tests, HECTR calculations of the
Surry nuclear power plant were completed which indicated
more severe environments could exist in Surry than in the

| THI-hybrid. This is consistent with Table 3.5 which
I indicates that Surry is one of the worst (most severe)

cases. Although the heat flux profile used in the single
burn cable tests was based on one of the worst case
TMI-hybrid calculations, the linear ramp up to the peak
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heat flux used in the tests results in a 20 percent larger
integrated energy deposition in the single burn cable tests
than was calculated by HECTR for the worst case Surry
environment (see Appendix D). It can therefore be concluded
that the cable tests were representative of the most severe
environments expected in a LOCA. and subsequent single
deflagration of the hydrogen resulting from a 75 percent

| core metal-water reaction in a l'arge dry or subatmospheric
power plant.'

The single burn cable performance and observed jacket damage
from the tests conducted in the SCETCh are consistent with
the results of tests at Sandia's Central Receiver Test,

| Facility 3 and the Nevada Test Site.2 The observed cable
damage from these tests is also consistent with cable damage
observed inside the TMI-2 containment.15 The results of
the prosent tests taken in conjunction with the CRTP and
EPRI-NTS results indicate that nuclear qualified class 1E
cable can survive a single hydrogen deflagration resulting
from a LOCA having a 75 percent metal-water reaction in a
large dry or subatmospheric power plant.

3.4.3.2 Transmitter Tests
,

This section summarizes the results of the single burn test-
ing of the Barton 763 pressure t r a nsmi t t e r.. Detailed
results are given in Appendix D.

The transmitter tests were conducted in two phases. The
calorimetry phase used a previously tested pressure trans-
mitter3 equipped with thermocouples to monitor the temper-
ature response of the casing front plate and interior
electronics. The performance phase investigated the opera-
tional response of the aged Barton 763 transmitter to the
LOCA/ hydrogen burn environment. The environment used in the
transmitter tests was similar to that used in the cable
tests with changes in the foil temperatures and geometries
to account for differences in the specimen geometry and
absorptivity.

By the time the Barton tests were conducted, an improved
foil control algorithm had been developed. Thus the linear
ramp in heat flux used in the cable tests was not necessary

,
and a more accurate heat flux profile was used for the pres-

) sure transmitter tests. This heat flux profile closely fol-
lows the HECTR predicted heat flux profile shown in Figure

| 3.8. Due to the problems encountered in the 110 percent
cable tests, only 100 percent transmitter tests were con-'

ducted.

The results of the calorimetry tests (Figure 3.12) indicated
that the front face temperature reached 133*C (406 K) and
the capacitor temperature reached a maximum of 113*C
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(386 K). These temperatures are well below the qualifica-
tion limit of 444 K.17 It should also be noted that the
HECTR three-layer Barton model predictions of the front face
temperature were higher by 3*C than the measured temper-
ature, indicating good agreement.

The SCETCh total pressure versus time for the calorimetry
test is shown in Figure 3.13 along with the HECTR predicted
pressure. The total pressure is an important parameter in
the transmitter tests because of the potential to drive
moisture through the front face seal.

l

For all Barton tests, the Barton transmitter was attached to
a pressute line which was held continuously at 750 psi. A
reference Heise pressute gauge outside of the test chamber
was also attached to the pressure line. The output of the
Barton and Heise were both monitored.

During both the calorimetry test and the performance test,
the Barton transmitters performed well. Slight fluctuations
in their readings (<4 percent in the calorimetry test,
<2 percent in the performance test) occurred (Figure 3.14),
but these were not largo enough to be interpreted as indic-
ative of impalement.

Although the transmitter test environments were not as
severe as the cable test environments in terms of integrated
energy (due to the improved foil control algorithm), the
transmitter test environments were still representative of
the most severe environments calculated by HECTR for the
TMI-bybrid analyses. While the HECTR calculated Surry
environments are more severe than the transmitter test
environments, the most severe of these HECTR calculated
Surry environments resulted in a three-layer model peak
front face temperature exceeding the qualification limit of
444 K by about 6 K for less than 10 minutes. In view of the
mild conservatism in the HECTR three-layer model and the
considerably longer LOCA qualification test which the Barton
has been tested to, HECTR predicted front face temperatures
exceeding the qualification limit by 6 K for 10 minutes
should not be reason for concern. And in light of Table
3.5, thic Surry calculation represents the bounding case.

It should be noted that for the single burn scenarios, the
most likely threat to the survival of thermally massive
equipment such as a Barton pressure transmitter is from
moisture penetration through the seals. For the single burn
tests, the total pressure and steam concentration used were
as severe as any seen in the HECTR single burn calculations.

These results indicate that the Barton 763 pressure trans-
mitter can withstand a large dry containment LOCA and hydro-
gen burn environment with a single deflagration of hydrogen
resulting from a 75 percent core metal-water reaction.
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3.4.4 SCETCh Multiple Burn Tests

During the single burn cable tests, most, of the visually
observed damage. occurred after the peak heat flux during the
tail portion of the heat flux pulse. The damage to the
cable jacket appeared to be a strong function of the energy
deposited therein. This raised concern that an environment
which results in a considerably larger energy deposition
(such as might occur in a multiple burn scenario) may pose a
serious threat to the survival of safety-related equipment.
Although multiple burn experiments were beyond the program
scope, two scoping multiple burn tests were conducted in an
attempt to address this concern.

Two cable specimens and one Barton pressure transmitter were
exposed in the multiple burn tests. ' Details of the testing
can be found in Appendix D. The results of the tests indi-
cate that multiple burns do pose a serious threat to safety
equipment located in a source compartment.

3.4.4.1 Cable Test

Two cable specimens were placed in the SCETCh for the

multiple burn test. One specihten was placed in conduit to
take advantage of any shielding effects the conduit may
provide. The other specimen was fully exposed to the inci-
dent foil flux. One half of each specimen had been thermal-
ly and radiation aged to the same conditions used for the
single burn cable test specimens (the other half had not).

! The cables were not powered during the test.

! The heat flux profile used in the test was calculated using
SD event in Surry. The scenario con-| HECTR to model an 1

sisted of 59 individual burns as shown in Figure 3.15. This

particular profile is believed to be representative of

multiple burn scenarios and does not constitute the worst
case possible. Calculations have shown that some compart-
ments can see in excess of 100 individual burns.
During the test, the jacket, filler material, and conductor
insulation burned off exposing the bare copper wire. The
results were similar for the cable specimen in conduit.
Thus, both the exposed cable specimen and the cable specimen
in conduit did not survive the multiple burn environment
simulation. Figure 3.16 shows the cable arrangements after
the multiple burn pulses.

|
These results indicate that multiple burn environments pose

|
a serious threat to cables located in the source compartment.

3.4.4.2 Transmitter Test

The Barton pressure transmitter which had been previously
exposed in the single burn calorimetry test was selected for
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the multiple burn scenario. The thermocouples and pressure
output were monitored during the test. The Barton was
maintained at 750 psig during the burn simulations.

There are many combinations of burn frequency, number of
burns, incident energy, and peak heat fluxes possible for
defining a multiple burn environment. The source compart-
ment volume has a strong influence on which combination of
the above occurs in a given scenario. Parametric calcula-
tions using HECTR were performed over a range of source com-
partment volumes to determine possible effects on the
multiple burn scenario. The multiple burn scenario selected
for the Barton test was a representative scent.rio and does
not constitute the worst case possible. The 39 burn
scenario selected produced the heat flux profile shown in
Figure 3.17. The source compartment volume used to obtain
this heat flux profile is representative of a steam
generator enbicle in the TMI containment.

About one third of the way through the multiple burn
scenario, the Barton pressure transmitter became erratic and
failed. Figure 3.18 presents the ratio of Barton pressure
output to that of a Heise gauge. The measured capacitor
temperature at the time of failure was approximately 195'C
(468 K), while the front face (casing) temperature was in
excess of 357'C (630 K). Posttest inspection revealed
charring of the electronics and blistering of the painted
surface (Figure 3.19).

The results of this test indicate that multiple burns pose a
serious threat to pressure transmitters and other similar
equipment located in a source compartment.

4.0 SUMMARY AND CONCLUSIONS

Analytical and experimental investigations of equipment
survival in hydrogen burns in dry containment buildings have
been conducted. Two sets of analytical studies were carried
out for large dry containments using a model of the Three
Mile Island Unit 2 containment. Another set was carried out
for subatmospheric containmenta using a model of the Surry
containment building. The experiments investigated the
survivability of thermally and radiation aged nuclear
qualified Brand Rex power and control cable and a Barton 763
pressure transmitter in a simulated LOCA/ hydrogen burn
environment.

The analytical studies used the HECTR code to calculate the
temperature response of equipment models to hydrogen burns
in various containment locations. Other parameters which
were varied in the analyses included LOCA break size, igni-
tion criteria (single burn and ignition simulation) and the
operation of engineered safety features.
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Equipment temperature response was a function of the hydro-
gen burn type to which the equipment was exposed. Single
hydrogen burns dispersed their energy throughout containment
in relatively short timo periods. The large dry hyt:id
analyses had no cases where single hydrogen burns caused the
surface temperature of the three-layer Barton model to excoed
444 K (a typical equipment qualification temperature). |
Maximum surface temperatures were well below the 444 K |

temperature limit. For the Surry analyses it was shown that |
the Surry containment represents one of the most severe I

cases (highest hydrogen mole fractions) for both atmospheric
and subatmospheric large drys. The Surry single burn
analyses had two cases in which the Barton model surface
temperaturo exceeded 444 K, but the peak temperatureu were
only slightly above 444 K (447 K and 450 K) for short time
periods (less than ten minutes).

Multiple burns (simulating ignition by igniters at 7 volume
percent hydrogen) released most of the hydrogen's energy
into a relatively small region of containment (the source
compartment) over a relatively long period of time. This
localized and lengthy release of energy due to multiple
burning forced the Barton model surface temperature to excoed
444 K for long periods of time. The worct TMI hybrid case
resulted in a peak surface temperature of 670 K. The
surface remained above 444 K for 51 minu*.es. Coincidentally,
the worst Surry multiple burn case resulted in a peak
surface temperature of 670 K which remained above 444 K for
50 minutes.

HECTR calculated potential detonable gas mixtures could
occur briefly in the hybrid analyses. These mixtures
occurred only in the source compartments. HECTR also
calculated potential detonable gas mixtures could occur for
lengthy periods of time in the Surry analyses. Those
mixtures occurred in the source compartments as well as
globally throughout the containment and were a direct result
of f.he cold spray water (45*P) stripping out the steam.

Thus, HECTR predicts that the use of igniters presents a
dilemma. In the absence of igniters, potentially detonable
hydrogen mixtures accumulated in source compartments in the
hybrid analysis, and throughout containment in the Surry
analysis when sprays were operating. The use of igniters
would inhibit the accumulation of detonable hydrogen con-
centrations because the hydrogen would be burned at lower
(nondetonable) concentrations. However, HECTR predicts that
a deliberate ignition system could result in excessive
equipment temperatures in the source compartment (as high as
670 K for the cases analyzed) for the case of ignition at 7
volume percent hydrogen.

The hybrid and subatmospheric results should be viewed in
light of HECTR's simple criteria for specifying a detonable
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concentration. One must also realize that the Barton
transmitter served as a surrogate for all safety equipment
in.these analyses. A more accurate evaluation of the threat
to safety equipment posed by multiple hydrogen burns in a
subatmospheric containment must consider _ such factors as
precise equipment location, function, material properties,
susceptibility to thermal stress, and the length of time
during the -accident for which the equipment is required to
function.

Single burn tests of aged and unaged nuclear qualified cable
and Barton pressure transmitters indicate that cable and
equipment having similar thermal characteristics and sensi-
tivities can withstand a LOCA and single hydrogen burn re-
sulting from a 75 percent core Zircaloy-water reaction in a
large dry containment. The observed post-test condition and
performance of the test specimens is consistent with the
results reported for the EPRI-NTS tests and previous hydro-
gen burn simulations at Sandia's Central Receiver Test
Facility, as well as observed damage at-TMI-2. The results
of these tests should not be extrapolated to hydrogen stand-
ing flame environments where safety equipment may be exposed
to plume or flame heat fluxes for a considerably longer
period of time. Standing flames were not considered in this
work.

In contrast to the single burn test results, the multiple
burn test results indicate that multiple burne (at 7 v/o
hydrogen ignition) do pose a serious threat to safety-

related equipment located in a source compartment. Both
cable specimens and a Barton pressure transmitter in the
7 v/o hydrogen ignition multiple burn tests failed to

survive. The operability of typical safety-related
equipment located in a source compartment in these
environments is extremely doubtful.

In conclusion, the results of the single burn SCETCh tests
and HECTR analyses of large dry containments and sub-
atmospheric containments indicate that for a LOCA involving
a 75 percent metal-water reaction, a single hydrogen defla-
gration does not present a serious threat to the survival of

,

| nuclear qualified safety related equipment.

However, a conclusion regarding deliberate ignition systems
is not as clear. The HECTR results indicate that detonable
concentrations of hydrogen may accumulate locally in a

source compartment of a large dry containment and both
locally and globally in a subatmospheric containment unless
a deliberate ignition system is employed. A deliberate
ignition system would prevent detonations by burning the
hydrogen at lower (nondetonable) concentrations. This

| presents somewhat of a dilemma since the results of HECTR
; analyses which model deliberate ignition as well as the
i
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results of scoping multiple ~ burn SCETCh simulations indicate
that multiple burn (deliberate ignition at 7 v/o hydrogen)
environments pose a serious threat to the survival of
safety-related equipment in a source compartment.

.

i

|

|
I
|

i

l
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APPENDIX A

TMI-l!YURID ANALYSIS

A.1 I n t toduc tio_n

The hydrogen burn in containment during the accident at
Three - Mile Island Unit 2 (TMI-2) focused attention on the
possible consequences of hydrogen generation during a
nuclear core uncovery accident. This accident contributed
to the !!ydrogen Control Rules for Pressurized Water Reactors
(PWR) with ice condenser containments and Boiling Water )

'

koactors (BWR) with Mark 111 containments. The hydrogen
control rule states that containment structural integrity
and survivability of needed safety systems during a hydrogen
burn must be demonstrated for reactors not telying upon an
inerted atmosphere for hydrogen control.1 The hydrogen
control rule for PWRs with large dry containments is

presently deferred. To assist in providing a basis for a
recommendation on rulemaking for PWRs with large dry con- |

tainments, the containment environments created by arrested
sequences having a 75 percent metal-water reaction were cal-
culated.

The risk significant scenarios selected as sources of water /
steam and hydrogen flows into containment were the small
break loss-of-coolant accidents (LOCAs) SD and S D.I 2
Three small break LOCAs were analyzed: (1) a 1-inch

S D1; (2) a 2-inch diameter break,diameter break, S D2;22
S D4. The location ofand (3) a 4-inch diameter break, I

the hydrogen and water / steam source terms in containment was
varied to observe containment response, and the ignition
level of the hydrogen in containment was also varied as a
parametric study. The results of this hydrogen burning
analysis are presented in terms of temperature response of
safety-related equipment during the hydrogen burn.

The llECTR computer code 2 was used to calculate the hydro-
gen transport and burning and safety-related equipment
response to hydrogen burning. HECTR is a lumped parameter
containment analysis code developed to analyze nuclear
reactor accidents involving the transport and combustion of
hydrogen. The gases in each compartment are assumed to be
uniformly mixed. Gas flow between c otapa r tment s can be
driven by both pressure and density differences. Included
are models for hydrogen burns, radiative and convective heat
transfer, condensation, and wall heat conduction. Appropri-
ate engineered safety features (ESPs) such as the reactor
building spray system and reactor building fan coolers are
also modeled.
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The containment input model for HECTR was based on the
geometry and operating procedures for the TMI-2 Nuclear
Power Plant. Two containment models were used. The first
model divided the TMI-2 containment into eight compartments,
and the second model divided the TMI-2 containment into 11
compartments.

The steam and hydrogen source terms input into HECTR were
calculated with the MARCON 2.0 computer code.3.4 The
nuclear steam system (NSS) modeled was that of the Zion
Nuclear Power Plant.

The TMI-2 containment model and the Zion NSS model were used
because of the availability of the two models. Placing the
Zion NSS into the TMI-2 containment would result in higher
hydrogen mole fractions in containment when compared to a
TMI NSS in the TMI-2 containment model.

A.2 Models

The MARCON models used to calculate the water and hydrogen
source terms and the HECTR containment models are described
in this section. The safety-related equipment models used
to calculate temperature response are also described in this
section.

A.2.1 MARCON 2.0 Model

The MARCON 2.0 computer code was used to generate the steam
and hydrogen source terms. The MARCON 2.0 code includes a
replacement of the subroutine that calculates the inter-
action of the molten debris and the concrete floor in the
MARCH 2 (Meltdown Accident Response Characteristics) code 3
with the CORCON Mod 2 code.4 MARCON 2.0 also includes an
interfacing subroutine to pass key parameters between MARCH
and CORCON Mod 2 and additional reactor cavity mcdels. Since
this analysis addressed arrested sequences, the CORCON and
reactor cavity models were not used in the analysis. The
water and hydrogen source terms were calculated solely by
the models in MARCH 2 version 111. MARCON 2.0 was used
because it is being used for other Sandia programs (SASA and
Hydrogen Behavior) and the input models were already
developed.

The MARCH models in MARCON 2.0 were u.3ed to represent the
primary and secondary systems. MARCH models the primary
system as a single cylindrical volume with liquid at the
bottom and gases or vapor at the top when present. Fig-
ure A.2.1 shows a representation of the MARCON 2.0 modeling
of the primary system. Some characteristics of the Zion
primary and secondary systems are listed in Table A.2.1.

The steam source flow rates are primarily dependent on the
primary system pressure and the elevation of the flow

A-2
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Table A.2.1

Zion Reactor Characteristics for MARCH Analysis

Reactor Power 3238 MWt
Operating Pressure 2265 psia (15.6 MPa)
Operating Temperature 563 F (295 C)

3 (353.4 m3)Primary System Volume 12,480 ft
Primary System Water 543,560 lb (246,560 kg)

Steam Generator Water 352,500 lb

Fuel Rods in Core 39,372

Fuel Rod Diameter 0.422 in (0.,0107 m)

Clad Thickness 0.023 in (0.0006 m)
Zircaloy in Core 44,550 lb (20,208 kg)

UO2 in Core 216,600 lb (98,250 kg)

!
junction break relative to the height of liquid in the
primary system. Water flow occurs when the break is below
the collapsed liquid level and gas flow occurs when the
break is above the water level. Two-phase (liquid-steam)

) flow is not modeled. The hydrogen source terms are
primarily dependent on the hydrogen generation rate from the
zirconium-steam reaction and the leak rate from the primary
system into containment. The steam and hydrogen leak rates
are proportional to their mass fractions in the vessel. For
these degraded core scenarios it was assumed that Emergency
Core Coolant (ECC) injection was unavailable for a time
period long enough for 75 percent of the clad zirconium to
oxidize, but was available to arrest the sequence at 75 per-
cent metal-water reaction. Arresting the sequence at

75 percent clad oxidation required performing several
computer simulations, varying the time of initiation of high
pressure injection (HPI) until 75 percent clad oxidation was
calculated. Due to the high head and capacity of the HPI
pumps, the oxidation was arrested shortly after the

initiation of HPI flow. To obtain the required amount of
clad oxidation, very large fractions of the core were melted
without core slump.

A.2.2 Containment and Containment Systems

This section describes the Three Mile Island Unit 2 (TMI-2)
containment and presents the HECTR models used in the

analysis.

A.2.2.1 Large. Dry Containment Description

The TMI-2 general arrangement is shown in Figure A.2.2. The
large, dry containment outer structure is a steel-lined con-
crete cylinder with an elliptic dome roof and is supported
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by a concrete foundation ring. This outer structure encloses
the nuclear steam system (NSS) and. some of the engineered
safety feature (ESP) systems. The net free volume of the
containment is 2,100,000 cubic feet. The cylindrical wall
has an inside diameter of 130 feet, is 4 feet thick, and is
157 feet in length from the foundation to the spring line.
The cylindrical wall is lined with a 3/8-inch steel lining.

The interior structures of the containment consist of a

shield wall surrounding the reactor vessel, shield walls
surrounding the steam generators, reactor coolant pumps, and
pressurizer, and other structures such as walls, floors, and
equipment supports. Interior structures are often referred
to by the elevation (s) (in feet) at which they occur in
containment. The elevation of a structure is measured with
respect to sea level. The reactor ' cavity floor (see
Figure A.2.2) is the lowest floor in containment and has an
elevation of 280 feet. The internal structures divide the
containment building into major zones which affect gas
transport and deflagration analyses.

The reactor cavity compartment has cylindrical shield walls
which surround the reactor vessel. The reactor cavity is
connected to the incore instrumentation chase by a tunnel at
the bottom of the cavity. The incore instrumentation chase
is sealed at Elevation 305.

The shield walls around the steam generators form the steam
1 generator compartments. The steam generator shield walls

are reinforced concrete. "D" shaped structures located on
either side of the reactor cavity. The steam generator
compartments are illustrated in Figure A.2.3. The D-ring ,

iwalls are 4.5 feet thick and extend from Elevation 280 to
Elevation 367. The two steam generator compartments are
connected to each other by two tunnels located on either ;

side of the reactor cavity compartment shield walls. |

The refueling canal is a narrow rectangular compartment
which sits on top of the reactor cavity compartment and

i
between the D-ring walls of the steam generator compart- |

i ments. Shield blocks are installed between the refueling |

| canal walls at Elevation 367 during reactor operation to
i provide biological shielding. The part of the refueling

canal not between the steam generator compartments from

|
Elevations 280 to 305 is also called the fuel trancfer pit.

The reactor cavity, steam generator compartments, and
refueling canal are connected to one another and the rest of
the containment building by vent (or flow) paths which allow
pressure relief if an accident occurs in one of the NSS com-
partments. The reactor cavity and steam generator compart-
ments are linked by the reactor vessel hot and cold leg

|
piping penetrations. The reactor cavity and refueling canal

!
.
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communicate by a vent path through shield blocks at the top
of the reactor cavity. The refueling canal and steam gen-
erator compartments are connected to the rest of containment
by openings at the tops of the compartments and by wall pen-
etrations. The remaining internal structures serve chiefly
to divide the containment building into three floor levels.
The floor levels are located at Elevations 200, 305, and
347. Floor Elevations 305 and 347 are separated from the
containment outer wall by a circumferential gap (also known
as the seismic gap). The floor levels are located outside
of the reactor cavity, refueling canal, and steam generator
compartments. The three floor levels are illustrated in
Figures A.2.4 to A.2.6.

,

The first floor level. Elevation 280, has the most internal
,

concrete walls of the three floor levels. However, all of
the walls have at least one flow path between neighboring

' zones of this elevation allowing communication between dif-
ferent regions. The reactor coolant drain tank, leakage
coolers, and letdown coolers are located in separate com- |
partments. |

The second floor level, 305, is relatively open and has no
walls dividing it into smaller compartments. Major equip- |

ment structures on this floor include two core flood tanks
(CFT) and the reactor building fan coolers. The Eleva-
tion 305 floor is penetrated by one stairway, an equipment
hatch, and other floor piping penetrations. These penetra-
tions, as well as the seismic gap, allow flow to occura ,

between Elevations 280 and 305. ;
',

Elevation 347, the third floor level, is the least
obstructed level in containment and has the largest per-
centage of the containment volume above it. The steam
generator and refueling canal compartment walls extend
20 feet above the Elevation 347 floor. Major equipment
structures in this level include a machine room and a polar
crane. Major penetrations through the Elevation 347 floor
include the refueling canal, equipment hatches, a stairwell,
and floor penetrations. These penetrations as well as the

,
' seismic gap allow flow between Elevations 305 and 347.

A.2.2.2 Containment Heat Removal Systems

Two ESF systems are available to reduce containment pressure
and temperature during a LOCA: (1) the Reactor Building'

! Cooler (RBC) system and (2) the Reacter Building Spray (RBS)
2 system.
.

The RBC system consists of five air recirculation units.
Each air recirculation unit has a fan and a set of coils
through which cold water is circulated. The fans blow hot
containment air over the cool coils. Three units run during
normal reactor operations. All functioning cooler units

A-8;
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blow cooled containment air into a plenum. Ductwork from
the plenum then directs the cooled air to the bottom of each
steam generator compartment and the reactor cavity as well
as to the basement. All units are located in Elevation 305.
In the event of a LOCA signal (a 4 psig increase in con-
tainment pressure), units four and five will be started
30 seconds after the signal. The fans of all five units
will be reduced from high speed to low speed operation, and
the cooling water rate through the unit coils will be in-
creased. A portion of the LOCA air flow will be diverted
into the dome region above Elevation 347. The RBC system
will operate in LOCA mode until the reactor building pres-
sure falls below a set value at which time the units are
returned to a normal operating mode.

The RBS system consists of two spray systems which operate
independently. Emergency operation is initiated by a high
containment pressure signal (a 30 psi increase in contain-
ment pressure). Water leaves the spray headers 30 seconds
after the high pressure signal.

The spray headers are located in the dome region. Water
from the headers primarily cools the containment atmosphere
above the Elevation 347 floor, but some spray carry-over
into the steam generator and refueling canal compartments
occurs. Spray water which does not evaporate collects on
walls and floors and drains to the building sump at Eleva-
tion 280.

A.2.2.3 Containment Model

All of the information needed to construct the TMI-2 con-
tainment model was obtained from the TMI-2 Final Safety
Analysis Report and communications with TMI-2 personnel.

Compartments are generally chosen to coincide with key

internal structures such as walls and floors. Flow junc-
tions or paths occur at compartment boundaries and are based
on physical boundaries such as doors, hatches, or penetra-
tions. Most flow junctions are modeled as two-way flow
junctions allowing air to flow in either direction through
the junction. Five basic heat transfer surfaces were used
in the analyses: (1) the liner surface of the outer struc-
ture, (2) concrete surfaces of the internal structures,

(3) steel structure and equipment surfaces. (4) sump (water)
surfaces, and (5) the Barton 763 pressure transducer model
surfaces. The Barton models will be discussed in greater
detail in Section A.2.3.

Two TMI-2 containment models were developed for the hybrid
analysis. These two models were constructed to determine
the sensitivity of hydrogen mixing to compartment volume and
ventilation.

A-12
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| The first TM1-2 containment model divided the TMI-2 contain- [
ment building into eight compartments. The eight compart- '

ments are connected by 17 flow junctions and contain 45 heat
transfer surfaces.

The reactor cavity forms compartment 1. The reactor cavity
|

compartment has three heat transfer surfaces: (1) concrete ,

liner wall, (2) the reactor vessel, and (3) the sump.

I Compartments 2 and 3 model the two steam generator com-
partments. SGIA and SGib. The steam generator compartment
with the pressurizer (SG1A) is compartment 2. Heat transfer
surfaces include: (1) equipment, (2) concrete walls,
(3) sumps, and (4) pressure transducer models.,

,

The refueling canal and fuel transfer pit make up compart-
mont 4. Its heat transfer surfaces include: (1) a steel
liner, (2) equipment surfaces, and (3) a sump surface.

Elevations 280, 305, and 347 form compartments 5, 6, and 7,
reepectively. Heat transfer surfaces include: (1) the i

liner wall, (2) concrete walls, (3) steel surfaces, and i

(4) the pressure transducer model. Compartment 5 also
includes a sump (water surface). ,

2 e

Compartment 8 is formed by the enclosed stairwell and eleva-
tot. This compartment includes the following heat transfer
surfaces: (1) concrete walls and (2) steel surfaces. A
summary of the containment model is presented in Table A.2.2.

1 The second TMI-2 containment model divided the TMI-2 con-
| tainment building into 11 compartments. The 11 compartments

are connected by 21 flow junctions and contain 67 heat4

transfer surfaces. Compartments 1, 3, 4, 6, 7, and 8 of the
first containment model are identical to compartments 1, 3,

4, 6, 7, and 8 of the,second containment model. '

4

Compartment 2 (SGlA) of the first containment model was
divided vertically into three equal volume compartments
(compartments 2, 9, and 10).

.

Compartment 5 (Elevation 280) of the first containment model
was divided into two compartments (compartments 5 and 11).

>

A summary of the containment model is presented in4

Table A.2.3.
,

A.2.3 Equipment Models

The equipment models used in the hybrid analyses were based
; on the Barton 763 gauge pressure transmitter. This instru-
; ment has been tested extensively in the Hydrogen Burn Sur-
! vival program and its thermal response to simulated hydrogen
! burn heat flux pulses is well documented.5

A-13
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Table A.2.2

TMI-2 Containment Model 1 Summary

.

Volume Area
3

Compartment (m ) Surface Description (m )

1. Reactor Cavity 143. 1 C 256,

2 E 194.
3 S 29.

2. SG1A 2885. 4 C lill.
5 E 654.
6 St 389.
7 S 139.
5 B 0.0285 4

6 B 0.0285 I

7 B 0.0285
8 B 0.0285

3. SG2A 2885. 9 C 1111.
10 E 654.
11 St 389.
12 S 139.
13 B
14 B
15 B

16 B

4. Refueling Canal 2072. 17 L 886.
18 E 146.

5. Elevation 280 6528. 19 L 855.
20 C 2470.
21 E 781.
22 S 985.
23 B
24 B
25 B
26 B

6. Elevation 305 8426, 27 L 1556.
28 C 2908.
29 E 1689,

30 B

31 B

32 B

| 33 B

i 7. Elevation 347 33140. 34 L 4884.
35 C 1681.
36 E 850.
37 B

|

38 B
|

39 B
40 B

A-14
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-Table A.2.2 ,

|

TMI-2 Containment Model 1 Summary (Concluded)
,

Volume Area
3 2Compartment (m ) Surface Descriotion (m )

8. Stairwell 623. 41 C 714.
42 E 133.

B: Barton 763 equipment model C: concrete
St: nuclear steam system surface S: sump

E: steel structure L: containment liner

,

Table A.2.3.

TMI-2 Containment Model 2 Summary

Volume Area
3 2Compartment (m ) Surface Description (m )

1. Reactor Cavity 143. 1 C 256.
2 E 194.,

3 S 29.
2. SGlA-1 962. 4 C 370.

5 E 218.
6 St 130. ,

7 S 139.
5 B 0.0285
6 B 0.0285
7 B 0.0285
8 B 0.0285

3. SG2A 2885. 9 C 1111. '

10 E 654.
11 St 389.
12 S 139. ,

13 B
14 B -

15 B
'16 B

4 Refueling Canal 2072. 17 L 886. j
18 E 146. ;

5. Elevation 200-1 2906. 19 L 317. |
20 C 1000. !

21 E 348. !
22 S 404. !

23 B !
24 B |'

25 B
; 26 B

I A-15

:

. - -,- - . . . , _ - - - _ . - . - - . _ , , , . . . - . . , - . . - . _ . . _ - , - - - - , - _ _ . - - - .



.

-Table A.2.3

TMI-2 Containment Model 2 Summary (Concluded)

Volume Area
2

Compartment (m ) Surface Description (m )

6. Elevation 305 8426. 27 L 1556,

28 C 2908,

29 E 1689.
30 B
17. B
32 B
33 B

7. Elevation 347 33140, 34 L 4884.
35 C 1681.
36 E 850.

37 B
38 B
39 B
40 B

8. Stairwell 623. 41 C 714.
42 E 133,

9. SG1A-2 962. 43 C 370.
44 E 218.
45 St 130.
46 B
47 B
48 B
49 B

10. SGlA-3 962. 50 C 370.
51 E 218,

52 St 130.
53 B
54 B
55 B
56 B

11. Elevation 280-2 3621. 57 L 538.
58 C 1470.
59 E 433,

60 S 581.
61 B
62 B
63 B
64 B

B: Barton 763 equipment model C: concrete
St: nuclear steam system surface S: sump

E: steel structure L: containment liner

A-16
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r

|

Four models of the Barton were developed. A one-dimensional
model of the Barton 763 cover plate alone was the first

,

I model. This model was included to provide continuity witn a
'

| prior analysis of equipment temperature response to hydrogen
! deflagrations in an ice condenser containment 6 A second i

| model treated all of the steel in the Barton 763 casing as a i

one-dimensional steel plate with a Ccontal area equal to the
Barton 763. This model is referred to as the case-as-plate
(CAP) model. The third model treated the entire steel cas-
ing as a lumped mass with uniform temperature response
throughout the mass to incident heat flux. The fourth model
was a one-dimensional three-layer representation of the
Barton 763. This model accounted for the air gap between

,

the casing and intecnal electronics.

The fourth model was used in a separate analysis to bound
its conservatism. In the analysis, the model was analy-
tically exposed to an incident heat flux pulso used at the
Sandia Central Receiver Test Facility (CRTF) for prior
hydrogen burn simulation equipment experiments. The surface
temperature response of the model was calculated and com->

pared to the measured surface temperature rise of an actual
Barton 763 exposed to the flux pulse at the CRTF. The peak
surface temperature of the model was calculated to be
approximately 11'K (20*F) higher than the actual Barton 763
surface temperature. The model and Barton 763 thermal time
response characteristics were equivalent. The comparison of
the model and the Barton 763 is shown in Figure A.2.7. The
one-dimensional three-layer model is considered to be the
most realistic of the four models and its surface tem-
perature response to hydrogen burning will be reported.

!
The four Barton 763 models were placed into f our containriont
locations for this analysis. The locations were (l; the
basement level (s), (2) the second floor, (3) the oteam
generator compartment (s) with the pressurizer (SGIA), and
(4) the steam generator compartment without the pressurizer

,

(SGlB). These four locations were judged to be the most'

likely locations for the safety related equipment after
i reviewing the GEND Planning Report (GEND-001).

,

A.3 MARCON Source Term Calculations

! The steam and hydrogen source terms for two small break
S D) were calculatedloss-of-coolant accidents (S D and1 2

SD scenario was calculated with ain this analysis. One 1
SD scenarios were :4-inch diameter break (S D4), and two 21,

(S DL) and 2- inch diameterj calculated with 1-inch diameter 2
(S D2) breaks. Failure of the ECC injection system until2|

75 percent clad oxidation was also assumed.
'

i

<
3
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!
B

!

S D2 Source Terms |A.3.1 2

)
The S D2 water mass flow rate into containment is shown in2i

| Figure A.3.1. The initial flow rate was approximately
17,500 lb/ min and decreased to 14,000 lb/ min as the primary
system depressurized. The-flow remained constant until the
break uncovered at 20 minutes allowing the flow to change

,

from liquid to steam. The steam flow continued to decrease
'

as the primary system pressure decreased. At 125 minutes,
steam flow stopped when the system pressure decreased below

I the set pressure of the core flood tanks (CFTs) and their
liquid was injected into the primary system. The system
pressure increased after CFT injection allowing steam flow

i to continue out of the break from 130 to 250 minutes. The
high pressure injection (HPI) pumps were started at r

approximately 255 minutes. The break was quickly covered ,

and primary system water flowed out of the break.

The calculated hydrogen mass flow rate into the containment
is shown in Figure A.3.2. Hydrogen flow was initiated at i

95 minutes. At 125 minutes, CFT injection occurred and ;

covered the core, thereby quenching the core and stopping
'

hydrogen production. The hydrogen mass flow rate decreased
to zero by 155 minutes as the amount of hydrogen left in !1

J vessel prior to CFT injection was forced out of the break.
At 225 minutes, the hydrogen flow began to increase due to
the generation of more hydrogen in the primary vessel as the

,

)j core uncovered a second time. As the flow from the HPI *

pumps was initiated at 255 minutes, the hydrogen flow out of
| the break decreased as the core was covered and Zircaloy
i oxidation was stopped. ;

A.3.2 S D1 Source Terms2

i Figure A.3.3 shows the calculated water flow rate into the
i containment for the S D1 accident. The initial water flow !2'

S D1 was smaller than that |rate out of the break for the 2
S D2 (4000 lb/ min versus 14,000 lb/ min, respec- tof the 2

tively) and break uncovery occurred later in the S D1 than |2,

S D2 (80 minutes versus 20 minutes, respectively) due {1 the 2
to the smaller break diameter of the S Dl. Steam was [2,

released through the break into containment from 80 minutes '

; to 388 minutes and the primary pressure did not fall below ['

the CFT pressure set point during this period of steam |
release. HPI flow was initiated at 395 minutes to arrest t

the clad oxidation. The cycling of water flow e f '.e r [
425 minutes was due to the calculated covering and uncovar- !.

j ing of the break. Liquid flowed out of the covered brean at [
high mass flow rates, and gases flowed out of the uncovered F

break at relatively low mass flow rates.

:) i
s

'

)

i

! !
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The S D1 hydrogen mass flow rate into containment is shown2
in Figure A.3.4. Elydrogen flow began at 345 minutes and was
at a peak flow of 41 lb/ min when the clad oxidation was
stopped due to quenching of the core from 11P I initiation.
.The- hydrogen remaining in the primary vessel after core
quench at 395 minutes was continuously forced out of the
break until the break was covered at 425 minutes. After
425 minutes, hydrogen was released sporadically as the break
was uncovered and covered by the HP1 flow.

A.3.3 S D4 Source TermsI

|- The S D4 water mass flow rate into containment is shown in1 ;'

Figure A.3.5. The larger 4-inch diameter break allowed the
core break to uncover at 5 minutes due to an initial
50,000 lb/ min water flow rate. The system depressurized
rapidly resulting in CFT injection at 30 minutes. The break
remained uncovered and steam flowed into containment from
30 to 110 minutes. The steam flow stopped as the in-core
water / steam inventory was depleted. HPI flow was initiated
at 129 minutes. No additional water or steam was added into
containment after the break was covered due to an error
found in the MARCH input data deck. Steam / water release
after HPI injection similar to that of Figure A.3.3 should
have been calculated. The MARCH analysis was still used
because thic error occurred after hydrogen generation and
release to containment was stopped.

The hydrogen flow rate into containment (shown in Fig-
ure A.3.6) began at 100 minutes and reached a maximum flow
rate of 110 lb/ min at 115 minutes. The hydrogen flow rate
decreased as the incore steam inventory decreased (between
115 minutes and 129 minutes) allowing less clad oxidation to
occur. Clad oxidation stopped at 129 minutes when HPI flow
covered and quenched the core.

A.4 Transport Results
s

The HECTR calculated containment pressure response and gas
transport results for the small-break-initiated transients
are discussed in this section. The accident scenarios
analyzed in this report are listed in Table A.4.1. Three
small-break loss-of-coolant scenarios were considered. The
effects of different break locations were examined for these
small-break scenarios. The break locations were placed in:
(1) the steam generator compartments SGlA and SGlB, (2) the
reactor cavity, and (3) the basement. All of the sequences,

L listed in Table A.4.1 began at the initial conditions given
at the bottom of the table.

(
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Table A.4.1

. Description of Hydrogen Transport Cases Analyzed

Accident Source Containment
Case- Sequence Compartment ESF System On Model

-

.

lA S D2 2 RBC, RBS* 12
1B S D2 1 RBC, RBS* 12

| 1C S D2 5 RBC, RBS* -l2'

1D S D2 3 RBC, RBS* 12

2A S D1 2 RBC, RBS* 12
2B S D1 1 RBC, RBS* 12
2C S D1 5 RBC, RBS* 12

3A S D4 2 RBC, RBS* 1I
3B S D4 1 RBC, RBS* 1I
3C S D4 5 RBC, RBS* 1I
3D S D4 5 RBC, RBS* 2I
3E S D4 2 RBC, RBS* 2I

Containment Initial Conditions

Temperature 311.*K
Pressure 101. kPa
Mole Fractions

Steam 6.5%
Nitrogen 73.9%
Oxygen 19.6%

RBS* - Reactor Building Spray System did not activate during
LOCA

RBC - Reactor Building Fan Cooler System
Containment Model 1 divided containment into eight compart-

ments
Containment Model 2 divided containment into 11 compartments

Prior analyses for containment loading have been performed
to calculate the final uniform hydrogen concentrations in
containments for LOCAs with 75 percent Zircaloy oxidation.
The Zion nuclear power plant was included in this study but
the TMI-2 nuclear power plant was not. The final hydrogen
mole fraction in the Zion containment was calculated to be
0.10 (10 percent). The 10 percent value is based upon dry
air calculations without steam present in containment. The
Zion containment has a volume of 2,600,000 ft3, and by
taking the ratio of the Zion to TMI-2 containment volumes
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(1.3), a possible maximum dry air hydrogen concentration of
13 percent can occur in the TMI-2 containment using the Zion
core model. The presence of steam in appreciable amounts
during the LOCA (10 percent to 20 percent) would reduce the
final hydrogen concentrations by 1 percent to 2 percent
total mole fraction.

Based on prior experience, hydrogen concentrations in the
source compartment can often result in peak hydrogen mole
fractions greater than 0.14. Hydrogen mole fractions above
0.14 indicate that hydrogen detonations may be possible.
HECTR cannot analyze detonations but does indicate when a
detonable mixture of hydrogen, steam, and oxygen may be
present in a compartment. HECTR gives detonable mixture
messages when the hydrogen mole fraction is greater than
0.14, the oxygen mole fraction is greater than 0.09, and the
steam mole fraction is less than 0.30. However, detonations
are also geometry, pressure, and temperature dependent and
studies are currently in progress to further characterize
detonable gas mixtures.

S D2 Small BreakA.4.1 2

S D2 hydrogen transport cases were analyzed. TheFour 2
four cases examined the effect of break locations on
hydrogen concentrations. The four break locations were:
(1) SGlA (Case 1A), (2) the reactor cavity (Case 1B),
(3) the basement (Case 1C), and (4) SGlB (Case 1D). All
S D2 cases used containment model 1.2

A typical pressure response of the containment building gas
S D2 scenarios for all break locations is shown infor the 2

Figure A.4.1. The calculated pressure response was domin-
ated by the water / steam mass flow rates calculated by MARCON
2.0. The containment pressure increased continuously until
the break elevation was uncovered at 1500s and flow into
containment from the primary changed from liquid to steam.
After 1500s, the containment pressure response resembles the
MARCON 2.0 steam release rate in Figure A.3.1.

Typical calculated water, steam, and oxygen mole fractions
in the containment dome are shown in Figure A.4.2 and are
almost identical for all four break location calculations.
The steam mole fraction indicates a strong dependence on the
steam / water flow rate from the primary break. Hydrogen
released from the primary from 5700 to 9000 seconds was
uniformly mixed in the dome by 9000 seconds. At 13,500 sec-
onds, the hydrogen mole fraction increased due to hydrogen
being generated when the core uncovered a second time. The
hydrogen mole fraction trend in the dome was representative
of most compartments in containment except for the source
compartment. The difference in the hydrogen mole fractions

!
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was less than approximately 0.01 total mole fraction
throughout the containment by the end of the calculation.
The highest average hydrogen mole fractions occurred at the
end of the calculation and were approximately 11 percent.

During the early stages of the hydrogen transport calcula-
tions, steam mole fractions decreased in magnitude from
higher to lower containment elevations by approximately
0.1 total mole fraction except for Case lc (in which the
source compartment was located in the basement). The lower
elevations of containment were less influenced thermally by

| the source terms and remained cooler, which enhanced steam
condensation from the containment gas. Steam mole fractions
were calculated to be more uniform throughout the contain-
ment toward the end of the transport studies but did not
achieve the uniformity observed for hydrogen. The lack of
steam uniformity was due to: (1) steam source terms being
present until the end of the transport calculations which
created a steam gradient from the source compartment to the
rest of containment, and (2) different condensation rates in
each compartment. This trend for steam was also calculated
for the S D1 and S D4 scenarios.2 1

Typical calculated gas mole fractions in a source compart-
ment are shown in Figure A.4.3. Both the hydrogen and steam
mole fractions reflected the relative magnitudes of the leak
flow rates of steam and hydrogen from the primary system.
The maximum hydrogen mole fractions and minimum steam mole
fractions at 7000 and 15,000 seconds are dependent on source
compartment size and ventilation. Small or poorly venti-
lated source compartments will have larger hydrogen and
steam concentrations. The reactor cavity was the smallest
and worst vented source compartment which resulted in the
highest peak hydrogen mole fraction of 0.37 at approximately
15,000 seconds. The basement was the largest source com-
partment but had less venting compared to the SGlA source
compartment. The peak hydrogen mole fraction for the
basement was 0.16. The SGlA source compartment had a peak
hydrogen mole fraction of 0.12.

A summary of peak source compartment hydrogen mole fractions
is listed in Table A.4.2. Steam mole fractions for the peak
hydrogen mole fractions in Table A.4.2 were below 0.3.

The dominant flow directions in containment during the'

release of water and hydrogen for the break location in SGlA
(Case 1A) are shown in Figure A.4.4. The flow directions
are affected by three factors: (1) the hot steam generator
surfaces, (2) the reactor building cooler flows, and (3) the
leak rates. The D-ring wall of SGlA contained the flow and
forced the hot gases up through SGlA into the dome region.
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Table A.4.2

Transport Peak Hydrogen Mole Factions
in Various Source Compartments

Source Hydrogen Containment
Case Compartment Mole Fraction Model

.

lA Basement- 0.12 1

1B Reactor Cavity 0.37 1

1C SGlA O.16 1

2A Basement 0.11 1

2B Reactor Cavity 0.27 1

2C SGlA 0.16 1

3A Basement 0.13 1

3B Reactor Cavity 0.61 1

3C SGlA 0.16 1

3D Basement 0.21 2

3E SGlA O.13 2

Containment Model 1 divided containment into eight compart-
ments

Containment Model 2 divided containment into 11 compartments

The gases in the dome then were forced to the bottom of
containment through the Elevation 347 and 305 floors and
SGlB. Flow arriving back to the basement was then directed
into the bottom of SGlA.

The dominant flow directions in containment for the break
location in the reactor cavity (Case 1B) are similar to

those described above for the break in SG1A. In Case 1B,
the hot gases were directed up through SGlB into the dome
region. Gases from the dome then returned to the basement
through SGlA and the Elevation 347 and 305 floors

The dominant flow directions in cont'ainment for the break
location in the basement (Case 1C) were different than those
of Case 1A and Case 1B and are illustrated in Figure A.4.5.
The primary gases from the break entered the basement and
were directed into the second floor compartment (compart-
ment 6). Note that compartment 6 contains the Reactor
Building Fan Coolers (RBFC). The RBFCs direct containment
gases into SGlA, SGlB, the dome region, the reactor cavity,
and the basement. In Case IC, gases from SGlA, SGlB, and
the reactor cavity were directed into the dome region, and
gases from the dome region then flowed into compartment 6.

This floor pattern is similar to flow pattetns during normal
reactor operation.
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S D1 Small BreakA.4.2 2

S D1 containment building pressure response forA typical 2
all break locations is shown in Figure A.4.6. The water /
steam mass flow rates dominated the calculated pressure
response. The pressure continuously increased until the

break elevation was uncovered at 4800 seconds at which time
the flow into containment from the primary system changed
from liquid to steam. The reduction in mass flow combined
with condensation due to.the RBC system and relatively cool
containment walls resulted in a decrease in the containment
pressure. Containment pressure increased again at
23,000 seconds when hydrogen was released into containment
and at 26,000 seconds when the HPI pumps were started.

Typical calculated gas mole fractions in the containment
dome for the SGlA break location are shown in Figure A.4.7.
The dome gas mole fractions are almost identical for the
other break location transport runs. As expected, both the
hydrogen and steam mole fractions reflected the relative
magnitudes of the leak flow rates of steam and hydrogen. I

The steam mole fraction reached its peak after 25,000 sec-
onds when the HPI pumps were initiated. The hydrogen con-
centration reached a local maxima at 25,000 seconds when HPI
was initiated and reached a final average (or global) peak
at 36,000 seconds as the remaining hydrogen gas in vessel
(after core quench) was released into containment.

E D1 isThe dome hydrogen mole fraction profile for the 2
also typical of hydrogen mole fraction profiles throughout
containment except in the source compartment. Hydrogen mole
fraction magnitudes varied by roughly 0.01 total mole frac-
tion throughout the containment by the end of the S D12
calculation. For roughly the first half of the transportt

|
calculations, steam mole fractions decreased in mole fraction

| magnitude from higher to lower containment elevations by

| approximately 0.03 to 0.05 except when the source term was
l located in the basement.

Typical calculated gas mole fractions in a source compart-
ment are shown in Figure A.4.8. Again, the hydrogen and
steam mole fractions are dependent on source compartment
size and ventilation, but the mole fraction trends would be
similar for each source compartment. The small poorly
vented reactor cavity compartment reached a peak mole frac-

,

| tion of 0.27. The large poorly ventilated basement compart-
' ment reached a peak hydrogen mole fraction of 0.16. The

well ventilated SGlA source compartment reached a peak
I hydrogen mole fraction of 0.11. Peak hydrogen and steam

mole fractions occurred at the maximum flow rates of hydro-
gen and steam from the primary system. The source compart-
ment peak hydrogen mole f ractions 'are shown in Ta ble A. 4. 2.

7

Corresponding steam mole fractions at the time of peak'

hydrogen mole fractions were less than 0.30.
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The dominant flow directions in containment for Cases 2A,
S D2 calcula-2B, and 2C were similar to those for the 2

tion. Flow magnitudes were smaller due to lower primary
leak rates.

S D4 Small BreakA.4.3 I

S D4 containment pressure response for all breakThe I
location cases is shown in Figure A.4.9. The S D4I
calculations showed much higher initial containment pres-
sures before break uncovery at 400 seconds because of the
increased water / steam flow rate from the larger 4-inch-
diameter break. Pressure rapidly decreased due to: (1) the
relatively low steam flow rate from the primary system after
the break was uncovered and (2) condensation of steam out of
the containment gas. |

,

Typical containment gas mole fractions in the dome region |
S D4 transport are illustrated in Figure A.4.10 I

for each I
and their trends are representative of most compartments in
containment except the source compartment. A large flow of
water from the primary system was calculated during the

. hich is reflected in the high initialfirst 400 seconds w
steam mole fraction. Early into the transport calculations,
the decrease in steam mole fraction magnitude in lower
elevations ranged from 0.05 to 0.20. The calculated hydro-
gen concentrations in containment began increasing at
6500 seconds and were typical of a single, relatively large
release of hydrogen. The hydrogen concentrations leveled
out at 7600 seconds indicating uniform hydrogen mixing
throughout containment and varied in magnitude by roughly
0.01 for compartments outside the source compartment.

Representative calculated gas mole fractions in a source
compartment are shown in Figure A.4.ll. For containment
model 1, the reactor cavity source compartment, basement
source compartment, and SGlA source compartment peak mole
fractions were 0.60, 0.16, and 0.13, respectively and
occurred at approximately 7500 seconds.

For containment model 2, the basement source compartment and
SGlA source compartment peak hydrogen mole fractions were
0.20 and 0.13, respectively. Source compartment peak hydro-
gen mole fractions are listed in Table A.4.2.

The dominant flow directions in containment for Cases 3A to
S D2 calculation. Flow3E were similar to those for the 2

magnitudes were initially larger due to higher primary leak
i
! rates.
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A.4.4 Transport Summary

Hydrogen generation and release from the primary occurred
S D4 transport calculations.S D1 andonce in the I2

Hydrogen was released late in the scenario transport

calculations. Hydrogen generation and release into con-
tainment stopped when HPI flow was initiated. Hydrogen was
twice generated and released at two intervals during the
S D2 transport calculation. Hydrogen generation was

2
initially stopped when the CFTs covered the core. Subse-

quent steam release from the break allowed the core to
uncover a second time and regenerate hydrogen. HPI flow
initiation re-covered the core and stopped hydrogen gener-
ation the second time.

The results from the HECTR calculations showed that the

primary leak flow rates and RBC system were influential in
establishing the circulation flow in containment. The
calculated circulation flows caused relatively uniform
mixing of hydrogen after hydrogen injection into contain-
ment. Hydrogen mole fractions were slightly lower in the
source compartment for some cases at the end of the scenario
because steam was still being injected into the source

compartment from the primary, which decreased the hydrogen
mole fraction in that compartment. Overall containment-wide
average hydrogen concentrations were the highest at the end
of the transport calculations.

| The highest local concentrations of hydrogen were always
i calculated in the compartment that the steam and hydrogen

source flows were injected into. These local peak hydrogen
|
|

mole fractions occurred at the time of maximum hydrogen
injection into the source compartment from the primary.

! Hydrogen mole fractions in other compartments were lower

I than the peak mole fractions in the source compartment at
! the time of maximum hydrogen injection. Cases 1B, 1C, 2B,

i 2C, 3B, 3C, and 3D had detonable concentration messages

l printed by HECTR. These messages indicate that further
analysis with respect to detonability should be performed.
The volume of the source compartment, the magnitude of flow
paths connecting the source compartment, and the amount of
RBC flow into the source compartment affected the calculated
peak hydrogen concentration. For containment model 1, com-
partment 1 (the reactor cavity) was the smallest compartment
and had the smallest flow path areas; therefore, it showed
the highest hydrogen peaks. While compartment 5 (the
basement) was the largest, its flow path areas were four
times less than those of compartment 2 (SGlA). Compart- ;

ment 5 showed the second highest peak concentrations.
Compartment 2 was half the size of compartment 5 but was

! .
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1

extremely well ventilated during transport scenarios. The
high ventilation rates caused the peak hydrogen concen-
trations to be the smallest in this scenario.

For containment model 2, SGlA was divided into three
compartments (2, 9, and 10) with compartment 2 as the source

; compartment. Although compartment 2 of containment model 2
| was one-third the volume of compartment 2 of containment

| model 1, peak hydrogen mole fractions of both containment
models were roughly equal because both compartments were
well ventilated by RBC flow.

A.5 Deflagration Results

The hybrid large dry deflagration results are summarized in
Section 3.2.2. This section of Appendix A will present in
detail a representative single hydrogen burn analysis and a
representative multiple burn analysis. The following para-
graphs also summarize how single and multiple burns were
initiated and trends observed for single and multiple burns.

Table A.5.1 lists the hydrogen burn cases analyzed for the
S D4 scenarios. TenS Dl, and S D2 cases wereS D2, I2 2 2

calculated. Seven cases (4A, 4B, 4C, 4D, 4E, 4G, 4H) ana-
lyzed average maximum hydrogen ignition. These cases
observed effects due to changing source compartment loca-
tions, ignition compartment locations, and operation of the
spray system. One case (4J) analyzed the local maximum
hydrogen ignition. Two cases (4F, 4I) analyzed the default
7 percent hydrogen ignition mode. Six S D1 cases were2
performed. Three cases (SA, SD, SF) analyzed average
maximum hydrogen ignition, two cases (SC, SE) analyzed local
maximum hydrogen ignition, and one case (SB) analyzed the
default hydrogen ignition. Five S D4 cases were calcu-I

S D4 cases (6A, 6D) were average maximumlated. Two 1
hydrogen ignition, two cases (6B, 6E) were default ignition
cases, and one local maximuu hydrogen ignition case (6C) was
analyzed.

The mole fraction magnitude at which hydrogen was ignited
was based on three criteria: (1) average maximum ignition,
(2) local maximum ignition, and (3) default ignition. Aver-
age maximum ignition involved igniting hydrogen at the
average maximum containment wide hydrogen mole fractions.
This ignition occurred at the end of the hydrogen transport
calculations. Local maximum ignition was initiated in the
source compartment when the peak hydrogen mole fraction was
calculated to occur during maximum hydrogen injection into
the source compartment. Default ignition ignites the hydro-
gen in the first compartment in which the hydrogen mole
fraction reaches 0.07 (7 percent). The HECTR default igni-
tion level is considered to be the minimum level at which
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Table A.S.1

Hydrogen Burn Analyses Performed

Accident Source Ignition Initial Burn
Case Sequence Compartment Mode Compartment ESFs on CM

S D2 2 AM 5 RBC 14A 2
S D2 2 AM 5 RBC, RBS 14B 2
S D2 2 AM 6 RBC 14C 2
S D2 2 AM 7 RBC 14D 2
S D2 2 AM 2 RBC 1-4E 2
S D2 2 D 2 RBC, RBS 14F 2
S D2 1 AM 5 RBC, RBS 14G 2
S D2 5 AM 7 RBC, RBS 14H 2
S D2 5 D 5 RBC, RBS 14I 2
S D2 5 LM S RBC, RBS 14J 2

S D1 2 AM G RBC, RBS 1SA 2
S D1 2 D 2 RBC, RBS 15B 2
S D1 1 LM 1 RBC, RBS 1SC 2
S D1 1 AM 7 RBC, RBS 1SD 2
S D1 5 LM 5 RBC, RBS 1SE 2
S D1 5 AM 7 RBC, RBS 1SF 2

S D4 2 AM S RBC, RBS 16A I
S D4 5 D 5 RBC 16B 1
S D4 5 LM 5 RBC, RBS 16C 1
S D4 5 AM 7 RBC 16D I
S D4 5 D 5 RBC 26E I

AM: average maximum hydrogen ignition RBC: fan coolers
LM: local maximum hydrogen ignition RBS: spray system

D: default hydrogen ignition
CM: containment model

hydrogen burning can occur and was determined by hydrogen
burn behavior tests. Source compartments would be the first
compartments to have hydrogen burning under the default
ignition case. Default ignition could represent deliberate
hydrogen burning at lower levels by some type of ignition
system such as glow or spark plugs.

Average maximum hydrogen ignition cases for each scenario
always resulted in a single hydrogen burn in each compart-
ment. These burns occurred at the end of the scenario when
the hydrogen concentrations were uniform throughout contain-
ment. Therefore, these burns resulted in elevated tempera-
tures and pressures throughout the containment during
hydrogen burning.
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Local maximum hydrogen ignition cases usually resulted in a
single hydrogen burn in each compartment (S D2 and S D42 1scenarios). The S D1 scenario with local maximum hydrogen2
ignition resulted in one hydrogen burn occurring in some
compartments and no hydrogen burns occurring in other
compartments. This nonuniform hydrogen burning occurred
because of the low hydrogen mole fractions outside of the
source compartment at ignition time. These low hydrogen
mole fractions were below the HECTR hydrogen flammability
limits. When burns occurred in each compartment, high
containment gas temperatures and pressures were calculated.
The highest gas temperature was calculated in the source
compartment. When burns did not occur in every compartment,
low containment gas pressures were calculated. Gas tempera-
tures were low in compartments without burning and high in
compartments with burning.

Default (7 percent) hydrogen ignition analyses always
resulted in multiple burns in the source compartment. These
burns occurred shortly after hydrogen began to enter the
source compartment. Small and poorly ventilated source
compartments had tens of multiple burns while larger, well
ventilated source compartments had only several multiple
burns. Multiple burns also occurred in compartments
adjacent to the source compartment while some compartments
removed from the source compartment had no burns in some
cases. Generally, the smaller, poorly ventilated source
compartments (with their tens of multiple burns occurring)
allowed smaller amounts of hydrogen to be transported to the
rest of containment when compared to the large, well venti-
lated source compartments. Therefore, hydrogen burning in
small source compartments resulted in hydrogen burning in
fewer regions of containment. Low compartment pressures
were always calculated in default hydrogen ignition cases.
Many multiple burns resulted in high peak gas temperatures
while f ew multiple burns resulted in lower peak gas temper-
atures.

S D2 Single Hydrogen BurnA.S.1 2

The hybrid single hydrogen burn analysis presented in this
section is listed as Case 4A in Table 3.6. Compartment gas
conditions and safety equipment peak surface temperatures
caused by the hydrogen burning are listed in Table A.S.2.
Compartment gas conditions include the compartment in which
burning was initiated, the number of burns which occurred in
the compartment, the peak gas pressure, and the peak gas
temperature. The equipment temperatures are given in the
following order: (1) the transmitter cover plate model,
(2) the case-as-plate model, (3) the lumped case model, and
(4) the one-dimensional three-layer model.
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Tcblo A.S.2

S D2 Deflagration Results2

Gas Barton 763
Number of P ax T Tmi Tm2 Tm3 Tm4m max

Compartment Burns (kPa) (#X) (*K) (*K) (*K) (*K)

2 1 480 1320 400 370 370 400-
3 1 480 1330 390 360 360 380

*

5* 1 480 1220 380 360 360 380
6 1 480 1320 390 370 370 390
7 1 480 1370 - - - -

i

The source compartment was located in the steam generator
compartment with the pressurizer (SGlA). Hydrogen ignition
was initiated in the basement. At the time of ignition, the
hydrogen mole fraction was approximately 0.12 throughout the
containment. The hydrogen burning propagated from the

'

basement into the dome region through the second floor and
steam generator compartments. Peak gas temperatures for
each compartment increased with increasing containment
elevation; therefore, the dome region had the highest peak
gas temperature. The peak occurred in the dome because the
volume to surface area ratio for this compartment was the
largest for all the compartments in containment. Large
volume to surface area ratios allow less gas energy to

i escape to surfaces during burning, resulting in higher peak
gas temperatures.

Figures A.S.1 and A.S.2 show typical containment gas
pressure and temperature responses to a LOCA scenario with a
single hydrogen burn at the end of the LOCA. The gas
responses are shown for the second floor compartment but
their trends are similar for all compartments in the
containment. The first 16000 seconds represent the second
floor gas response to the steam and hydrogen release from
the primary system, in comparison, the burn is a relatively
rapid transient.

I

! Figures A.5.3 and A.S.4 show tne second floor steam and
I hydrogen mole fractions, respectively. The steam mole
! fractioa trends are driven by the steam releases as

calculated by MARCON 2.0 (see Figure A.2.2). The hydrogen
mole fraction trends represent the two releases of hydrogen

! which occurred during the LOCA (see Figure A,2.3). The
! steam mole fraction rapidly increased during hydrogen
' burning due to steam being produced during the combustion

process. The hydrogen mole fraction rapidly decreased
during the single hydrogen butn.

1
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Figure A.S.5 shows the one-dimensional three-layer equipment
model surface temperature response to the LOCA scenario.
The peak temperature occurred during burning with a 50*K
' increase over the initial temperature of 334*K.

S D4 Multiple Hydrogen BurnA.5.2 t

| The hybrid multiple burn analysis presented in this section
is listed as Case 6E in Table 3.6. Compartment gas con-
ditions and safety equipment peak surface temperatures due
to the multiple burns are listed in Table A.S.3.

The source cowpartment was located in the basement and
hydrogen was ignited each time that it reached 7 mole
fraction percent. This ignition criteria resulted in
18 burns being calculated in the source compartment. Enough
hydrogen was transported to the second floor (between
multiple burns in the source compartment) to allow five
burns to occur in the second floor compartment.

Figure A.S.6 illustrates the source compartment gas temper-
ature during the LOCA. Multiple burning was started at

w approximately 6500 seconds. Eighteen burns were calculated
with peaks briefly reaching 1160*K. The baseline gas tem-
perature was elevated from roughly 400*K to 720*K and
remained elevated for approximately 1500 seconds.

Figure A.5.7 shows the second floor gas temperature. Five
burns were calculated to occur in this compartment during
the LOCA. The individual burns are not readily observed due
to thermal influence from the source compartment. The gas
temperatures are less than those in the source compartment
and are over 440*K for approximately 1000 seconds.

Table A.S.3

S D4 Deflagration Results2

Gas Barton 763
Number of P T M1 Tm2 Tm3 Tm4max max

Compartment Burns (kPa) (*K) (*K) (*K) (*K) (*K)

2 0 220 370 370 370 370 370
3 0 2E0 370 370 370 370 370
5* 18 220 1160 790 630 630 610
6 5 220 540 410 390 390 400
7 0 220 380 - - - -

11 0 220 380 370 370 370 390
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The dome compartment gas temperature is shown in Figure
A.5.8. Its gas trend is typical for other compartments
removed from the source compartment. The multiple burn's
thermal effect on this compartment compared to the rest of
the LOCA is mild.

|

Figure A.S.9 shows the containment gas pressure response to
! the LOCA scenario. Note that the initial water blowdown

from the primary system (0 to 2000 seconds) has more effect
on containment pressure than the multiple burning.

Figure A.5.10 demonstrates the effect of the source compart-
ment multiple hydrogen burn on the one-dimensional three-
layer model surface temperature. The equipment surface is
unable to cool significantly between burns: therefore, the
surface temperature increases almost continuously during the
multiple burns. The surface temperature reached a peak of
670*K and remained above 444*K for over 3000 seconds.
Recall that experiments have demonstrated that internal
equipment temperatures will approach surface temperatures
when the equipment is held at elevated temperatures for
prolonged periods.

-
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APPENDIX B

TMI HYDROGEN BURN ANALYSIS

B.1 Introduction

On March 28, 1979, a hydrogen burn occurred in containment
| during a nuclear core uncovery accident at Three Mile Island
| Unit 2 (TMI-2). This accident contributed to the Hydrogen

Control Rule for Pressurized Water Reactors (PWR), which
states that containment structural integrity and surviv-
ability of needed safety systems during a hydrogen burn must
be demonstrated. The TMI-2 accident data will provide a
benchmark of hydrogen burn computer codes which can then be
used in analyses of other degraded core accidents.

This report describes the Sandia National Laboratories (SNL)
analysis of the TMI-2 hydrogen burn, using the HECTR code to
predict the TMI-2 containment pressure and temperature
response. This analysis was requested by DOE with the
request that postulated hydrogen addition rates calculated *

by Henrie and Postma be used.1 Since the Henrie and
Postma analysis was released, a TMI-2 hydrogen burn analysis
has also been performed by the Factory Mutual Research
Corporation (FMRC).2 This report includes and builds upon
the analyses of both Henrie and Postma and FMRC. The
hydrogen generation, release rates, and mixing used in this
analysis are based upon the results of References 1 and 2.

The HECTR computer code 3 was used to calculate the con-
tainment and safety-related equipment response during and
after the hydrogen burn. HECTR is a lumped-parameter,
multi-compartment containment analysis code developed to
analyze nuclear reactor accidents involving the transport
and combustion of hydrogen. The gases in each compartment
are assumed to be uniformly mixed, and gas flow between
compartments can be driven by both pressure and density
differences. Included are models for hydrogen burns,
radiative and convective heat transfer, and wall heat
conduction. Some engineered safety features (ESFs), such as
the reactor building spray system and reactor building fan
coolers, are also modeled by HECTR. A moderately compart-
mentalized model of TMI-2 was used: 8 compartments, 17
intercompartment flow junctions, and 46 structural surfaces.
More detailed descriptions of the containment model and ESFs
systems are presented in Section A.2.2 of this report.

B.2 Containment Conditions Prior to Burn

The initial conditions prior to the burn in containment are
dependent upon the hydrogen generated in the primary vessel
and released, along with steam, through a break in the

B-1



primary cooling system. The analysis in this report did not
attempt to calculate the amount of hydrogen and steam'

released from the psimary, but used results from other
analysesl.2 to establish initial conditions in containment
prior to the burn.

B.2.1 Hydrogen Generation and Release

The reader is Ieferred to References 1, 2, 4, and 5 for
analyses and descriptions of the events leading to hydrogen
generation, transport, and release from the primary cooling
system. Figure B.2.1 presents several estimates of hydrogen
release and accumulation in containment prior to the hydro-
gen burn. The four curves demonstrate similar trends in

hydrogen release; however, the Battelle calculations were
performed with an early version of MARCH which calculated ;

hydrogen release rates which were unrealistically low.2 j

The important . f eature of Figure B.2.1 is that the hydrogen
release into containment occurred over a 7-hour period. The
long release time prior to burn would have enhanced hydrogen
transport and mixing processes in the containment building.

B.2.2 Hydrogen Transport in Containment
.

Hydrogen and steam entered containment through the discharge
duct from the reactor coolant drain tank (RCDT). The RCDT
is located in the basement level with the discharge duct
exit near the ceiling of the basement as shown in Fig-
ure B.2.2. The hydrogen and steam would then enter the

second- and third-floor levels through floor gratings,
hatches, and penetrations, the open stairwell number 1, and
an annular 4-inch seismic gap between the containment liner
and the second and third floors.

The hot, buoyant hydrogen and steam mixture could lead to
stratification in the compartments into which the mixture
would enter. However, the stratification or buoyant forces
would be opposed by many phenomena in containment which
would promote mixing: (1) circulation of containment gas by

i
the reactor building fan coolers. (2) circulation of con-

|
tainment of gas by the hot steam generator surfaces,

(3) mixing of containment gas by condensation onto cool
surfaces, (4) plume entrainment by released steam and
hydrogen, and (5) molecular diffusion. The fan coolers
alone circulated containment air once every twelve minutes.
The fan cooler inlet drew air from the second floor and
exhausted cooled air to multiple locations in the basement,
reactor cavity, steam generator compartments, and dome i

region.

Experiments and analyses described in References 1 and 2
indicated that average hydrogen concentration differences
between the dome lower containment regions greater than

,

l
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i

i

I

| 1 percent total hydrogen were unlikely. Hydrogen- was
'

released approximately 45 seconds prior to the burn which !
| could have produced a small, enriched hydrogen zone in the
' basement; however, the bulk of the hydrogen released in the
I sever hours prior to the burn was well mixed throughout the

containment.
!

B.2.3 Hydrogen Burn Initial Conditions j

Henrie and Postma and FMRCl.2 have estimated preignition
gas conditions to consist of a hydrogen concentration of 7.3 :
to 7.9 volume percent and a water vapor concentration of 3.5
to 5.5 volume percent. Containment gas temperature was ver-
tically stratified from 316*K in the basement to 327*K at
higher elevations. The containment gas pressure was 110 kPa.
Three sets of initial conditions were used in this analysis
and are presented in Table B.2.1.

t

Table B.2.1

Initial Conditions Used for Hydrogen Burn Analysis |

Case XH2(%) XH O(%) P(kPa) T(*K)a 2

1 7.9 3.5 110 327 '

2 7.3 3.6 110 327
3 7.5 5.5 110 327

] ;

|

B.3 Hydrocen Burn
i

'

B.3.1 Containment Response
r<

i The containment pressure due to the hydrogen burn was
recorded by the Once Through Steam Generators (OTSG). A and
B. pressure transmitters as well as by Engineered Safety

) Features (ESPs) pressure switches. This data is shown in
Figure B.3.1. The OTSG A and B data were recorded every 3 i

seconds while ten ESF pressure switches were calibrated to '

actuate at 24.7 kPa (3.58 psig) and to reset at 20.7 kPa
(3 psig). Six pressure switches were calibrated to actuate
at 184 kPa (26.75 psig) and reset at 180 kPa (26 psig). The |

proximity of the 26.75 psig actuation and 26 poig reset
(about a 4-second delay) may indicate that the peak pressure

'
may not have greatly exceeded 193 kPa (28 psig). Henrie
shows a peak pressure of 203 kPa (29.5 psig) in Figure 3-1
of Reference 1. The peak pressure occurred 10 to 12 seconds L

l after ignition, which is also a rough indication of the burn
,

time in containnent. !

; Containment gas temperatures were recorded by resistance f
I temperature detectors (RTDs) from twelve locations every 6 |

i B-5
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,

minutes. The hydrogen burn occurred between recording times
i

| and temperatures were logged well into cooldown after com-
| bustion. Therefore, the HTDs provided no useful temperature

data during the hydrogen burn and gas cooldown period, liigh
; temperature alarm sensors monitored by the TMI-2 computer

indicate that the burn started in the basement and continued
upward through the floor levels and steam generator compart-
monts into the dome region.1 Therefore, the temperature
sensors indicate the origin and direction of burn but do not
give any gas temperature data during the burn,

,

The completeness of the burn at TM1-2 is not precisely
known. Oxygen samples taken in containment were not con-
sistent due to changes in sampling procedures to reduce
exposure to personnel taking the samples. llentie and
Postmal used five different methods to calculate the
amount of hydrogen burned in containment and concluded that
approximately 86 percent of the initial hydrogen was
consumed during the burn. After the burn, 1.1 percent
hydrogen (compared to the initial 7.9 percent) would have
been in containment.

B.3.2 HECTR Analysis of TMI-2 Hydrogen Burn

B.3.2.1 ,CJ;Ln t a i nme n t Model

The TMI-2 containment was divided into eight compartments.
These compartments are: (1) the reactor cavity; (2) the
steam generator compartment with the pressurizer, SG1A;
(3) the steam generator compartment without the pressurizer,
SGlB; (4) the refueling canal; (5) the basement, Eleva-
tion 280; (6) the second floor, Elevation 305; (7) the third
floor or dome region, Elevation 347; and (8) the enclosed
stairwell and elevator. The model is shown in Figure B.3.2.
The compartments are well connected to one another by
equipment hatches, wall and floor penetrations, doorways,
open stairwells, and the seismic gap.

The major Engineering Safety Features (ESPs) systems modeled
during the burn were the reactor building fan coolers and
spray system. The fan coolers operate in normal and LOCA
modes. Five fan cooler units are located at Elevation 305
and draw containment air at this location into the cooling
coils. During normal operations, three units circulate air
from the second floor through the cooling coils to multiple
release points in the basement, steam generator compart-
ments, and reactor cavity. Upon a 4 psig increase in
pressure signal, the fan coolers switch to LOCA mode
operation. Five units circulate air at reduced air flow
conditions from the second floor to the dome region as well
as the regions mentioned for normal operation. The spray
system is activated by a 28 psig increase in containment
pressure, and water leaves the spray headers 30 seconds

P
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after the high pressure signal. The effect of spray '

, operation in reducing containment temperature is limited
l primarily to the dome region. Unevaporated spray reaching
| the dome region floor above the steam generator compartments
I and fuel transfer pit is allowed to continue falling through

and evaporating in those compartments,

i

B.3.2.2 Safety-Equipment Model

The thermal response models of the safety-related equipment I
were based on a Barton 763 gauge pressure transmitter. Four
models were developed, each reflecting various degrees of
conservatism. Model conservatism indicates that the model
surface temperature will respond at a higher temperature to
a given incident heat flux when compared to the response of
an actual Barton 763 to an identical flux. A one-dimensional

; model of the cover plate alone from the Barton 763 was the
most conservative model. This model was included to provide
a comparison with a prior analysis of equipment temperature
response to pressure deflagrations in an ice condenser
containment.6 A second model treated all of the steel in

"

the casing of the Barton 763 as a one-dimensional steel ;

plate with a frontal area equal to the Barton 763. This
j model is referred to as the case-as-plate (CAP) model. The

third model treated the entire steel casing as a lumped mass t

1 with uniform temperature response throughout the
mass-to-incident heat flux. These two models were less;

conservative than the first model. The fourth model was a
! one-dimensional three-layer representation of the

Barton 763. This model accounted for the air gap between
the casing and internal electronics. This model was the
least conservative of the four models described,

,

i

The fourth model was used in a separate analysis to bound !

the conservatism of the four models. In the analysis, the
model was analytically exposed to an incident heat flux ;

pulse used at the Sandia Central Receiver Test Facility '
,

1 (CRTF) for prior hydrogen burn simulation equipment
experiments. The surface temperature response of the model r

: was calculated and compared to the measured surface temper- |
ature rise of an actual Barton 763 exposed to the flux pulse'

j at the CRTF. The peak surface temperature of the model was
calculated to be approximately ll*K (20*F) higher than the'

measured Barton 763 surface temperature. The fourth model
and measured Barton 763 thermal time response character-
istics were equivalent. This fourth model or one-
dimensional three-layer model is considered to be the most
realistic of the four models and its surface temperature
response to pressure burning will be reported in this,

3 analysis as a basis of evaluating the thermal response of
electrical equipment to a pressure burn.,

,

j The Barton 763 model was placed in five containment loca- r
tions: (1) steam generator compartment SG1A, (2) steam

! i
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generator compartment SGlB, (3) the basement, (4) the second
floor, and (5) the dome region.

B.3.2.3 Calculations Performed

Eleven HECTR production runs are reported for this analysis.
Table B.3.1 summarizes the calculations performed. The
first _two production runs (Cases lA and 1B) examined the
effect of choosing compartment flame propagation lengths

(FPL). FPL are estimates of the path length over which the
hydrogen burn can occur in each compartment of the contain-
ment. Flame speeds are calculated by HECTR at the beginning ;

of each compartment burn using flame speed correlati in
HECTR based on the compartment gas conditions.3 Dividing
each compartment FPL by the flame speed gives the burn time
duration. TMI-2 containment FPLs were chosen based on
compartment dimensions. Case 1A used maximum compartment
dimensions, and Case 1B used minimum compartment dimen-

i sions. The long and short dimensions were chosen as |
!

bounding lengths over which the burn could occur. Cases lA
and 1B used initial conditions postulated by Henrie and
Pcstma (Case 1 of Table B.2.1) and assumed complete hydrogen
burning.

Case 1C examined the effect of varying surface areas in the
'

compartment model. The magnitude of the surface area can
have a significant effect on containment gas cooldown after
the burn and a moderate effect on gas heat up during hydro-
gen burning, with more energy being lost by the gas to
greater surface areas. Surface areas for the HECTR analyses
were calculated by reviewing Final Safety Analysis Report
diagrams of the containment. Case 1C used the initial

,

conditions of Case 1A and complete hydrogen burning. 1

! Cases ID and 1E assVmed incomplete hydrogen burning and used ,

' completion percentages postulated by Henrie and Postma.1 ,

Case 1D assumed that hydrogen burned down to 1 percent
hydrogen in the dome region: to 2 percent in the steam :

generator compartments; and to 2.2 percent hydrogen below !
1

! Elevation 347. Case lE assumed that hydrogen burned com- |
pletely in the dome region and burned down to 3.5 percent

'

1

hydrogen elsewhere in containment. The final hydrogen i
'

I concentration balances to 1.1 percent for both cases.

|
Initial conditions used were those postulated by Henrie and
Postma (Case 1 of Table B.2.1).
The Case 2 calculations did not attempt to establish burn

,

durations through the selection of FPL and use of HECTR
flame speed correlations. Total containment burn times of ,

12 seconds were specified in the HECTR input data deck.

Case 2A used the Henrie and Postma initial conditions and <

| assumed complete hydrogen burning. Cases 2B and 2C used the ;
'

Henrie initial conditions but assumed incomplete burning as
in Cases 1D and J E, respectively. Cases 2D and 2E used the

B-10 -
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;

:= !

,

FMRC initial conditions (Cases 2 and 3 in Table B.2.1 and
assumed complete hydrogen burning. Case 2F was essentially
a repeat of Case 2B but delayed the hydrogen burn propa-

j gation time from the basement to dome region by 50 percent.
:

Table B.3.1 ,

HECTR TMI-2 Analyses -

Burn Time Burn Surface Initial ;

Case Mode Completeness Area Conditions

lA Long FPL 100% Default A
1B Short FPL 100% Default A
1C Short FPL 100% 130% A
1D Long FPL X Default A ,

lE Long FPL Y Default A

2A Specified 100% Default A'

2B Specified X Default A
2C Specified Y Default A
2D Specified 100% Default B
2P Specified 100% Default C
2F Specified X Default A

A Case 1 Initial Conditions Table B.2.1
B Case 2 Initial Conditions Table B.2.1 !

C Case 3 Initial Conditions Table B.2.1
4

X 1% H2 left in dome
2% H2 left in steam generators
2.2% H2 left below dome

Y 0% H2 left in dome
3.5% H2 left elsewhere in containment

i

'

i B.3.2.4 Results
ii

! Table B.3.2 lists the HECTR calculated peak gas pressures
'

and temperatures (Pm and Tm, respectively). The peak
safety equipment model temperatures for the lumped mass
model, the CAP model, and the three-layer model (Tmt.
Tm2, and Tm3, respectively) are also given in
Table B.3.2. The peak incident total and radiant heat'

fluxes (Tm and Rm) to the three-layer model are also
listed. The peak temperatures for the. three-layer model
will be reported on only in this analysis because the
three-layer model is most representative of the actual
Barton 163. ,
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Table 3.3.2

Deflagr641on summaries

Gas
.

Barton- Incident Flux
Case Compart- Pm Tm Tm ~Tm Tm - Tm "22

ment (kPa) (*K) (*K)3 (*K)2 (*K)3 (kW/m ) (kW/m )

1A 1 340 920 -- -- -- -- --
|

2 340 1020 352 335 333 54 29 |

3 340 1030 352 335 333 55 30-

| 4 340 1040 -- -- -- -- --

5 340 990 358 338 334 44 30,

6 340 1010 362 340 335 63 35

7 340 1060 369 343 338 77 43:

IB 1 320 870 -- -- -- -- --

2 320 1000 351 335 333 52 27

3 320 1010 352 335 333 54 28

4 320 1020 -- -- -- -- --
,

5 320 960 357 338 334 37 24
,

6 320 970 357 338 333 50 28

7 320 1030 369 342 338 70 39 i
,

1C 1 330 920 -- -- -- -- --

2 330 1020 350 335 333 -- --

3 330 1030 351 335 333 -- -- ,
!

[4 330 1040 -- -- -- -- --

5 330 980 355 337 334 t-- --

6 330 1000 358 338 334 f-- --

7 330 1050 365 341 337 -- --

\1D 1 310 800 -- -- --

2 310 900 350 335 333 19 |

3 310 890 350 335 332 s/ 19 (
4 310 970 ;-- -- -- -- --

5 310 850 354 337 333 30 18 ;

6 310 890 358 338 333 42 19 L
'

1 7 310 1000 369 343 338 66 36

1E 1 300 710' -- -- -- -- --

2 300 780 345 333 333 27 12 [
;

3 300 780 345 333 331 26 12 i

4 300 780 -- -- -- -- --

5 300 760 349 335 331 19 12 ,

j 6 300 790 353 336 332 26 14

7 300 1030 373 344 339 71 41 ;

i

!1F 1 340 800 -- -- -- -- --

2 340 1010 357 338 3.15 49 35 ;
.

'

3 340 1020 357 338 335 50 35 '

4 340 1060 -- -- -- -- --
*

,
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Table B.3.2

| Deflagration Summaries (Concluded)

i

Gas Barton Tiggident Flux
Case Compart- Pm Tm Tm Tm Tm

2 "2;

! ment (kPa) ('K) (*K)g (*K)2 (*K)3 (kW/m ) (kW/m ) i

|

5 340 1020 365 341 336 56 39
6 340 10!O 368 342 337 59 42.

7 340 1070 375 345 340 68 48 .|

[2B 1 320 -720 -- -- -- -- --

2 320 890 350 335 332 32 22
3 320 900 350 335 333 33 21 !

f4- 320 1000 -- -- -- -- --

5 320 890 355 337 333 35 23
6 320 900 359 339 334 38 25
7 320 1010 369 342 338 57 39

1

2C 1 310 660 |
-- -- -- -- --

2 310 790 344 333 331 21 12 i

3 310 790 344 333 331 21 12
4 310 810 i-- -- -- -- --

'5 310 800 349 335 331 25 14
6 310 800 353 336 332 26 15 4

7 310 1060 374 344 340 65 46 I

2D 1 300 730 [
-- -- -- -- --

2 300 900 349 335 332 32 21
3 300 900 349 335 333 32 21
4 300 930 -- -- -- -- --

5 300 910 356 338 333 37 24
6 300 910 359 339 334 39 25 I
7 300 940 361 340 336 43 28 1

1

2E 1 310 730 |-- -- -- -- --

i2 310 930 352 336 333 38 26
3 310 930 352 336 334 39 26 I

4 310 970 -- -- -- -- --

5 310 940 359 339 334 44 29
6 310 950 362 340 335 46 31,

7 310 980 366 342 338 53 35

2F 1 320 750 -- -- -- -- --

2 320 910 350 335 333 33 22
3 320 910 350 335 333 34 22

' 4 320 1010 -- -- -- -- -- ;

5 320 900 355 337 333 37 24 !

6 320 900 359 339 334 40 25
!

7 370 1020 369 343 338 64 39

I
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i

Peak containment gas pressures ranged from 300 kPa to
340 kPa. Peak gas temperatures in the dome region ranged
from 940*K to 1070*K. Basement and second floor peak gas
temperatures ranged .from 760*K and 790'K to 1020*K and
1030'K, respectively.

The lumped mass, CAP, and three-layer models of the i

Barton 763 pressure transmitter were included to provide
continuity with the Surry and hybrid containment analyses i

presented in Appendices A and C. A more detailed de- 4

scription of these models may be found in Section A.l.1.
Peak ' temperatures of the Barton 763 models never exceeded
the LOCA qualification temperature of- 444*K. Peak tem-
peratures for the one dimensional three-layer model ranged
from 331*K to 340'K. Peak total-incident fluxes in the dome

2region ranged from 43 kW/m2 to 79 kW/m . While peak
total incident fluxes in the lower elevations of containment

2ranged from 22 kW/m2 to 64 kW/m . The total incident
fluxes would be comparable in magnitude to fluxes seen by
other equipment or by cable in containment. The possible
effect of these fluxes on cable will be addressed later in
the report.

Figure B.3.3 shows the Case 1A and 1B HECTR calculated
pressuro compared to the OTSGA and OTSGB pressure readings.
Case 1A used the shorter FPLs which resulted in a burn
duration time of approximately 7 seconds while Case 1B,
using the longer FPLs, resulted in a burn duration time of
approximately 11 seconds. Although case 1B calculates ai

i reasonable burn time. HECTR does calculate its pressure

i increase to occur approximately three seconds before the
! corresponding OTSGA pressure value. Postburn cooling shows

j good agreement with the TMI-2 OTSG readings.

! Figure B.3.4 compares Case 1A and 1C results to the OTSG
| data. The surface area in containment for Case 1C was

| increased by 30 percent compared to the containment surface
I area used in Case 1A. The increased surface area resulted
i in a 15 kPa decrease in containment pressure at the time

when contaihment spray water entered the containment when'

i compared to the Case 1A pressure response. The initial
| surface area calculated for the TMI-2 calculations are
l believed to be adequate due to agreement in postcombustion

cooldown slopes between HECTR calculated pressurec and the
; OTSG A pressures.

Figures B.3.5 and B.3.6 show case 1D and 1E HECTR pressure
calculations compared to the Case 1B and OTSG data curves.

r Recall that Case 1D and 1E assume 1.1 percent total hydrogen
left after the burn. Pressure rise during the burn as
calculated by HECTR occurs earlier than the OTSG pressure
data, but postcombustion gas pressure cooldown results are
in excellent agreement with each other.

|

| B-14
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Figures B.3.7 and B.3.8 show the Case 1D and lE containment
gas temperatures for the basement (CS), second floor (C6),
dome region (C7), and steam generator compartments (C2).
These temperature patterns are typical for all of the Case 1
calculations. The burn initiated in C5 and propagated to C2
and C6. The burn then propagated to C7 from C6. For all
Case 1 calculations, the burns in the compartments below C7
were completed before the burn in C7 was completed. The
temperatures in C2, CS, and C6 continued to increase after
their hydrogen burns ended due to thermal influence from the
hydrogen burning in the dome region. In Case lE, the
thermal influence from the dome region upon C2, CS, and C6

; resulted in peak temperatures higher than those due to

| burning. The phenomenon was true only for C5 in the Case 1D
| calculation. The duration of the burn times in C1, C4, C5,
'

and C6 may be changed by varying the FPL in each compartment.

! It has been postulated that burning occurred simultaneously
in all regions of the compartment building.7 The Case 2
HECTR calculations addressed this issue by forcing the
hydrogen burning in each compartment to end concurrently.
For the Case 2 calculations, burning was initiated in the
basement region and allowed to propagate upward through the
second floor and steam generator compartments into the dome
region. Burn propagation from the basement into the second
floor was delayed for 1.5 seconds, and burn propagation from
the second floor to the dome region was delayed for 2 sec-
onds. Therefore, burning occurred for: (1) 12 seconds in
the basement and steam generator compartments, (7) 10.5 sec-
onds in the second floor, and (3) 9.5 seconds in the dome
region. Hydrogen burning was stopped in the containment
building 12 seconds after ignition in the basement. These
burn propagation delay times were chosen after a private
conversation with O. J. Henrie.

Figures B.3.9 and B.3.10 show HECTR calculated containment
pressures for Cases 2B and 2C, respectively. Cases 2B and
2C used the same burning completions as used in Cases ID and
lE, respectively. The HECTR-calculated pressure agreement
with the OTSG pressure data is good. The HECTR pressure
increase during burning in Cases 2B and 2C agrees much
better with the OTSG pressure data compared to Cases 1D and
lE, but still predicts an earlier pressure rise compared to
the OTSG pressure. Figures B.3.ll and B.3.12 show the HECTR
containment temperature response for C2, CS, C6, and C7.
Since burning below C7 occurs concurrently, the temperature
responses of C2, CS, and C6 during burning are very similar
with slightly different peak temperatures. The Case 2B C2,
C5, and C6 hydrogen burning was more complete than in
Case 2C, resulting in higher peak temperatures in those
compartments. Case 2B C7 hydrogen burning was less complete
than in Case 2C, resulting in a lower dome peak temperature.
Before the sprays entered containment, the containment gas
cooldown rate was slightly higher in the lower elevations

B-19
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(C5 and C2) of the containment compared to gas cooldown in
the dome region.

Spray actuation significantly affected gas cooldown in the
dome region. Gas cooldown due to sprays in the C2 spray
carryover compartment was much less compared to the dome gas.

Figures B.3.13 through B.3.16 show HECTR gas pressure and
temperature calculations for Cases 2D and 2E. -Cases 2D and
2E used the FMRC initial conditions: 7.3 percent H-2

H 0,H 0, and 7.5 percent H2 ,. 5 percent3.6 percent 72
respectively. Both cases assumed complete hydrogen burn-
ing. The lower initial hydrogen concentrations resulted in
less severe peak pressures and temperatures when compared to
the Case 1A, 1B and 2A complete hydrogen burning calcula- I

tions. The HECTR pressure calculations show good agreement
with the OTSG pressure data. The C2, C5, C6, and C7 peak
temperatures are close due to complete hydrogen burning in j

all containment regions occurring concurrently. l

The Case 2F calculation attempted to address the earlier
pressure increases calculated by HECTR in the prior Case 1
and Case 2 series. The Case 2F calculation delayed the
flame propagation from C5 to C6 and then from C6 to C7. The
burn propagation from C5 to C6 was delayed by 3 seconds, and
the burn propagation from C6 to C7 was delayed by another
3 seconds. Therefore, the burn time in: (1) the basement
and steam generator compartments was 12 seconds, (2) the
second floor was 9 seconds, and (3) the dome was 6 sec-
onds. The delay in burn propagation from lower to higher
elevations would decrease the pressure rise rate early in
the burn. Delaying burn initiation in the dome would cause
the hydrogen in the dome to be burned at a higher rate to
force the burn to end in 12 seconds. The quicker burning in
the dome would then cause the pressure increase rate to be

i larger than the other Case 1 and Case 2 calculations during

|
burning in the dome region. The Case 2F calculation used
the Case 2B initial conditions and burning completion.

Figures B.3.17 and B.3.18 show the calculated containment
pressure and temperatures. Figure B.3.17 demonstrates tnat
the HECTR-calculated pressure rise rate is much closer to
the OTSG pressure data than for the other Case 1 and Case 2
calculations. HECTR pressures lead the OTSG data by approx-

,

imately 2 seconds. The containment temperature responses
are similar to those of Case 2B and demonstrate almost uni-
form peak temperatures below the dome region.

Figures B.3.19 and B.3.20 show the calculated total incident
fluxes to the Barton pressure transmitter for the lower
level (Cl) and dome region (C7) of containment, respec-
tively. Fluxes are presented for three typical cases:

1
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Case 1A, Case 2C, and Case 2F. The incident total fluxes
are calculated with average gas temperatures and therefore
represent an average incident flux. Local heat fluxes are
influenced by gas turbulence during and after hydrogen
burning, by condensation, and by equipment shielding and
would vary about the average calculated fluxes. Although
the incident fluxes were calculated for the'Barton pressure
transducer three-layer model, the incident fluxes for the
Barton represent upper limits for cable fluxes since the

| Barton surface temperatures would remain lower than cable
| surfaces during a burn. Total incident fluxes in the lower
I containment levels are substantially lower (approximately 30
l to 50 percent) than the total incident fluxes in the dome

region.
;

The integrated total incident fluxes are shown in Fig-
ures B.3.21 and B.3.22. The integrated energies ranged from
800 to 1010 kJ/m2 in the basement and from 1250 to
1550 kJ/m2 in the dome region.

The observed burn damage that occurred in containment during
the TMI Unit 2 accident was greater in severity at higher
elevations where peak gas temperatures were their highest
during the burn. Burn damage also varied with quadrant
location for Elevations 305 and 347, with the greatest
damage occurring in the south, north, and east quadrants.
Major structures and safety-related equipment were not
damaged, and burn damage occurred to smaller objects located
throughout containment. Items damaged included, telephones,
wooden scaffolding boards, an instruction manual, and the
polar crane pendant cable. The nature of damage to the
material was charring or scorching.1,2

Cable flammability studies have been performed at FMRC.8
The results of these studies have been summarized in the
FMRC TMI-2 hydrogen burn study.2 The tests conducted at
FMRC base cable flammability on three key parameters:
critical heat flux, absorbed damage energy, and absorbed
ignition energy. The critical heat flux is defined as a
minimum flux above which cable damage or ignition can
occur. The absorbed ignition energy is the minimum time
integral of external heat flux above which a flammable
vapor / air mixture near the surface of the cable can be
maintained as long as the external heat flux is above the
critical heat flux. A table listing cable ignitablity data
has been taken from the FMRC report 2 and is listed in
Table B.3.3. The critical heat flux indicates that once Ed
(absorbed damage energy) or Ei (absorbed ignition energy)
has been obtained, cable damage or ignition will occur as
long as the critical heat flux is maintained.
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Table B.3.3
_

FMRC Cable Ignitability Data

Critical
E E

Insulation / Jacket Conductors Outer HeatFgux d i Relevant
2

Materials No. Size (AWC) Diem. (cm) (kW/m ) (kJ/m ) TMI Cable

EPR/Hypalon 1 2-14 0.5-2.1 14-25 1100 1300-1800 Polar Crane and

EPR/Hypalon 5,7 9-14 1.7-2.5 23-27 -- 1900 Power Cables'

03 Hypalon/Hypalon 5 16 1.1 14- 900 1300 Central Cable.

Silicone / Asbestos 7,9 12-14 2.0 23-25 -- 1600-1800 Instrumentation
,

Cable'

4

i PTFE/PTFE 1,7 2-1 1.0.1.5 25,26 -- 8000-17,000 In-Core'
Monitoring

4
a

Polyolofin/None 1 12 0.4-0.5 25 -- 2100-5600 Out of Core.
Instrumentation

| From Reference 2

I
4

l

i

i
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I
I
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Figures B.3.19 and B.3.21 indicate that critical heat fluxes
of 14 to 27 kW/m2 do not exist when integrated flux levels
of 900 to 17,000 kJ/m2 are obtained. Therefore, cable
damage or ignition are unlikely below the dome region.
Figures B.3.20 and B.3.22 suggest that cable damage may be
achieved in the dome but that cable ignition is unlikely.
An energy damage level of 1100 kJ/m2 from Figure B.3.22
corresponds to a flux level of approximately 24 kW/m2 from
Figure B.3.20.

B.4 Summarv
!

! HECTR Case 1 and Case 2 deflagration results show good
( agreement with OTSG pressure data. Case 1 calculations are

dependent on FPLs chosen to establish burn times and show
the worst agreement with the OTSG data of the Case 1 and
Case 2 results. Case 1 calculations show a too rapid
pressure rise compared to the OTSG data. Complete burn
Case 1 analyses overpredict peak pressures while the
noncomplete burn cases predict peak pressures very well.
Based upon the Case 1 and Case 2 calculations, better FPL
values could be predicted to obtain slower initial pressure
rise rates. Case 2 complete burn analyses using Henrie's
initial conditions overpredict the peak pressures, but
incomplete Case 2 burns agree well with OTSG peak data.
Case 2 complete burn analyses using FMRC initial conditions
also calculate peak pressures close to the OTSG data.

Peak temperatures are highest in the dome region and
decrease with lower containment elevatiw.s. Case 1 cal-
culations showed greater variations in peak temperatures
with containment elevation t ha t. Case 2 calculations did.
Less stratification in peak temperatures below the dome
region occurs if burning occurs throughout containment
simultaneously for greater periods of time.

Incident total flux values and integrated flux values show
energy levela below the dome region too low to cause damage
to representative cables. Energy levels in the dome region
appear too low to ignite cables but may be sufficient enough
to damage some cable types. Damage to cables in this con-
text could be described as scorching or charring the cable
jacket.

l
;

!

|

l

!

|
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APPENDIX C

SURRY EQUIPMENT TEMPERATURE ANALYSIS
.

'

C.1 Introduction

The plant chosen for the subatmospheric analyses was the
Surry nuclear power plant. Each unit at Surry lias a three-
loop Westinghouse PWR rated at 775 MW(e). The analyses vete
performed using the HECTR Version 1.5 hydrogen burn cm .
with a MARCH hydrogen source term.1,2

C.2 Containment Model

The volume of *he Surry containment building is approxi-.

mately 1,750,000 cubic ft. The geoluetry of the structure is
considerably different from a large dry containment in that

,

: it is highly compartmentalized with the only large open
! volumes being the dome and operating floor. The containment

model used in the Surry analyses was similar to that used in
the ANS Source Term Study.3 For the present study the
compartmentalization of the model was refined to conform to
characteristics of the HECTR code and to more precisely
characterize hydrogen transport in the building. Two
longitudinal sections of the building are shown in Figures
C.2.1 and C.2.2. The compartments are identified in
Table C.2.1.

C.3 Eauipment Model_s_

The equipment models used in the analyses were based on the
Barton 763 gauge pressure transmitter. This instrument has
been extensively tested in the Hydrogen Burn Survival pro-
gram and its thermal response to simulated hydrogen burn
heat flux pulses is well documented.4

Four models of the transmitter were used in the analyses.
The first model was a one-dimensional slab model of the
cover plate of the transmitter only. This model was used in
previous analyses whose results are known to be conser-
vative.5 This model was included in the present work to
serve as a check on the results of Reference 5.

The second and third mod'els were the "Case-As-Plate" (CAP)
and lumped mass models of the transmitter. The CAP was a
one-dimensional slab model, which treated the t.ransmitter as
a solid steel plate slab, having the same fr:antal area as
the Barton instrument and a thickness sufficient to account
for all the steel in the case. The lumped mass model
treated temperature rises as occurring uniformly throughout
the transmitter without regard to the transient heat con-
duction from the front surface included in the slab models.
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Table C.2.1

Surry Compartment Identification

compartment Volume

No. Compartment (ft3)
1 Dome 519,633
2 Operating Floor 347,065
3 Upper Annulus 263,512
4 Lower Annulus 75,915
5 Reactor Cavity 11,678
6 Steam Generator A Cubicle 46,834
7 Steam Generator B Cubicle 40,529
8 Steam Generator C Cubicle 42,363 |

9 Pressurizer Cubicle 24,613 I

10 RHR Cubicle 30,315
11 Incore Instrumentation Room 31,114
12 Refueling Cavity 33,032
13 Upper Hoist Space 13,847
14 Basement 253,757
15 Pressurizer Relief Tank Cubicle 18,793

The fourth model was a three-layer one-dimensional slab
representation of the Barton transmitter. This model
accounted for the air volume inside the device by including

,
an air layer sandwiched between two layers of steel (the
front and back of the transmitter).

'

The three-layer representation was the most realistic of the
four models. An analysis was performed, which calculated

|
the temperature rise of its front surface when analytically

| exposed to a heat flux pulse used in hydrogen burn
j simulatior. experiments at the Sandia Central Receiver Test

Facility (CRTF). The calculated peak temperature was'

approximately ll*K higher than the peak temperature of an
actual Barton transmitter exposed to the same pulse during
the CRTF test series. The time responses of the model and

! test specimen were the same. This comparison is shown in

| Figure C.3.1. As a result of this analysia it was concluded
' that this three-layer model provided the most accurate

(though mildly conservative) representation of the
transmitter temperature response,

i Based on discussions with the OIE (NRC Office of Inspection
i and Enforcement) resident inspector at Surry, it was

determined that safety-related equipment should be modeled
in several containment compartrents. Equipment locations
considered in three studies were the upper annulus, the

|
|

| C-4
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three steam generator cubicles, the pressurizer and residual
heat removal cubicles, the incore instrumentation room, and
the basement.

All four equipment models were analyzed in each location.
Because the three-layer model was found to be the most
rerlistic representation of a widely used piece of safety
eg' pment (the Barton _ transmitter), the three-layer results
provide the best . estimate of the temperature response of
safety equipment to hydrogen combustion heat flux pulses,
As such, they form the basis of the discussion of equipment
temperatures in hydrogen burn environments. However, the
results from the other three models may be useful if their
thermal characteristics can be related to those of other
known pieces of equipment and, for this reason, they are
included in the results tables of Section C.S.

C.4 Accident _Scenaelos

C.4.1 General Description

The accident sequences which formed the basis of these
SD events (small and inter-SD andanalyses were the 12

mediate sized LOCAs with loss of emergency core cooling)
with 75 percent of the core Zircaloy assumed to react to
release hydrogen prior to the restoration of core cooling.

Different break locations were considered. The break
locations (also referred to as source compartments) chosen
were steam generator cubicles and the pressurizer relief

tank cubicle.

The operation of the safety-related containment spray system
was automatically initiated by a containment gas high pres-
sure signal. Operation of the fan coolers was not consid-
ered since they are not intended to operate during an
accident.6

The final accident parameter varied in the study was the
ignition criterion, "he concentration of hydrogen at which.

ignition was taken ta occur. Two basic ignition criteria
were considered. The first assumed that ignition occurred
in the basement at the completion of the 75 percent metal-
water reaction. The time required for this reaction to go
to completion permitted the hydrogen to be transported and
evenly distributed throughout the containment prior to the

SD cases, the hydrogen concentration atburn. For the 2
ignition was roughly 14 to 15 volume-percent with the sprays

SD cases the sprtys-on concentrationsoperating. For 1
were approximately 15 to 16 volume-percent. This ignition
criterion resulted in a single burn in each containment

C-6
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compartment. While the primary purpose of these analyses
was the study of equipment temperature response to hydrogen
deflagrations, HECTR also monitored hydrogen concentrations
for potentially detonable mixtures throughout the course of
the calculations. The -HECTR conditions for a detonable
mixture are a hydrogen concentration greater than 14 percent,
oxygen concentration greater than 9 percent, and a steam

! concentration less the 30 percent. All three conditions

| must be satisfied simultaneously. HECTR does not have the
| capability to analyze detonations. The code is limited to
| indicating the presence of detonable mixtures. Any ignition
i of a detonable mixture is treated as a deflagration by the
l code. The source terms and hydrogen transport are covered
| in detail in Sections C.4.2 and C.4.3.

The second ignition criterion simulated the use of igniters
in the Surry containment. In these cases, ignition occurred
at a hydrogen concentration of 7 volume-percent. This ic
the minimum hydrogen concentration at which HECTR predicts
ignition can occur.

These ignition criteria represent extremes in combustion
conditions. A single burn generally results in high peak
heat fluxes, gas temperatures, and pressures but the heat
flux and pressure pulses are of short duration. Deliberate
ignition at a lower hydrogen concentration results in lower
peak heat fluxes, gas temperatures, and pressures but,
because the surfaces are subjected to multiple burns the
integrated heat flux can be greater than in the single burn
case. Thus, while the individual thermal pulses due to
deliberate ignition may be less severe than the single burn
pulse, the cumulative effect of these pulses may be higher
equipment temperatures than the single burn cases.

C.4.2 Water and Hydrogen Source Terms

The MARCON 2.0 computer code was used to generate the steam
and hydrogen source terms. The MARCON 2.0 code includes a
replacement of the subroutine that calculates the inter-
action of the molten debris and the concrete floor in the
MARCH 2 (Meltdown Accident Response Characteristics) code
with the CORCON Mod 2 code.2,8 Since this analysis
addressed arrested sequences, the CORCON and reactor cavity
models were not used in the analyses. The water and hydro-
gen source terms were calculated only by the models in
MARCH 2 version 152D. MARCON 2.0 was used because it is
being used for other Sandia programs (SASA and Hydrogen
Behavior) and the input models were already developed.

J
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The MARCH models in MARCON 2.0 were used to represent the
primary and secondary systems. MARCH models the primary
system as a single cylindrical volume with liquid at the
bottom and gases or vapor at the top (when present).
Figure C.4.1 shows a representation of the MARCON modeling
of the primary system. Some characteristics of the Surry
primary system are listed in Table C.4.1.

The steam source flow rates are dependent on the primary
system pressure and the alevation of the flow junction break
relative to the height of liquid in the primary system.
Water flow occurs when the break is below the collapsed
liquid level and gas flow occurs when the break is above the
water level. Two phase (liquid-steam) flow is not modeled.
The hydrogen source terms are dependent on the hydrogen
generation rate from the zirconium-steam reaction and the
leak rate from the primary system into containment. The
steam and hydrogen leak rates are proportional to their mass
fractions in the vessel. For these degraded core scenarios
it was assumed that Emergency Core Coolant (ECC) injection
was unavailable for a time period long enough for 75 percent
of the clad zirconium to oxidize, but was available to
arrest the sequence at 75 percent metal-water reaction.
Several runs were required to arrest the sequence at 75 per-
cent clad oxidation, varying the time of initiation of high
pressure injection (HPI). Due to the high head and capacity
of the HPI pumps, the oxidation was arrested shortly after
the initiation of HPI flow. Very large fractions of the
core were melted without core slump to obtain the required
amount of clad oxidation.

The steam and hydrogen source terms for two LOCAs (S D and1
SD scenarioS D) were calculated in this analysis. The l2

had a break with a 4-inch diameter (S)D4), and the SD2
scenario had a 2-inch diameter (S D2).2

C.4.2.1 S D22

S D2 water mass flow rate into containment is shown inThe 2
Figure C.4.2. The initial flow rate was approximately
20,000 lb/ min and decreased to 13,500 lb/ min as the primary
system depressurized. The flow remained constant until the
break uncovered at approximately 20 minutes allowing the
flow to change from liquid to steam. The steam flow
continued to decrease as the primary system depressurized.

' At 75 minutes, steam flow stopped when the system pressure
decreased below the set pressure of the core flood tanks

i (CFTs) and their liquid was injected into the primary
! system. The primary system pressure increased due to CF T

injection and exceeded the CFT set pressure before the CFTs
were completely empty. After CFT injection had stopped,
steam continued to flow out of the break from 80 to

: 145 minutes. During this time period, the primary system

C-8
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Figure C.4.2. Calculated Water Mass Flow Rate for a Small
S D2Break LOCA, 2
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pressure depressurized and dropped below the CFT set point
at 145 minutes allowing the CFTs to inject their remaining
liquid inventory into the vessel. The primary system pres-
sure increased again after the second CFT injection and
stcam flowed out of the break from 145 to 230 minutes. The
high pressure injection (HPI) pumps were started at 230 min-
utes. The break was covered and water leaked out of the
break after 230 minutes.

l

| Table C.4.1
i

Surry Reactor Characteristics for MARCH Analyses

Reactor Powet 2441 MWt

Operating Pressure 2280 psia (15.7 MPa)

Operating Temperature 571.8*F (300*C)

Primary System Volume 11,706 ft

Primary System Water 423,200 lb (192.360 kg)

Stean Generator Water 116,808 lb (53,095 kg)

Fuel Rods in Core 32,028

Fuel Rod Diameter 0.422 in (1.072 cm)

Clad Thickness 0.0243 in (0.0617 cm)

Zircaloy in Core 36,300 lb (16,500 kg)

UO in Core 175,600 lb (79,820 kg)
2

The calculated hydrogen mass flow rate into containment is
shown in Figure C.4.3. Hydrogen flow into containment was
initiated at 50 minutes and was at a peak flow of 59 lb/ min
at approximately 64 minutes. CFT injection occurred at
73 minutes and covered the core; the core was quenched and
hydrogen production was stopped. The hydrogen flow dropped
to zero while the break was covered allowing water only to
leave the break. After the break uncovered at approximately
76 minutes, the hydrogen remaining in the primary system
continued to leak out until 115 minutes at which time there

C-ll
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was no' hydrogen left in the primary. The core had uncovered
sufficiently enough to regenerate hydrogen at approximately
120 minutes. Hydrogen generation and flow to containment
increased. . reaching. a peak value of approximately 33 lb/ min
at approximately 145 minutes. CFT injection occurred a
second . time at 145 minutes, and the injected liquid dis-
placed some' of the remaining hydrogen in vessel meating a
peak hydrogen leak rate of 52 lb/ min. .The core was quenched
again and hydrogen generation was stopped. The hydrogen
left in the primary after the second CFT injection continued
to leak into containment from 145 minutes to 180 minutes.
Hydrogen generation began a third time as the core uncovered

- and was released into containment until HPI initiation
covered the break at 235 minutes.

C.4.2.2 S D4I
i

Figure C.4.4 illustrates the calculated water / steam mass
S D4 scenario.flow rate into containment during the I

Water initially flowed out of the break at rates between
50,000 lb/ min to 65,000 lb/ min. The break uncovered at
approximately 5 minutes allowing steam to flow out of the ~i

break. The primary system depressurized rapidly resulting
in CFT injection by 18 minutes. The injected CFT liquid !'

covered the break intermittently until 20 minutes, resulting
in . liquid water and steam flow into containment. After
20 minutes, steam leaked out of the uncovered break. The

S D4 cal-break remainef uncovered for the rest of the' 1 ,

culation. The steam flowed out of the primary break until
'

the incore steam inventory was depleted; steam flow stopped; '

at 68 minutes. The average core temperature reached. its
; peak value and the primary vessel pressure reached its
j minimum value during the steam starvation period. HPI flow

was initiated at 75 minutes. The HPI flow did not recover'

the core or the break during its operation. The liquid
; level in the vessel increased to 10 feet at 100.5 minutes
; (2 feet below the top of the core) and remained at 10 feet

(2 5 feet) for the remainder of the accident. Therefore,0
only steam leaked from the break after 84 minutes as the HPI
liquid began to boil. The HPI liquid did not cover the core
or the break due to an input error in the MARCH input deck.

;

! This error had no adverse effect on the hydrogen transport 7

calculation in containment since the error occurred at
110 minutes, well after the hydrogen injection into contain-;

i- ment.
i

|- The hydrogen flow rate into containment is shown in

Figure C.4.5. Hydrogen flow into containment began at
,

55 minutes and reached a peak flow rate of approximately'

89 lb/ min at 67 minutes. As the in-vessel steam inventory
,

decreased, less clad oxidation occurred and the hydrogen
j

!
!

*

1
4

'
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flow rate ou't of the break decreased (67 to 74 minutes).
HPI flow was initiated at 75 minutes but the coolant ' level
remained 2 feet below the top of the core. As the coolant
vaporized, its steam allowed hydrogen production to increase
a second time (75 to 81 minutes). As the Zircaloy above the
10-foot core level became completely oxidized, hydrogen
generation and release decreased (81 to 90 minutes). Hydro-
gen flow to containment was completed before the error
described above occurred in the MARCH calculation at
100.5 minutes. Therefore, the hydrogen and steam release
rates up to 100.5 minutes were accurate.

C.4.3 Transport Results

The accident scenarios analyzed in this report are listed in |
Table C.4.2. Two LOCA scenarios were considered (S D and i

2
SD scenario had a 2-inch diameter break and iS D). The1 2

SD scenario had a 4-inch diameter break. Break |the I
SD were varied to examine |locations for the SD andt 2

their effect on hydrogen transport in containment. The
i

break locations were located in (1). the reactor cavity; '

(2) steam generator cubicles A, B, and C; (3) the pres-
surizer cubicle; and (4) the pressurizer drain tank
cubicle. All of the sequences listed in Table C.4.2 began
at the initial conditions listed at the bottom of the table.

C.4.3.1 S D22

A typical pressure response of the containment gas is shown
in Figure C.4.6. This pressure response was similar for all

S D2 scenario break. locations with the pressureof the 2
magnitudes varying by less than 5 kPa for any pressure
point. The initial calculated pressure response was domi-
nated by the water / system mass flow rates calculated by
MARCON. The containment pressure increaced continuously
until the break was uncovered at 1500 seconds and flow into
containment changed from liquid to steam. The spray system

| was activated at approximately 6000 seconds. Operation of
sprays significantly reduced containment pressure for the'

remainder of the S D2 transport case.2

Typical calculated steam, hydrogen and oxygen mole fractions
in the containment dome are shown in Figure C.4.7. The
reactor building spray system water entered containment at
6100 seconds. The hydrogen mole fraction in the dome was
representative of most compartments in containment that were:

l not in direct contact with the source compartment. Hydrogen
! mole fractions at the end of the sprays on S D2 calcula-2
I tion varied by less than 0.01. The average hydrogen mole

fraction throughout containment at the end of the S D22
calculation was approximately 0.14. The overall containment-
wide peak hydrogen mole fractions outside the source
compartment occurred between 14,500 and 15,000 seconds and
ranged between 0.149 and 0.151. The hydrogen mole fraction

;

|
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Table C.4.2

Transport' Scenarios Analyzed For Surry Containment

Accident Source
Case Seouence Compartment . Sprays

S D2 5 automaticTAl* 2
S D2 6 automaticTA2 2
S D2 7 automaticTA3* 2
S D2 8 automaticTA4 2
S D2 9 automaticTA5* 2
S D2 15 automaticTA6 2

S D4 5 automatic
L

TBl* I
S D4 6 automaticTB2* lj
S D4 7 automaticTB3 I
S D4 8 automaticTB4 1
S D4 9 automaticTBS 1
S D4 15 automatic'TB6 I

i

* Parameters went beyond HECTR's range during the run and
the run terminated.

,

Initial containment gas temperature: 314*K
Initial containment gas pressure: 69 kPa

Sprays are automatically initiated at a containment
building pressure of 170 kPa.

Each case is identified by an alphanumeric designation as
transport calculation only (no burns); Afollows: 'T ==

= a case within a set of runsSD number2 D; B I2 =

with a different source compartment.

mole fraction was above 0.13 throughout the containment
after 8500 seconds. HECTR printed detonation messages
several times for each compartment from 8600 seconds to
15,860 seconds.

Steam mole fractions were fairly uniform throughout con-
tainment after spray activation, varying by less than 0.05
at the end of the transport calculation.

Varying the source compartment locations had little effect
on hydrogen and steam mole fractions throughout containment'

except for in the source compartment. The calculated hydro-
gen mole fractions and steam mola fractions (after blowdown)

.

in the containment outside the source compartment were sim-
|

'

ilar for all S D2 cases.2
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Typical source compartment calculated gas mole fraction
trends are shown in Figure C.4.8. The peak hydrogen mole
fractions were calculated when the hydrogen leak rate from
the primary system was at its maximum value. The source
compartment peak hydrogen mole fractions for each S D22
case are shown in Table C.4.3. Steam mole fractions at the
time of peak hydrogen mole fractions were less than 0.30.
The source compartment peak hydrogen mole fractions were
higher than the average containment-wide hydrogen mole
fractions at the end of the S D runs.2

The dominant flow directions in containment during the
release of water and hydrogen for cases A2S through A6S were
similar to one another with respect to flow patterns but
different in flow magnitudes. The flow directions were
affected primarily by the source terms and also by the hot
nuclear steam system surfaces to a lesser extent. Fig-
ure C.4.9 shows the average flow patterns. The source term
forced flow from the source compartment (compartment 6, for
example) up into the operating floor region (compartment 2)
and into the dome (compartment 1). Flow into the dome was
then directed to the containment basement (compartment 14)
through the containment annulus (compartments 3 and 4).
Flow then entered the source compartment from the basement,
completing the containment air circulation pattern. Flow
from the operating floor also entered the refueling canal
and reactor cavity (compartments 12 and 5). Flow entering
the reactor cavity was then directed into the source com-
partment.

S D4C.4.3.2 I

Typical containment gas pressure response to the large break
LOCA is shown in Figure C.4.10. The sprays were activated
at 300 seconds. Operation of sprays significantly reduced
containment pressure for the remainder of the S D4 trans-I

port ease. The pressure response in Figure C.4.10 was
roughly equal for all break source locations showing little
pressure sensitivity to break location.

Typical calculated steam, hydrogen, and oxygen mole fractions
in the containment dome are shown in Figure C.4.ll. The
hydrogen mole fraction trend in the dome was representative
of most compartments in containment except for the source
compartment and some of its neighbors. The peak hydrogen
mole fractions outside the source compartment occurred
between 5000 and 5300 seconds and ranged between 0.155 and
0.168. The hydrogen mole fraction was above 0.13 throughout
the containment after 4800 seconds. Detonation messages

I were printed several times for each compartment in
! containment from 4100 seconds to 6400 seconds.
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Table C.4.3

Source Compartment Peak Hydrogen Mole Fractions .

.

,

Source Peak" mpartment
Relative Hydrogen

Y 1"*"I Source Mole
Case Location (Ft3) Eraction i

TA1 Reactor 11689 0.39 I

cavity

TA2 Steam 46834 0.18 ;.

Generator
Cubicle A

TA4 Steam 42363 0.17 ;

Generator
Cubicle B

'

TA6 Pressurizer 18793 0.24
Drain Tank i

Cubicle

'

TB1 Reactor 11678 Parameters out of range.
Cavity run terminated

; TB2 Steam 46834 Parameters out of range.
run terminatedGenerator -

Cubicle A

TB3 Steam 40529 0.22
Generator

| Cubicle B

TB4 Steam 42363 0.21
Generator r

Cubicle C

TBS Pressurizer 24613 0.24
Cubicle

TB6 Pressurizer 18793 0 . 'e 8

Drain Tank ,

Cubicle |

!

i

.

.
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Varying the source compartment location had little effect on
steam and hydrogen mole fractions throughout containment
except for in the source compartment.

Table C.4.2 lists the source compartment peak hydrogon mole
S D4 sprays on cases. HECTR indicatedfractions for the I

that detonable concentrations were present in source com-
partments for lengthy time periods. The B3S case had a
detonable message for 970 seconds.

The dominant flow patterns in containment for the sprays on
S D4 were similar to those for the sprays on S D22I
transport calculation.

C.4.4 Transport Summary
i

Hydrogen generation and release from the primary occurred
S D2 and twice in thethree times in the S D4 transportI2

calculations. Hydrogen generation and release stopped when
HPI flow was initiated.

I

The primary leak flow rates were influential in establishing
'

the circulation flow patterns in containment. The calcu-
lated circulation flows caused good mixing of hydrogen

; during and after hydrogen injection into containment. :
Hydrogen mole fractions were slightly lower in the source
compartment for some cases at the end of the scenario
because steam was still being injected into the source
compartment from the primary, decreasing the hydrogen mola
fraction in that compartment. Overall containment-wide
average hydrogen concentrations were the highest at approxi-

S D2 scenario and at 5100 tomately 15,000 seconds for the 2
5500 seconds for the S D4 scenario.I

The highest local concentrations of hydrogen were always
calculated in the source compartments. These local peak
hydrogen mole fractions occurred at the time of maximum
hydrogen injection into the source compartment from the !

primary. Hydrogen mole fractions in other compartments were
fractions in the source compartmentlower than the peak molce ,

at the time of maximum hydrogen injection. The volume of
'

,

j the source compartment and the venting of the source ;

; compartment also affected the calculated peak hydrogen

| concentrations. In general, smaller volumes or poor venting
caused higher peak concentrations.

C.5 Results
:

; The results of the Surry analyses for all four equipment
models are given in Tables C.S.1 through C.5.16 at the end
of this appendix. There is a separate set of tables for'

each break size. Thus, the first eight tables (C.5.1
,

through C.5.8) contain the SqD results. ihe second eight
(C.5.9 through C.S.16) contain the S D results. ;1

1 C-26 :
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Table C.5.1

Compartment 3 Upper Annulus HECTH S D Results2
__

~

T Cover Plate Case as-Plate Lumped Case 3-Layce Casemax
Source No. of Cas P T t T t T t T lmax max max max max

Case Compt Burns _ DMs (*K) (kPa) GL (sec)__ _(*_K_).__ _ (sec)_ G L_ ( sec)_, _(*K)- (sect,

AIS S

A2S 6 1 4 1390 400 390 - 370 - 370 - 390 -

A3S 7

A4S* 8 1 3 1400 405 390 - 310 - 370 - 390 -

Q A5S 9
N A63 15 1 3 1410 403 390 - 370 - 370 - 390 -

4

AI!D 5
A2SC 6 1 590 170 370 - 370 - 370 - 3/0 -

A3SD 7

A4SD 8
ASSD 9
A6SD 15 Exceeded run limit--many burns in Compartment 15

*Run stopped at 14,616 s. Burns occurred, but peak equipment temps had not occurred.

Detonable mixtures are valid results.

-
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) Table C.S.2
' ~

!

. . 'i
<

} Compartment 6 Steam Generator A Cubicle HECTR S 3 Results '

2
;

| T Cover Plate ' Case-as-Plate Lumped Case :3-Layer Casemax
i Source No. of Gas P T t T t T t- T ,x taax aax sar max
1 Case Compt _ Burn L DMs [*K) (kPa) (*K) (sec) (*K) (sec) (*K) (sec) (*K) (sec)
i

AIS 5
1 A2S 6 1 3 1420 400 450 - 420 - 420 - 450 '

-

) A3S 7 '

] A45* 8 1 2 1433 410 390 360 - 360 - 380
'

- -

j ASS 9
_

; o A6S 15 1 2 1441 410 390 - 360 - 360 - 380 -

i 8

1
N
op AISO 5 -;

) A2SD 6 38 930 170 550 - 460 6069 460. 6069 '510 5400 :

A3SD 7'

A4SD 8

; ASSD 9
j A6SD 15 Exceeded run limit-many burns in Compartment 15

_

i
I *Run stopped at 14.616 s. Burns occurred, but peak equipment temps had not occurred.
| Detonable mixtures are valid results.

i
i m

.

i
;

i

i
i
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Table C.S.3 j

Compartment 7 Steam Generator B HECTR S D Results2

,

T Cover Plate Case-as-Plate Lumped Case 3-Layer Caseaax
T ax t T tSource No. of Gas Pmax Tsax t Tmax t m max

Case Compt Durns DMs (*K) (kPa) (*K) (sec) (*K) (nec) (*K) (sec) (*K) (sec).

Als 5
! A2s 6 1 2 1420 400 380 - 360 - 360 - 380 -

] A3S 7

A4S* 8 1 2 1420 410 390 - 360 - 360 - '390 -

ASS 9
A6S 15 1 2 1410 410 390 - 360 - 360 - 390 -

g
t

U AISD 5
A2SD 6 0 420 170 370 - 360 - 360 - 370 -

i

A3SD 7

A4SD 8
ASSD 9

i A6SD 15 Exceeded run limit--many burns in Compartment 15
J
'

*Run stopped at 14,616 s. Burns occurred, but peak equipment temps had not occurred.

Detonable mixturcs are valid results.:

!

|
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Table'C.S.4
-

Compartment 8 -Steam Generator C-Cubicle' llECTR S D Results
,

'

2 .c .

T Cover Plate Case-as. Plate. Lumped, Case 3-Layer Case.max

Ca;e Compt Burns DMs (*K)- '(kPal (*K) ( s e c_)__,' * K ) '
-

t. T t
.

T 1L:Source No. of Gas- P T t Tmax max aax max max-
(secl_ (*K) (sec) (*r) (rec [[

t
'

A1S S

A2S 1 2 1460 400 '390 - 360 - .360- ~ - - '390 ~- '

A3S 7

A4S* 8 1 3 1440 410 430 - 400 - 400 - 430 J
,

ASS 9
A6S 15 1 1 1460 410 410 a 380 - -380 - 400 -

A1SD 5
A2SD 6 0 430 170 370 -- 360- - 360 -c -370. -

y A3SD 7

A4SD 8
ASSD 9

*

A6SD 15 Exceeded run limit--many burns in Compartment 15

*Run stopped at 14,616 s. Burns occurred, but. peak' equipment temps had not occurred.
Detonable mixtures are valid results.
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Table C.S.5 ;
1

Compartment 9 Pressurizer Cubicle HECTR S D Results -l2

T ax Cover Plate Casc ias- Plate Lumped Case 3-Layer Case. |m

max max max max max -l fSource No. of Gas P T L T t T t T

Case Compt Burns DMs (*K) ikPa) (*K) (sec) (*K) (sec) (*K)- (sec)- (*K) (sec) 1
,

-

i,

1

I AlS S

A2S 6 1 2 1440 400 390 - 360 - 360 - 380 --

A3S 7

A4S* 8 1 2 1420 410 400 - 370 - 368 - 390 --

A5S 9 j

A6S 15 1 3 1400 410 440 - 420 - ^20 - '440 -

AlSD 5

Q A2SD 6 0 430 170 370 - 360 - 360 - 370 -

w A3SD 7
# A4SD 8

ASSD 9
A6SD 15 Exceeded run limit--many turns in Compartment 15

*Run stopped at 14,616 s. Burns occurred, but peak equipment temps had not occurred.
;

Detonable mixtures are valid results.'

--
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Table C.S.6

Compartment 10 RHR. Cubicle HECTR S D Results-2>

Tmax Cover Plate Case-as-Plate Lumped Case 3-Layer' Case-
Source No. of ' Gas P T t T t T LL T t-max max max max max

Case Compt Burns DMs (*K) (kPa) ( *-K ) (sec) (*K) (sec) (*K) .(sec)- (*K) (sec)

AIS S

A2S 6 1 2 1410 400 370 - 360 - ,360 - 370 -

A3S 7

A4S* 8 1 2 1410 410 380 - 360 - 360 - 370 -

ASS 9
A6S 15 1 2 1430 410 380 - 360 - 360 - -370 -

A1SD 5

9 A2SD 6 0 380 170 350 - 350 - 350 - 350 -

'j A3SD 7

A4SD 8*

ASSD 9.

A6SD 15 Exceeded run limit--many burns in Compartment 15+

*Run stopped at 14,616 s. Burns occurred, but peak equipment temps.had not occurred.
Detonable mixtures are valid results.*

|

.

e

1
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Table C.5.7

Compartment 11 Incore_ Instrumentation Room HECTR S D Results2

T Cover Plate Case-as-Plate Lumped Case 3-Layer Casemax
Source No. of Gas Pmax I t- Tmax t T .t ~T tmax. max. max

Case Compt Burns DMs (*K) (kPa) ~ (*K)- (sec) (*K) (see) (*K) (sec) (*K) (sec)

*

A15 5

A2S 6 1 2 1430 400 390 - 360 - 360. - 380 -

A3S 7

A4S* 8 1 2 1450 410- 400 - 370 - 370 - 390 -

4 A5S 9 .

j A6S 15 1 2 1440 410 390 - 360 - 360 - 390 -

AISD 5g

j I, A2SD 6 0 390 170 350 - 350 - 350 - 350 - ;

A3SD 7; w
A4SD 8

a ASSD 9
A6SD 15 Exceeded run limit--many burns in Compartr ent 15

*Run stopped at 14,616 s. Burns occurred, but peak equipment temps had not. occurred.'

Detonable mixtures are valid results.'

I

!

4

4
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Table C.S.8

Compartment 14 Basement HECTR S D.Kesults2

T ax Cover Plate. Case-as-Plate' Lumped Case .3-Layer Case
m

m max .

t T t Tmax .. tT ax t TP axSource No. of Gas max .

Case Compt Burns DMs (*K) (kPa) (*K) (sec)- (*K)- (sec)_ (*K) . (sec)- .(*K) ~ (sec) '- .|m

1

AIS 5
A2S 6 1 2 1380 400 360 - 350 - 350 - 360 -

A3S 7 ~

AAS* 8 1 2 1400 410 370 - 360 - 360 . 360 -

ASS 9
A6S 15 1 2 1380 410 370 - 350 - 350 - 360 -

A1SD 5n - 380 170 350 - 350 - 350 - '350' --

8, A2SD 6 0
a A3SD 7

A4SD 8
ASSD 9
A6SD 15 Exceeded run limit--many barns in Compartment 15

*Run stopped at 14,616 s. Burns occurred, but peak equipment temps had not occurred.
Detonable mixtures are valid results.

1
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Table C.S.9'

Compartment 3 Upper Annulus HECTR S D Results1

T Cover Plate Case-as-Plate Lumped Case 3-Layer Case
may

T ax t T t T t;

Source No. of Gas P T t m max maxmax max
Case Compt Burns DMS (*K) (kPa) (*K) (sec) (*K) (sec) (*K) (sec) (*K) '(sec)

BlS* 5
B2S* 6

B3S 7

B4S 8 1 1 1560 410 390 - 380 - 380 - 390 -

BSS 9 1 1 1530 410 390 - 380 - 380 - 390 -

o B6S 15 1 1 1570 410 390 - 370 - 370 - 390 - -

1

I OJ
ui B1SD 5

B2SD 6
B3SD 7

BASD 8 0 400 220 380 - 380 - 380 - 380 -

BSSD 9
B6SD 15

l 8 1 1 1600 400 380 - 370 - 370 - 380 -

,

* Parameters in transport calculation went out of HSCTR's range; these cases were not run. Parameters were out of range

prior to the start of hydrogen generation. This condition prohibited running the corresponding default cases also.1

< ,
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Table C.S.10

Compartment 6 Steam Generator A Cubicle HECTR S D R(esultsI

T Ccver Plate' Case-as-Plate Lumped Case ~ ~3-Layer Casemax
Source No. of Gas P T t T t T .t- T tmax max max _ max max

Case Compt Burns DMs (*K) (kPa) (*K) -(sec) (*K) (sec) (*K) (sec) (*K) '(sec)
_

B1S* 5
B2S* 6
B3S 7

B4S S 1 1 1560 420 390 - 370 - 370 - 380 -

BSS 9 1 1 1520 420 390 - 370 - 370 - 380 -

B6S 15 1 1 1540 420 390 - 370 - 370 - 380- -

B1SD 5
B2SD 6
B3SD 7

BASD 8 0 390 220 380 - 380 - 380 - 380 -

BSSD 9
B6SD 15

* Parameters in transport calculation went out of HECTR's range; these cases were not run. Parameters were out of range,
prior to the start of hydrogen generation. This condition prohibited running the corresponding default cases also.

.

e

:
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Table C.S.11

Compartment 7 Steam Generator B Cubicle HECTR S D ResultsI

1

T Cover Plate Case-as-Plate Lumped Case 3-Layer Casemax
Source No. of Gas P T t T t T t T tmax max max max max

Case Compt Burns DMs (*K) (kPa) (*K) (sec) (*K) (sec) (*K) (sec) (*K) (sec)
y

B1S* 5
B2S* 6;

I B3S 7

B4S 8 1 1 1520 420 390 - 370 - 370 - 380- -

BSS 9 1 1 1470 420 380 - 370 - 370 - 380 -

(3 B6S 15 1 1 1490 420 380 - 370 - 370 - 380 -

w
'' BlSD 5

B2SD 6

B3SD 7

B4SD 8 0 388 220 380 - 380 - 380 - 380 -

BSSD 9
,

i B6SD 15

* Parameters in transport calculation went out of HECTR's range; these cases were not run. Parameters were out of range
prior to the start of hydrogen generation. This condition prohibited running the corresponding default cases also.

.
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Table C.S.12

Compartment 8 Steam Generator C Cubicle HECTR S D ResultsI

|

Tmax Cover Plate Case- as-Plate - Lumped Case 3-Layer Case ~
j Source No. of Gas Pmax Imax L Tmax t' Tmax t Tmax.

'(sec)'
.

t--~

Case Compt Burns DMs (*K) (kPa) (*K) (sec) (*K) (sec) (*K) (sec) (*K)
I

~

B1N 5
B2N* 6
B3N 7

B4N 8 0 640 378 448 507 418 - 418 - 405 --

404 - 404 - 393 -

|
B5N 9 1 964 382 438 --

~

B6N 15

: BIND 5
B2ND 6
B3ND 7

i o B4ND 8 18 910 226 597 2988 488 3070 488 4391 441 -

E3 B5ND 9 0 494 226 424 - 401 - 401 - 392 -

4

' B6ND 15

BIS * 5
B2S* 6

i B3S 7

B4S 8 1 4 1450 420 440 - 400 - '400' - 430 .-

BSS 9 1 1 1550 420 400 - 380 - 380 -~ '390 -

B6S 15 1 2 1500 420 420 - 390 - 390 - 410 -

4

B1SD 5.

B250 6
B3SD 7

4

BASD 8 59 1050 220 680 3185 540 5700 540 5200 670 4500
BSSD 9
B6SD 15

i

* Parameters in transport calculation went out of HECTR's range; these cases were not run. Parameters'were out of. range

prior to the start of hydrogen generation. This condition prohibited running the corresponding default cases also.<

!
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Table C.S.13

Compartment 9 Pressurizer Cubicle HECTR S D Results1

T Cover Plate Case-as-Plate Lumped Case 3-Layer Case
max

Source Nc. of Cas P T t T t T t T t-
max max max max max

Case Compt Burns DMs (*K) (kPa) (*K) (sec) (*K) (sec) (*K) (sec) (*K) (sec),

'

1

B1S* 5'

B2S* 6

] B3S 7

B4S 8 1 1 1450 420 390 - 380 - 380 390 -
.

BSS 9 1 3 1100 420 460 1100 410 - 410 - 440 -

BS6 15 1 1 1510 424 450 600 410 - 410 - 440

*
B1SD 5
B2SD 6
B3SD 7

BASD 8 0 540 220 390 - 380 - 380 - 390 -

BSSD 9

B6SD 15

* Parameters in transport calculation went out of HECTR's range; these cases were not.run. Parameters'were out of' range

prior to the start of hydrogen generation. This condition prohibited running the corresponding default cases also.

.
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Table C.S.14

j Compartment 10 RHR Cubicle HECTR S D Results1

a

T Cover Plate Case-ar,-Plate Lumped Case- -3-Layer. Casemax
T ax t' .T ax .. t .P ax T t 'T tj Source No. of Gas mm max max. m

Case Compt Burns DMs (*K) (kPa) (*K) (sec) (*K) (sec) (*K) (secl_.1(*K)~ (sec)'

BlS* 5
B2S* 6

B3S 7

B4S 8 1 1 1540 420 370 - 360 - 360 - 370 -

B5S 9 1 1 1500 420 370 - 360 - 360 - 370 ' -

O B6S 15 1 1 1510 420 370 - 360 - 360 - 370 -

s
O BlSD 5

B2SD 6
B3SD 7

B4SD 8 0 370 220 370 - 370 - 370 - 370 - -

B5SD 9
B6SD 15

1

* Parameters in transport calculation went out of HECTR's range; these cases were not run. Parameters were out of range'-

prior to the start of hydrogen generation. This condition prohibited running the corresponding default cases also.
,

~ ,
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Table C.S.15

Compartment 11 Incore Instrumentation Room HECTR S D ResultsI

T Cover Plate ' Case-as-Plate Lumped Case 3-Layer Casemax
P ax T - t T t T t T t'Source No. of Gas m max max max max-

Case Compt Burns DMs (*K) (kPa) (*K) '(sec) (*K) (sec) (*K) (sec) (*K) (sec)
|

BlS* 5
B2S* 6
B3S 7-

E4S 8 1 1 1610 420 400 - 370 - 370 - 400- -

BSS 9 1 1 1580 420 400 - 370 - 370 - 400 -

h B6S 15 1 1 1610 460 400 - 370 - 370 - 400 -
,

s
H

B1SD 5
B2SD 6
B3SD 7

B4SD 8 0 380 220 380 - 380 - 380 - 380 -'

B5SD 9
B6SD 15

* Parameters in transport calculation went out of HECTR's range; these cases were not run. Parameters were out of range
prior to the start of hydrogen generation. This condition prohibite d running the corresponding default cases also.
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Table C.S.16

Compar c.nent 14 ' Basement HECTR S D ResultsI

T Cover Plate- Case-as-Plate Lumped Case- 3-Layer Casemax
Source No. of Gas P T t T t T t- T t'max max max max max

Case Compt _ Burns DMs (*K) (kPa) (*K) (sec) (*K) (sec) (*K)_ (sec) (*K)' (sec)

B1S* 5
B2S* 6
B3S 7

B4S 8 1 1 1430 420 360 - 360 - 360 -' 360 -

BSS 9 1 1 1410 420 360 - 360 -- 360 - 360 -

E6S 15 1 1 1400 430 360 - 360 - -360 - 360 --

BISD 5 -

B2SD 6

B3SD 7

Bt.SD 8 0 370 220 370 - 370 - 370 - 370 -

BSSD 9
B6SD 15

* Parameters in transport calculation went out of HECTR's range; these-cases.were not run. Parameters were-out of range

prior to the start of hydrogen generation. This condition prohibited running the corresponding default cases also.

.
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There is a separate table for each compartment in which
equipment was modeled. Compartment conditions and peak
equipment surface temperatures are given for each case.
Compartment conditions include the number of burns which
occurred in the compartment, the peak gas temperature
(Tmax Gas), and pressure (Pmax) reached in the compart-
ment and, in cases where HECTR predicted detonable mixtures
(DMs), the number of times for that case that a detonable
mixture accumulated in the compartment. The peak equipment
temperatures and times (t), if any, spent above 444*K are

,

given for each equipment model. The 444 temperature repre-| sents a typical maximum equipment qualification tempera-,

I ture.7 A typical maximum qualification pressure is
483 kPa.7 During an environmental qualification test of
nuclear qualified safety-related equipment, these conditions
can last for several hours.

The tables also contain a source compartment number. Using
this number, the source compartment can be identified by
referring to Table C.2.1 of this appendix.

Each case is identified by an alphanumeric designation as
follows: A = S D; B = S D: number = case within a set;2 I
S = sprays set to operate upon high containment building
pressure signal: D = default ignition (i.e., ignition by
igniter at 7 mole fraction percent hydrogen concentration);
no D= ignition in basement at the completion of the
75 percent core metal-water reaction.

Because of the similarity of thermal responses between the
three-layer transmitter model and an actual Barton trans-
mitter (Figure C.3.1) the three-layer model was considered
as a surrogate for safety-related equipment in these
analyses.

The other three models were included for exploratory
reasons. However, the results from these models may prove
useful provided a relationship between their heat transfer
characteristics and those of a known piece of safety-related
equipment can be established.

HECTR uses a very simple set of criteria for defining a
detonable mixture. The code defines such a mixture as
having a hydrogen concentration greater than 14 percent, an
oxygen concentration greater than 9 percent, and a steam
concentration less than 30 percent. All three criteria must
be satisfied simultaneously. In practice, the existence of
a detonable mixture depends on several other factors i

including pressure, temperature, the presence of other
gases, and compartment geometry. Thus, any detonable
mixture predicted by HECTR should be considered to be
potentially detonable pending a detailed analysis which
accounts for all pertinent variables.

C-43
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APPENDIX D

TESTING IN THE SEVERE COMBINED ENVIRONMENT
TEST CHAMBER

| D.1 Introduction
1'
! A great deal of research has been conducted to assess the

behavior and survivability of nuclear qualified safety-
re'ated equipment in hydrogen burns. Testing conducted by
the Electric Power Research Institute (EPRI) at the Nevada
Test Site (NTS) exposed several samples of different types
of equipment to hydrogen burns ignited at different hydrogen
concentrations.1 Testing at Sandia's Central Receiver
Test Facility (CRTF) subjected samples of nuclear qualified
cables and pressure transmitters to simulated hydrogen burns
of varying degrees of severity.2,3

The EPRI-NTS tests used new equipment for test samples in
most cases. Hydrogen concentrations up to 13 volume-percent
were ignited. As the tests progressed, instrumentation in t

the test vessel which was intended to monitor the eliviron-
ment became degraded due to the test conditions. As a
result, the test environments, especially those from the
most severe burns, are not well defined. During the course
of these tests several samples failed or exhibited erratic

to faulty installation.attribytedbehavior which EPRI
After the correction of installation deficiencies the
samples performed correctly.

The CRTF tests at Sandia exposed new and thermally aged
pressure transmitters and cables to simulated hydrogen burns
of varying se';erity. The most severe had a heat content and
peak heat flux equal to 300 percent of those expected from a
sir.gle hydrogen burn resulting from a 75 percent core
Zircalcy-water reaction in a PWR in a large dry cor tainment
building. The pressure attendant to a hydrogen burn was not
considered. The equipment performed correctly during
exposure to the heat flux pulses and in posttest evaluations.

Both the EPRI and CRTF tests considered only the nydrogen
burn portion of the accident. No simulation of the pre- or
postburn LOCA was conducted. Also, none of the equipment
samples had been radiation aged.

Recently, a series of experiments was conducted in Sandia
National Laboratories Severe Combined Environment Test

Chamber (SCETCh) which evaluated the effects of these other
environmental factors. This appendix discusses these
experimental efforts.

D-1

.

, . _ . . _ . . _ _ . , . _ _ ,- _ _ _ . _ , , , . . _ . . . , _ ,w ,- , .g_ -



._

D.2 SCETCh Description

The SCETCh facility (Figure D.2.1) was designed to simulate
severe environments having combined thermal, pressure, and
chemical components. The chamber is a cylinder 27 inches
long with an inside diameter of 15.25 inches. It is

constructed of Inconel 625.

The moisture components of the environment.were provided by
a supply of water introduced at the beginning of the tests.
The water was boiled into the SCETCh atmosphere with quartz
lamps located on the outside and at the bottom of the
chamber. The excess water was then drained out of the
chamber. Heat for the LOCA portion of the tests was
provided by 45 quartz lamps around the outside of the
chamber. Each lamp was rated at 2.5 kW.

The heat source used for the hydrogen burn simulation was a
set of electrically heated austenitic stainless steel foils
of thickness equal to one mil (.001 inch). A separate set
of foils was used in the cable and transmitter tests to
account for the differences in test specimen geometry.
These foils are shown in Figures D.2.2 and D.2.3.

An external pressure source (air) was used to establish the
necessary preburn oxygen and pressure conditions. Venting
of the chamber could be performed as necessary.

The facility is controlled using a Hewlett-Packard 9816
instrument controller and a Hewlett-Packard 3497A data
acquisition unit. Instrumentation included a Heise pressure
gauge, a digital manometer, and numerous thermocouples.

I
D.3 Accident Environment )

|

For the single burn tests, the accident simulated was an
SD event for a PWR in a large dry containment building.

i 2
The accident was assumed to result in the reaction ofl

75 percent of the core Zircaloy to produce hydrogen prior to
:

I the restoration of core cooling. The hydrogen burn was

| assumed to occur at the completion of the 75 percent
metal-water reaction. Environmental parameters for the LOCA
and hydrogen deflagration were obtained from a HECTR
analysis of the TMI-hybrid power plant described in

Appendix A. The HECTR-determined containment gas temper-
ature, which is an indication of overall environmental
conditions, is shown in Figure D.3.1. The actual test

environment is discussed in Section D.S.
|
| For the cable multiple burn test, the accident simulated was

SD event for the Surry subatmospheric containment
i an 1
| building. The accident was assumed to result in a

D-2
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|

75 percent core metal-water reaction. Hydrogen ignition was

| assumed to occur at 7 percent hydrogen concentration as ,

4 discussed in Appendix C. Environmental parameters were !
obtained-from a HECTR analysis of the Surry power plant. |

'

For the Barton pressure transmitter multiple burn test, an
environment was selected based on the results of parametric
calculations performed using HECTR. The accident environ-
ment selected for the test was representative of HECTR
predictions spanning a range of source compartment volumes.

More details on the actual test environments for both cases
can be found in Section D.5.

D.4 SCETCh Environment Determination

As stated, predicted thermal and moisture environments
during a LOCA and a hydrogen deflagration in a typical large
dry containment were generated using the HECTR code. Some
of the results are presented in the main body of this
report. The predicted hydrogen deflagration environments
differ significantly from the LOCA environments in that much
higher heat fluxes are present for a much shorter dutation.
In order to reproduce the high heat flux pulse to the equip-
ment in the hydrogen deflagration scenario, electrically
heated foils were used inside the test chamber. The test
chamber itself provided the background LOCA environment.
This LOCA environment was relatively easy to achieve due to
the low heat fluxes, temperatures, and pressures required.

For the hydrogen deflagration scenario, a computer program
(FOILTEMP) was written which incorporated all of the impor-
tant considerations. It was used to predict a priori the
feasibility of reproducing the necessary heat fluxes,

pressures, and moisture conditions inside the test chamber
for the deflagration scenario as well as the required foil
temperature and powers. Some of the important consider-
ations and details of the analysis are discussed below.

D.4.1 Translation of Environments

In a typical containment hydrogen deflagration environment
the equipment sees a combination of radiative and convective
fluxes. In the SCETCh test chamber, only radiative fluxes
are possible (neglecting the small contribution from natural
convection). Also, in a typical containment the thermal
radiation is largely from the surrounding steam, while in
the SCETCh chamber it is largely from the foils. In

attempting to translate the typical containment deflagration
environment to the chamber, these become important consider-
ations.

D-7
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For a typical containment environment, the energy abscrbed
by a piece of equipment is:

absorbed " 0 K,eq K,st st-eq*Kb,stdk + h (T - T,q) (D-1)F9 g st

where the first term is the absorbed incident radiative
flux, and the second is the net convective flux. In (D-1),

ax,eq =. spectral absorptivity of equipment,

ek,st = spectral emissivity of steam,

'' Fst-eq = viewfactor, steam to equipment,

elb,st = blackbody emissive power of steam,

K = wavelength,

hx = local forced convection heat transfer
coefficient (including condensation),

Tst = steam temperature, and

Teq = equipment temperature.

For the equipment in the test chamber,

F T dhabsorbed"h"K,eq'K,ff-eqK,st*Kb,f9

F dh & h (T -T gq) (D-2)"K,eq'K,st st-eq*Kb,st+ x st

where the 'f' subscript indicates a foil property,

steam epectral transmissivity for foiltK,st =

radiation, and

hx = local natural convection heat transfer
coefficient (including condensation).

The first term in (D-2) represents absorbed foil radiation,
the second term represents absorbed steam radiation, and the
last, the natural convection contribution.

D-8
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In comparing (D-1) and (D-2), note that hx is much larger
| in (D-1) than in (D-2). Therefore, a larger fraction of
I absorbed energy must come from thermal radiation exchange in

the test chamber. Also, hx in (D-1) and Fg_e in (D-2)
can be highly position-dependent (Figure D.4.1). In
attempting to match the typical containment radiation plus
convection environment with a . test chamber radiation-only
environment, exact reproduction of the local heat flux
distribution is beyond the present chamber capabilities.
Thus, it is the surface-averaged heat flux (obtained from
HECTR) which is matched in the chamber.

The spectral dependence of the equipment surface properties
plays an important function. If the absorptivity of the
surface variec considerably with wavelength, the calcula-
tions of absorbed incoming tharmal radiation must be
appropriately weighted. Since the amount of incoming
thermal radiation is itself a function of wavelength
(Figure D.4.2), the product of surface spectral absorp-
tivity, ax,eg, and incoming radiation at a given
wavelength integrated over all wavelengths yields the rate
at which thermal radiation is absorbed by the surface (per
unit area).

In a typical containment hydrogen deflagration scenario, the
majority of incoming radiative flux on a piece of equipment
comes from the surrounding hot steam generated in the defla-
gration process. Since the thermal radiation flux on the
equipment in the test chamber originates from electrically
heated foils as well as steam with possibly different radia-
tion characteristics (cx, eKb), care must be taken
to ensure that the fluxes are the same in both the predicted
containment environment and the test chamber environment.

Fortunately, both the instrument cable and Barton trans-
mitter tested have relatively flat reflectivity versus
wavelength curves. The cable reflectivity is shown for
example in Figure D.4.3. They can thus be treated as gray
surfaces and ax,eq in (D-1) and (D-2) can be moved
outside the integral. If the radiation originates from a
gray or black surface (cx constant) and from a "gray"
gas with some wavelength averaged emissivity (c) and
transmissivity ( ~ ), (D-2) reduces to

F9 absorbed eq f st f-eq#"

+E E F (T -Teg) ( -3)e q .; t st-eq# st st
+

where ii is a surface averaged natural convection heat
transfer coefficient. This simplifies the calculations by

D-9
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avoiding integration over the wavelength. Although the
surface properties of the cable are only shown out to 8 um
in Figure D.4.3, the details' at longer wavelength are not
necessary. It will be shown below that roughly 90 percent

,

|~ of the incident thormal radiation is at wavelengths less
'

than 8 um.

D.4.2 Steam Spectral Behavior

In order to reproduce the desired moisture environment it is
necessary to have steam in the test chamber. Steam behaves
as a participating medium and absorbs and emits in discretc
wavelength bands (Figure D.4.4). Thus a portion of the
thermal radiation incident on the equipment originates from'

steam emission. Similarly, not all of the foil radiation
emitted in the direction of the equipment actually reaches
the equipment because of absorption by the steam.

.

There are two possible methods of accounting for these
effects. If there is a strang wavelength dependence of
. equipment absorptivity or foil emissivity, then the surface
properties must be characterized as a function of wave-
length. Since the test specimans and foils used in the
SCETCh tests behave relativel) independent of wavelength,
this p:ocedure is not necessary. Instead, the gray behavior
of the test specimens and black behavior of the foils enable
the steam to be modeled as a gray gas.

Trenting the steam as a gray gas involves using a corre-
lation or figure to represent the absorptivity and
emissivity integrated over all wavel*ngths. One such
correlation is the well known Coss-Lian correlation:

a [1 - exp(-a M)] (D-4)i =
st g y

where x = PstLe(300/T)(Pair + bPst), and (D-5)

b = 5.0(300/T)l/2 + 0.5 (D-6).

In the above equations. T is the absolute temperature, P is
tJ, fressete and L is the mean beam length given by

i.9(4V/A) (D-7)

gas volume and A the surface area to which it, m
and al are given in Reference 4..rh' :s

4

D-13

_ _. . . ___ _ _ _ _ __ . _ _



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

|

4

|

#8 a f vg a i r i i 1,s s ,r p _ u. .-i,
--"

ra ei 1

g IE 11 (' rj (r '

8"
,

| I M 'fJ rF% l, ~

s
3

' rec n
-

,

i 1 . il A A 1 T P a ee" -~
.e

8 ** 1 1 d. Ji}
. 11) I d)

'''Y J 3 g~~a8

T \ \ *l A -

W f

~ '
'

\ i \ d I l'
/[1]Ib (|f

i n x

8# ' V"
. , L L F l il / d

''" i -'l / I L /a ii J i ) ,

,
es as i 1.s 2 3 4 s e 7 s e to i2 34 is is a ac

-, w e-smAm.=*==

,

i

1

:

4

Figure D.4.4. Absorption Coefficient of Steam Versus Wavelength
i

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



.

1

In' calculating the absorptivity of- steam for thermal
radiation originating from a surface at some temperature not
equal to the temperature of the steam, some modification to
(D-4) is necessary.4 For this case,

,

'
0.45|. ,p

(D-8)"
st st Ts f

where M t is obtained from (D-4) using Tsurf in
place of Tst and using PstLeTsurf/Tst in place of

Pst e. The average transmissivity of the steam is then,L
by Kirchhoff's Law:

.-

1-at (D-9)
-.

Tst = s

D.4.3 Viewfactor Calculations

It can be seen f;:om (D-2) and (D-3) that accurate estimation
of the viewfactor from the foil to the equipment (Fg-eg)
is necessary to determine the amount of radiative foil
energy absorbed by the equipment. For the SCEICh tests, a
flux gauge was positioned near the equipment being tested.
This gauge was used to determine experimentally the flux to
the equipment. Thus the viewfactor from the foils to the
flux gauge also needed to be determined. Both viewfactors
were calculated using a simple computer program to perform
the necessary integrations.

The viewfactor from the flux gauge to the foils was calcu-
lated treating the sensitive portion of the flux gauge
surface as a differential area element (due to its small
size). The foil surfaces were divided into a number of
small elements. An integration over the entire foil surface
was performed according to the equation:

fcos0
cos0

1 2
F dA (D-10)*
dl-2 2 2A tr S

2

where S is the line joining the flux gauge and the foil
surface, and 01 and e2 are the angles the outward
normal make with S.4 The gaps between foils, the portion
of the foils hidden by termination blocks, and the 150'
viewing angle of the flux gauge were all accounted for. The
resulting viewfactors from the flux gauge to the foils for

D-15
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the particular foil orientation selected were 0.85 and 0.80
for the cable and trar,smitter tests, respectively.

4

It should be noted that the integral in (D-10) is actually a
double integral since the integration is over a surface
area. The integration was performed numerically using a
Gauss quadrature routine accurate to the fourth decimal
place.

The foils were oriented to maximiJe the viewfactor to the
equipment (Figure D.4,5). In calculating the averaae
viewfactor from the foils to the cable or transmitter,
another integration is needed over 'the equipment surface.
The resulting equation is: j

P ,gq = {y f' /(cos0
cos0

1 2 dA dA (D-ll)g j 2 eq g .
,

A A tr S& g eq

The local viewfactor varies with location along the equip-
ment surface. Thus, there are local areas of higher and
lower incident flux. For example, along the cable length
the viewfactor varies as sh9Wn in Figure D.4.6. The benefit
of using a 19-inch length of cable and foil is seen in the
relatively flat viewfactor behavior along the middle two
thirds of the cable. The viewfactor from the transmitter to
the foils is shown in Figure D.4.7

D.4.4 Chambet Convection

All convection inside the test chamber was assumed to be
natural convection since there were no fans or vents pres-
ent. Correlations from the literature were selected.5

!
It should be noted that the radiative process itself may
actually give rise to convective currents. Because the
radiant intensity of a beam passing through the steam is a >

| function of position (owing to steam absorption, scattering,
and steam emission), the energy deposited in the steam is
also a function of position. Thus, thermal radiation can *

result in virtuall/ instantaneous temperature differences
,

| within the steam and thereby produce convective currents.
This efiact is not te?ieved to be large enough to
significantly affect anything.

I Secause the convective heat fluxes are very su ll relative
! to the radiative fluxes in the test chamber, their modeling !

is not a critical element of this analysis and was selected
to be as simple as possible. Although the convective heat
fluxes to equipmant in a typical containment hydrogen
deflagration may be 30 to 40 percent of the total heat flux,

,
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the SCETCh chamber relies only on the radiative power of the
foils to deliver the same combined heat flux which the
equipment in a typical containment might see.

D.4.5 Condensation

It was also necessary to examine whether or not condensation
phenomena would be correctly modeled, since the condensate
may eventually be forced through seals or cracks and cause
failure. Assuming that the equipment thermal response would
be properly modeled (due to correct modeling of the heat
flux), correct condensation modeling really entails dupli-4

cating the actual containment steam pressure versus time.
When the equipment surface temperature falls below the
saturation temperature corresponding to Pst, condensation
occurs on the equipment.

As in the case of convection heat transfer, condensation
heat transfer is quite small relative to the radiative i

flux. It can, however, greatly enhance the absorptivity of
a surface since a of water is rough'y 0.9. For the equip-

0.95. Thus, the condensatement tested, 0.80 < a q <fecte
a large ef on surface absorptivity indoes not have

these tests.

It was one of the goals of the analysis to predict whether
or not condensation occurred and if so, whac effect it had
on the foil temperatures and powers. Although HECTR gave
condensation predictions for the Barton transmitter, these
predictions were not valid for a piece of cable because of
the different thermal response of the surface. Finite
element mod:tls of the transmitter and the cable were con-
structed (for example, Figure D.t.8). The known HECTR

were in to the two-fluxes and thermal environment
COYOTE. gut The equipmentdimensional finite element code

surface temperature versus time was calculated along with
whether or not condensation would occur in the HECTR
generated containment environment. This enabled a more
accurate prediction of whether or not condensation was
actually occurring. The results indicated that condensation-

would nct occur on the cable during the pulse but would
occur on the transmitter because of its slower surface
thermal response. This necessitated the proper modeling of
steam pressure versus time in the test chamber.

D.4.6 Governing Equations

Examples of the analysis invclved in deriving the appropri-
ate cor.,ervation equations for this problem vill now be
presented. The goal was to determine what foil temperatures
and powers weuld be necessary to produce the HECTR predicted
fluxes inside the SCETCh chamber. Using this information, a
foil material and surface area could be selected.

D-20
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A typical foil and cable arrangement is shown in Figure
D.4.5. The three important surfaces are: the foils (sub-
script 'f'), the equipment (subscript 'eq'), and the chamber
wall (subscript 'cw'). The steam and air mixture (subscript
'st') is lumped together and created as having a uniform'

temperature, concentration, and pressure which are functions
of time.

Energy leaves the foils from both sides. Concentrating
first on the energy leaving the outside foil surface in the
direction of the chamber walls, some of the energy will be
absorbed by the steam and the remainder will reach the
chamber wall. Thus the energy leaving the outside of the
foils can be written as:

|

f=coTfA (D-12)O g g

where Ag is the outside surface area of the foils. This
can also be written in terms of the steam absorptivity,
Gst, as

Of = F -cw[a t9f + (1 - a t)Of) (D-13)f s s .

where F -cw equals 1.f

The first term in (D-13) is the fraction of foil energy
,

(from the outside surface of the foils) absorbed by the
steam, while the second term is the fraction reaching the
chamber wall. Of the energy which reaches the chamber wall,
only a portion will be absorbed due to the nonblack surface
behavior. Thus, the second term in (D-13) could be written:

= F -cwGew(1-a t}Of + Ff_cw(1-acw)(1-u t)QfF -cw(1-a t)0f f s sf s

(D-14)

where the first term on the right-hand side (RHS) is the
rate of energy absorption by the chamber wall. Some of what
is reflected away is absorbed by the steam, some is absorbed
by the foils, and some again reaches the chamber walls and
continues the cycle. Fortunately the chamber walls absorp-
tivity (~0.8) and the steam abscrptivity (0.2 to 0.5) are
large enough that consideration of more than one reflection
is not worthwhile. -

The second term on the RHS of (D-14) represents the
reflected energy, which can be further expressed as.

'
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F -cw(1-Gew)(1-Gst)OfP -cw(1-Gew)(1-Gst)Of * Gst ff

+ agFew_gF -cw(1-Gcw)(1-Gst)2ggf

+ ScwFew_cwF _cw(1-new)(1-a t) Off s

(D-15)

where only one reflection has been considered. Therefore,
Of the ene?:gy leaving the outside foil surface, some of it
ruaches the chamber walls:

cwFcw-cwF -cw(1-Gew)(1-Gst) OfOf-cw " GewF _cw(1-a t)Of + a ff s

(D-16)

Some of it returns to the foils:

Of_f = agFew_gFg_cw(1 ast)2(1-aew)gg (p_17),

The remainder is absorbed by the steam:

Of-st " GstOf + GstFg_cw(1-Gst)(1-Gew)Qg .(D-18).

If the chamber walls and foils were very reflective and
steam were not a good attenuator of thermal radiation, many
reflections would occur and (D-16) could be written more
generally as:

"
n-1 n n-1

Of-cw " "cw f-cw f E 1-"cw 1-"st F I - ')F 0 cwcw *
n=1

The equations were initially formulated in these generalized
forms to examiae the effects of covering the chamber
interior with a highly reflective coating (such as specular
aluminum) to increase the steam absorption and reduce )osses
to the walls. It was found that the chamber surface
emissivity was not a sery important parameter because:

1. The foils behave as a blackbody and absorb all
incident radiation,

,

|D-23
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2. The steam has a significant absorptivity ( O'. 2 to
~!

0.4) and -reduces the importance of multiple
reflections, and

3. The chamber walls respond so slowly that i
condensation occurs on them. This changes the wall |
emissivity t'o that of water (~0.9). }

Thus, nothing was done to modify the chamber interior .{
surface. I

Note that the equations - written in this ' form are not net
energy transfers. They deal only with energy originating at
a particular surface or in the steam. When written for
every surface and the steam, the set of equations represent
a statement of energy conservation. This particular form of
the equation was selected because the dependence of the
steam absorptivity on the surface temperature from which the
radiation originates can be easily taken into account.
Additionally, no integration over wavelength is required
(assuming wavelength integrated properties are known
beforehand).

Equations such as (D-19) were formulated for energy
originating at every surface and also in the steam. The net
rate of energy transfer to the surface is then the sum of
all the energy arriving at the surface minus that which is
leaving. For example, for the foils, the total radiant
energy leaving, Qf,out is:

( - 0)O .out f f
"

f

where the factor of 2 is needed because Af is the area of
only one side of the foils. The total incoming radiant
energy, Of,in, can be found by summing the contributions
from all the surfacec and the steam. ' 'he rather lengthy
result is

r

O ,in " "f( ~"eq)I ~"st f-eq f + "f I ~"st)F ,gOf g g

;

n-1n+1
cw)nF9Ff f-gap ( ~"st)Fcw-f st+ "f W-cw i

n1

e n+1
g cw-f g_gw [ (ba,t) (1-acw)FQF+E g cw t,,

M*A

D-24
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g(llagg)Q| +a gq

f 0+ "f cw-f cw st cw cw
n1

F O+ "f(1-Qst)(1-"st)Fgap-f cw-gap cw

+agtiAf + "f Il-"eq)(1-"st)9st,i eqAgs

co

g st,o f cw-f E (1-"cw) 1-"st)A 1+F+ag *cwn=1

(D-21)

qst,i and qst,o are thermal radiation fluxes emitted by
the ste m as a result of its temperature on the inside and
outsida, respectively, of the foils.

Equation (D-21) can be understood as follows. The first
line models radiation originating on the inner foil surface
which returns to the foils via reflection from the equipment
(the first term), or via direct communication, foil to foil
(the second term). The second line handles radiation from
the innet foil surface which passes through gaps in the
foils (including any open ends or regions), is reflected
from the chamber wall, and returns to the foils. The third
line covers radiation emitted from the outer foil surface
which returns via reflection from the chamber wall. The
fourth line deals with radiation emitted by the equipment to
the foils, the fifth and sixth with chamber wall radiation
to the foils, and the last two lines with uteam emission to
the foils.

It should once again be noted that the steam absorptivities

(a t) are dependent upon the temperature from which thes
radiation originates (as well as steam pressure and temper-

a t'sature, total pressu:e, and pathlength). Hence the s
in (D-21) are not identical (see Section D.4.2). Since the
steam and foils can have significantly different tempera-
tures in this particular problem, this dependence cannot be
overlooked.

The net rate of energy transfer to the foils is then given
by:

(D-22)Of. net " Of,in - Of.out .

D-25
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Equations similar to (D-20) through (D-22) were formulated
for each surface and the air and steam mixture. If the
chamber wall and air-steam mixture are treated in lumped
fashions, the thermal response is predicted as follows:

dT ,c (D-23)M C "O +9 convectioncw p.cw dt cw, net

dTst (D-24)M C "O +9 convectionst p,st dt st net
i

i

and Tst are the mass, specific heat, Iwhere Mst, Cp,st,
and temperature of the air-steam mixture. Qconvection is !

added in as it is not accounted for in the radiation bal-
ance. These equations can be used to estimate Tew and
Tst as functions of time. Recall that the equipment
temperature versus time was predicted beforehand using a
finite element code (Section D.4.5).
The remaining task is to estimate the foil temperature and
power versus time. The foil temperature is determined by
the required incident flux to the equipment (from HECTR
calculations), 9 incident *

4 1/4
A oT i9 convectionA ~ "ea ea'st st9 1ncident ea

Tg= F A Il-"st)# )f-eq f
(D-25)

Noting from reciprocity that

F _eq t - Feq_gAeq (D-26)f A

(D-25) can be reduced somewhat if desired.
To estimate the foil power requirements. Pg,

(D-27)Pg = -(Of. net + Oconvection) .

In the actual solution procedure the foil temperature is '

estimated first using (D-25). The energy balan;es are then
used to calculate the thermal response of the chamber walls
and the air-steam mixture. Finally, the foil power require-
ments are estimated using (D-27).

D-26
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D.4.7 FOILTEMP Code and Analysis Results

While some preliminary results have been presented (such as
transmitter to foil viewfactor), the main goal of the
analysis was to examine the feasibility of producing the
desired environment inside the SCETCh chamber. Reaching
this goal necessitated assimilation of all the preceding
considerations into a computer code (FOILTEMP). Some of the
important results follow.

The incident thermal radiation on the equipment originates.

'

from the foil and steam emission. Figure D.4.9 indicates
the relative contribution of each during the pulse. Since
the foil temperatures are considerably higher than the
chamber steam temperatures (except at very early times), the
mejority of incident thermal radiation comes from the
foils. Because the foils get very hot (~1200*C), nost of
the radiation is at wavelengths less than 8 um. In fact,
Figure D. 4.10 shows that roughly 87 percent of the incident
thermal radiation is at wavelei;gths less than 8 um.

A typical foil temperature versus time curve is shown in
Figure D.4.11. Note that the foil temperatures are in
general higher than the HECTR predicted containment steam
temperature. This is a result of attempting to reproduce
the predicted containment radiative plus convective flux .

with a purely radiative foil flux. I

The FOILTEMP code was also used to examine the feasibility '

of achieving similar pressure and moisture environments. It
was also developed such that it could be used for patimetric
an.? lyses to determine optimum initial conditions. Fig-
ure D.4.12 represents one possible pressure versus time
curve for the :hamber predicted by FOILTEMP, Several com-
binations of initial s t eara and initial total pressure were4

tried in the code to achieve these results. The desired set4

of initial conditions (preceding the deflagration environ-
ment) had to result in:

1. Following the HECTR predicted steam pressure versus
time as closely as possible in order to properly
reproduce surface condensation effects.

2. Following the HECTR predicted total pressure versus
time to properly reproduce failures associated with'

moisture penetration.
.

Additionally, the initial conditions (prior to the pulse)
had to be near saturation, as this is where the LOCA
environment was.

Several iterations were necessary because increasing the
initial steam pressure (holding initial air pressure

D-27
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constant) had various effects. A higher initial steam
pressure meant that there was more steam represent, and thus
more mass to heat up. It also resulted in more s tec:a

emission and absorption. These two factors affect
(oppositely) the steam temperature and thus the pressure.
Increasing the initial air pressure had a similar effect,
including enhanced emission and absorption by steam due to
collision broadening of the spectral bands.

Once the foil temperatures and energy absorption by the
surroundings nave been calculated, the amount of foil power
necessary to keep the foils at the desired temperature is
calculated. If the foil temperature and power versus time
were not achievable or were not acceptable for control
reasons, the foil orientation and/or foil area were changed
and the calculations performed again until an acceptable set
of curves was obtained.

In summary, the results of the FOILTEMP calculations demon-
strated the feasibility of reproducing a typical hydrogen
burn deflagration heat flux, pressure, and moisture environ-
ment inside the SCETCh chamber. Necessary foil tempera-
tures, powers, areas, and orientations were determined as
well as suitable initial conditions. The results were
integrated into the foil design, control setup, and test
plan.

D.5 SCETCh Results

Using the analytical method discussed above, the HECTR -

generated accident environments were translated into SCETCh
environments. The SCETCh tests included both single and
multiple burn simulations. The single burn simulations are
discussed in D.5.1 and the multiple burn simulations are
discussed in D.S.2.

D.5.1 Single Born Tests

! Cable specimens and two pressure transmitters were exposed
in the single burn tests. The results indicate that nuclear
qualified safety equipment with similar characteristics and
sensitivities can survive a single hydrogen 5 urn inside a
large dry containment.

D.5.1.1 Cable Tests

|
The cable specimens consisted of aged and unaged lengths of

|
Brand Rex three-conductor XLP/CU 12 AWG power and control
cable. The specimens were approximately 48 inches long and
were looped once such that both ends terminated outside the
same end of the test chamber. The aged samples were ther-
mally aged at 13r*C for 168 hours.7 They were radiation
aged to a total dose of 200 Mrad at a dose rate of 1 Mrad /hr.I

! D-32
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t

The cable conductors were connected to a three-phase power
supply in an arrangement which facilitated the identi-
fication of specific conductors which might have shorted to
each other or to the cable mount during testing. During the
tests, a three-phase 480 V source was placed across the
conductors (277 V conductor to tray voltage) . Although the
cables were subjected to a voltage potential during the
tests, they were not electrically loaded (i.e. no current
was flowing in the cable).

The test environment simulated the HECTR calculation of an
SD event in the TMI-hybrid power plant described in2
Appendix A. A 75 percent metal-water reaction was assumed,
with ignition occurring at the highest hydrogen concen-
tration. *

The LOCA portion of the experiments was conducted once
thermal equilibrium had been reached. The SCETCh LOCA
environment maintained a temperature of 358*K, a total
pressure of 150 kPa, and a steam partial pressure of about
50 kPa (saturated steam).

The hydrogen burn was assumed to occur 4.4 hours into the
LOCA based on the HECTR calculations. At this time the
stainlecs steel foils were energized to provide the heat
flux pulse which would simulate the hydrogen deflagration.
Following the hydrogen burn simulation, the LOCA was
continued for another 2 hours.

A linear ramp up to the peak heat flux was used in the cable
tests. This was necessary due to the response time of the
foil control algorithm. The actual test heat flux profile
is shown in Figure D.5.1 along with the HECTR generated
profile. The linear ramp up to the peak results in
approximately 30 percent more energy incident on the cable
specimens (the difference in areas under the curves in
Figure D.5.1). Thus the cable tests are conservative (more
severe than the HECTR predicted TMI-hybrid environment).

The test matrix is shown below.

Table D.5-1

SCETCh Cable Test Matrix

Pulse No. of Tests
(Q_ Aged Unaged

100 1 1

110 0 3 ;

110+ 2 0
t

!

!
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The 100 percent tests correspond to the test heat flux
profile shown in Figure D.5.1. The 110 percent tests used
foil powers which resulted in heat fluxes 10 percent higher
than the 100 percent tests. These tests were conducted near

| the upper limit of foil power. During the two 110 percent
| tests on aged cables, foils failed after the peak heat flux
! was attained but prior to the completion of the pulse. The
| tests were terminated and the foils were replaced. The

samples were then subjected to another full LOCA/ hydrogen'

burn test. Thus, the 110+ percent category appears in the
test matrix.

Results of the 100 percent tests were given in the main body
of this report. The 110 and 110+ percent results are given
here. As with the 100 percent tests, all conductors in the
110 and 110+ tests maintained their applied cable to tray
voltage.

,

Plux, pressure, conductor voltage, and posttest photos of
one unaged cable subjected to a 110 percent test are given
in Figures D.5.2 through D.5.5. Results from other 110
percent unaged cables are similar.

The hydrogen burn simulation resulted in extensive blis-
tering and charring of the unaged cable jacket. There were
small surface cracks in the jacket near the wire ties which
held the cable to the sample mount. The ties were wrapped
tightly around the cable and thus restrained blistering at
the tie points. This restraint caused stress concentrations
near the ties and resulted in the minor cracking of the
jacket. Some melting of the white fibrous filler material
occurred in one test but the interior conductors were
unaffected. The physical damage was indistinguishable from
the 100 percent unaged tests.

Pressure, conductor voltage, and posttest photos for an aged
110+ percent cable test are given in Figures D.5.6 through
D.5.8. Results for the other 110+ percent aged cable are
similar.

As with the unaged cable, damage to the aged cable was
largely confined to the cable jacket. Figure D.5.8 shows
that the nature of the damage to the aged cable was dif-
ferent from that of the unaged cable. The jacket charred
but no blistering occurred. Deep axial cracks, exposing the
cable filler material and interior insulation occurred in
all aged samples. The filler material melted but the
interior conductors' insulation remained intact.

When the axial cracks in the aged cable reached the tight
fitting tie-down wires the cable jacket cracked about its
circumference. Damage to the other aged cable was similar
but, since it was held on the cable mount with loose fitting

,

p
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.

tie-downs the initiation of the cracking around the periph-
ery of the jacket took a more helical path and the points of
origin were more randomly spaced.

There was no discernible difference in the degree of damage
between the 100 percent aged cable and the 110+ percent aged
cables.

The failure of the foils on the aged 110+ percent tests
! provided the opportunity to determine when in the testing
| the cracking occurred. The specimens which had experienced

the foil failure were removed from the test chamber with!

their jackets intact. The foils failed within a few seconds
after they reached their peak temperature. Since the 100

I percent aged sample experienced the entire pulse and emerged
from the chamber with a cracked jacket and melted filler the -

cracking occurred during the tail of the pulse.

One exploratory test of an unaged cable was conducted on a
new cable outside the chamber to assess the effect of a
higher oxygen concentration. Only the hydrogen burn portion ,

of the test profile was used; the LOCA portion was not.
Prior to the initiation of the heat flux pulse the cable was
at ambient temperature. Shortly before the peak flux was

*

reached the cable ignited and burned vigorously for approx-
imately 40 seconds. The cable is shown in Figure D.S.9.
Damage to the unaged cables tested in the chamber and
chamber pressure measurements are not consistent with the
level of combustion which occurred outside the chamber. As
discussed in the previcus paragraphs, unaged cable subjected
to pulses inside the ECETch blistered but did not burn.
Apparently the 15 to 16 percent oxygen atmosphere in the
SCETCh (corresponding to HECTR calculations of containment
environments) suppresses cable burning. Thus, matching
initial oxygen concentrations is important in this type of
testing.

As mentioned previously, the linear ramp up to the peak heat
.

flux used in the cable tests results in approximately 30
percent more energy incident on the cable specimens compared
to the HECTR calculations for the particular SD event2
studied in the TMI-hybrid analysis. Thus all of the single
burn cable test environments were more severe than any of
the HECTR calculated TMI-hybrid environments.

After the cable tests had been performed, Surry calculations
(which were not available prior to the testing) were
completed which indicated possibly more severe environments
in Surry. Figurs D.5.10 shows the most severe heat flux
from the Surry calculations and the TMI-hybrid calculations
along with the heat flux profile used in the 100 percent
cable tests. Although the Surry peak heat flux is greater
than the test peak heat flux, the energy incident on the
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cable specimens is actually greater (by about 20 percent) in
the experimental heat flux profile as shown in Figure
D.5.ll. Thus in terms of energy deposition, the cable tests
were more severe than either the worst-case Surry or
worst-case TMI-hybrid environments calculated.

A calculation was performed including the effects of initial
temperature, peak heat flux, and integrated energy
deposition, to determine if these environments would result
in significantly different cable temperatures. Using a
one-dimensional finite di!.ference model of the cable jacket
and ignoring the effecta of pyrolysis and combustion, a
calculation of the cable thermal response indicated only
slight differences between the test and the most severe
Surry environments. The results of the calculation are
shown in Figure D.S.12 for the cable surface temperature |

versus time. There is a slightly slower increase in surface j
temperature in the test case due to the linear ramp up to !
the peak, but this represents only a 2 or 3 second delay.
Based on these results, it can be concluded that the tect

,

environment was representative of the most severe single'

burn environments observed in any of the calculations.

In light of the discussion concerning Table 3.5 of the main
body, it can therefore be concluded that the cable tests
were representative of the most severe environments expected
in a LOCA and subsequent single deflagration of the hydrogen
resulting from a 75 percent metal-water reaction in a large
dry or subatmospheric power plant. Thus, the single burn
cable test results indicate that nuclear qualified class lE
cable can survive a LOCA and severe single hydrogen burn
environment inside a large dry or subatmospheric containment.

D.5.1.2 Transmitter Tests

The single burn transmitter tests were performed in two
phases, a calorimetry phase and a performance phase. Both
phases used the same LOCA/ hydrogen environment as the cable
tests with changes in foil temperatures and geometries to
account for differentes in the transmitter absorptivity and
geometry. The calorimetry tests were conducted to determine
the tem;erature response of the Barton 763 pressure trans-
mitter electronics and case to the simulated accident
environment. The test specimen used in these tests was a
Barton 763 pressure transmitter which had been used in

i previous testing at the Central Receiver Test Facility.3
The transmitter was equipped with thermocouples on the
inside surface of the casing cover plate and on the elec-
tronics. Since the transmitter was previously exposed to a
harsh environment it was not a valid specimen for testing
transmitter performance (though it was operated during the
tests). Also, routing the thermocouple wires from the
interior of the transmitter to the data acquisition system
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required removal of a seal gland intended to protect the
interior of the instrument from moisture intrusion.
However, the transmitter was suitable' for measuring
equipment temperature response.

The pertormance test investigated the operational charac-
teristics of the Barton 763 pressure transmitter under
LOCA/ hydrogen burn conditions. The test specimen was a

| Barton 763 transmitter, identical to the calorimetry
specimen but without thermocouples, which had been thermally

8aged to the equivalent of 40 years (125*C for 1830 hours ) :

and radiation aged to the equivalent of 40 years of in-plant
radiation exposure plus the radiation dose due to the
accident (200 Mrad at 1 Mrad /hr). The performance (aged)
specimen 4.ncluded the gland to prevent moisture intrusion. ,

! Both specimens had an operating range of 0 to 1000 psig and
a signal output of 4 to 20 mA. The signal was monitored by
passing the signal current through a 500 ohm resistance and
measuring the voltage drop across the resistance. Both

.

specimens were pressurized to 750 psig during their respec-
tive exposures to the accident environment.2

By the time the Barton tests were conducted, an imptoved
foil control algorithm had been developed. Thus the linear
ramp in heat flux used in the cable tests was not necessary
and a more accurate heat flux profile was used in the pres-
sure transmitter tests. This profile closely follows the
HECTR predicted heat flux curve shown in Figure D.5.1. In
addition the SCETCh control algorithm was modified to follow
more closely the HECTR predicted post-burn pressure
profile. The experimentally measured and HECTR predicted

i pressures for one of the Barton tests is shown in

Figure 5.13.

The problems encountered during the 110 percent single burn
'

cable test (i.e. foil failures) resulted in a decision to
conduct the pressure transmitter tests only at the 100 per-
cent HECTR predicted heat fluxes. Thus, no 110 percent
tests were conducted on the pressure transmitters.

The results of the calorimetry tests are shown in Fig- ,

ures D.S.14 and D.5.15. Figure D.5.14 shows that the casing
front face temperature approached 133*C (406*K) and the

'capacitor temperature reached a maximum of ll3*C (386'K).
The thermal lag between the case and electronics is con- ,

,

sistent with the temperature response of the instrument from
previous tests.3

The HECTR three-layer model preCictions of the front surface
peak temperature are higher by 3*C than the measured .

<

temperature. The excellent agreement is an indication of
the accuracy and mild conservatism of the Barton three-layer
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model employed in the HECTR calculations, as well as an
additional check on the test environment.
The ratio of the Barton pressure output to that of a Heise
gauge is shown in Figure D.5.15. The fluctuations from the
pre-burn readings were less than four percent during the
burn simulation indicating acceptable accuracy during the
test.

Another test was run using the aged Barton pressure trans-
mitter (the performance test). Throughout the performance
testing the. aged transmitter also performed properly. The
ratio of Barton to Heise pressure is shown in Figure D.5.16.
The fluctuations from the pre-burn readings were less than
two percent.

Both Barton pressure transmitters performed well during the
tests. The slight fluctuations during the burn simulations
could be due to small adjustments made by the pressure reg-
ulation on the system supplying nitrogen to the trans-
mitter. Another possible cause of the fluctuations is

electromagnetic interference from the foils. In either case
the fluctuations were not large enough to be interpreted as
an impairment to the operation of the pressure transmitter.

The heat flux profile used in the single burn pressure
transmitter tests was the most severe environment seen in
the TMI-hybrid calculations. Subsequent to these tests,

Surry calculations were completed which indicated more
severe environments in terms of maximum equipment temper-
ature. However, the most severe of these environments
resulted in a HECTR predicted peak front face temperatute
exceeding the qualification limit of 444*K by about 6*K for
about 10 minutes. In view of the mild conservatism in the
HECTR three-layer model and the considerably longer LOCA
qualification test which the Barton has been tested to,

HECTR-predicted front face temperatures of 450*K for 10
minutes should not be reason for concern. And in light of
Table 3.5 of the main body of this report, this surry
calculation represents the bounding case.

For the single burn scenarios, the most likely threat to the
survival of thermally massive equipment such as a Barton
pressure transmitter is from moisture penetration through
seals. For the single burn tests, the total pressure and
steam concentration used were as severe as any seen in the
HECTR single burn calculations. Thus from a pressure and
moisture standpoint, the Barton tests were as severe as
warranted by the calculations.

The results of these tests indicate that the Barton 763
pressure transmitter can withstand a large dry containment
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LOCA and hydrogen burn environment with a single deflagra- --
.-

i tion of hydrogen released in a reaction involving 75 percent j .
of the core Zircaloy. %,7,

N'ls D.5.2 Multiple Burn Tests M.
-

3- f4
'

During the single burn cable tests, most of the visually
]6. ~ .

- ;

E observed damage occurred after the peak flux during the tail

F portion of the heat flux pulse. The damage to the cable -3 ;. .s

jacket appeared to be a strong function of the energy yy ;
y-

deposited therein. This raised concern that an environment " rl; ;
[ which results in a considerably larger energy deposition {._

(f .,,F (such as occurs in a multiple burn scenario) may pose a

g)i'
'

serious threat to the survival of safety-related equipment,e
? Although multiple burn experiments were beyond the program 2 Q
F scope, two quick look multiple burn tests were conducted in #

,

$ an attempt to address this concern. :- M

h'.1
*

Y[ Two cable specimens and one Barton pressure transmitter were
1 ' p-'exposed in the multiple burn tests. The results (presented
f,Yh.tjI below) indicate that multiple burns pose a serious threat to

the survival of safety equipment located in the source ip q .-

P compartment of a large dry containment. ap g
= 'M
g D.5.2.1 Cable Test q

4 ._

E Two specimens of Brand Rex cable approximately .3 m long (J*u.. -)
were exposed in the cable multiple burn test. The two %f'I

- specimens were taken from the ends of an aged cable specimen y
previously exposed in a 110 percent single burn test in ,-

_. which the foils failed. These specimens were used because r"
I one half of each specimen had been thermally and radiation AY.?
r aged (the other half had not). Although these specimens had gg
L been previously exposed in a 110 percent aged cable single
y burn test, the portions selected for the multiple burn test
2 had been located outside of the foils during the 110 percent

test and thus showed no evidence of cracking or charring.
One specimen was placed in thin-walled 1/2 inch galvanized

_ steel conduit with swage lock plugs to simulate any shielding
that conduit may provide.

The two specimens are shown as mounted before the test in
Figure D.5.17. The foreground cable is shown inside of the

_
conduit (as tested). The background cable is shown fullyE

L exposed (as tested). The left half of both cables has not
7 been aged, while the right half has. The specimens were not

{ powered or monitored during the test.

- HECTR predicts that multiple burns may occur with anywhere
-_ from two to more than 100 burns in a source compartment.
_

The frequency of the burns, the peak heat fluxes, and the
total incident energy are also highly variable.
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For the cable multiple burn test, a heat flux profile from a
HECTR simulation of an SD event in Surry was selected.1
This heat flux profile consisted of 58 burns in the source
compartment (steam generator cubicle) and is shown in
Figure D.5.18. This particular profile is believed to be
representative of multiple burn scenarios and does not
constitute the worst case possible. The integrated energy
incident on the bare cable is shown in Figure D.5.19.

| The results of the test are best described by referring to
'

Figure D.5.20. With the exception of a very thin layer of
ash over a portion of the copper conductors, only the bare
copper strands remain. The jacket, filler material, and
conductor insulation have been burned off exposing the bare
copper wire. The results were similar for the cable speci-
men in conduit, with slightly more ash present. Thus, both
the exposed cable specimen and the cable specimen in conduit
did not survive the multiple burn environment simulation.

The results of this test indicate that multiple burn
environments pose a serious threat to cables located in the
source compartment of a large dry containment.

D.5.2.2 Transmitter Test

The instrumented Barton pressure transmitter which had been
previously exposed in one of the single burn tests was
selected as the test specimen for the multiple burn test.
The thermocouples and pressure output were monitored during
the test. The Barton was maintained at 750 psig during the
burn simulations.

There are many combinations of burn frequency, number of
burns, incident energy, and peak heat fluxes possible for
defining a multiple burn environment. The scarce compart-
ment volume has a strong influence on which combination of
the above occurs in a given scenario. In order to examine
this influence, parametric calculations using HECTR were
performed over a range of source compartment volumes to
determine possible effects on the multiple burn scenario.
The multiple burn scenario selected for the Barton multiple
burn test was a representative scenario and does not
constitute the worst case possible. The 39 burn scenario
selected produced the heat flux profile shown in Fig-
uro D.S.21. The integrated energy incident on the Barton
from this flux profile (Figure D.5.22) is 20 percent greater
than for the multiple burn cable test profile, even though
there are fewer burns in this scenario. The source
compartment volume used to obtain this heat flux profile is
representative of a steam generator cubicle in the TMI
containment. -

D-57

_ - - _ ~ - ~-



. _

1

eo . . . . . .

.m -

m

N ,

E 40
-

-

N '
1
x 9 4

L ov ,
~

|| ii | i
I 1

'

X j | l
' "

i
,

,

3 -

! -. .;f

'

.; |

L |
.

g,i jh|
.-

-'
j-

i -

20 l !
- ' ' ,

t I.e c
:.<g

'
D ,

I e I --

,, u .
. |

/[bl
'

'

, , ,

O
3500 4000 4200 4400 4600 4800 5000 5200

: Time (s)
.,

!

| Figure D.S.18. Cable Multiple Burn Heat Fluxes

|
' D-58

|
- - - - - - . - - _ - - _ . _ _ . . _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ , _ , _ _ _ _ _ _ , _ _ __ _ _ _ _ _ _ _ _ _ _ , _ _ _ _ _ _ _ . _ , _ , _ _ _ _ _ _ _ _ _____



| m , , , , , , ,

m

h 20 - -

E
v

_

x
m
L 5 - -

0
C
W

$2 Cable Mu l t i p l e --

$ Burn Test
'

.-

O
C 5 - -

H

' ' ' ' ' '0
M 4000 6 4400 4600 4800 5000 5200 5400

Time (s)
L

,

Figure D.5.19. Cable Multiple Burn Incident Energy

D-59

. - _ _ . _ -
__-_---________.-_________-___________._-_.________._.________________,__._______,____f

_



_ _ _ . . - _ . _ . . _ _ _ . _ _ _ _ _ . . _ . .. _ ._._.... _..__ _ . _ ___ ___. __ _

1

|

|

|

i
!

: *

|
. :

1

I
i

.
8

.*
.. .

. .:w .%n
-+ ,, 3 -

,
.

(r ,t

| Q'liS; U % .
%c,

i ; t
,

'. i -
.

i
'

e

%,,- *f h w ,,
'

i

'

. |

1 . - s .

':
,

; e.
,

1 i

_ ..- .3 i
--

1
-

- - -
i

; _ _ - ,7_..
1 . . . ,*

* * Am -.=- _ .,

-- -
_ __ _ , , - --

*d-

i

i

l
1 ,

i I

i |

| Figure D.5.20. Cable Multiple Burn Specimens (Post-Test)
1

4

D-60
t
1

I

j

,
__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

b

|

!
100

.

| .'
80 -

.

.

n .,

y 60 -

1 :
b i _ .,

~
-

40 - -

b f j
~

d :
/ /j),

)
H 20 i-

. ,

''I I ' ' IO ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' '

6000 6200 6400 6600 6800 7000 7200

TIME (S)
:
i

:

!

,

i

Figure D.5.21. Barton Multiple Burn lleat Fluxes

D-61

!

-_. . - _ _ _ _ - - . _ , . . . . . . _, - - - _ . .. . . - . - . . _ - _ . - _ . - _ - - - . _ - , , - . .



_ - _ _ _ - _ - - - - _ - _ -

2s , , , , , , ,

m

M m -
'

5 Barton Multiple

x Burn Test -

o)
L 5 -

,

D
c
W

Sc Cable Mu l t i p l e --

D Burn Testm
.-

O
C 5' -

"

H

' I i i i i0
M 4000 4200 4400 4600 4800 5000 5200 5400

Time (s) ,

;

|

,

Figure D.5.22. Barton Multiple Burn Incident Energy ;

;

D-62
,

,

- - - - - - . - _ . _ . . . _ . _ . - - , . . . - _ _ - - .. ._ ,._ -- .. - - ....._. - .-- ,.,,-. . - _ -- _-_ .



.

About one third of the way through the multiple burn
scenario, the Barton pressure transmitter became erratic and !

failed. The' ratio of Barton pressure output to that of a |
Heise gauge is shown in Figure D.5,23. The performance |
began to degrade at about 6350 seconds into the test and i

icompletely failed at about 6480 seconds. The integrated
'

incident energy at this point in time was less than 50 per- *

cent of the total energy which the heat flux profile shown :

in Figure D.S.21 generated. The temperature of the |
capacitor at the point of failure was approximately 195'C "

(468*K), as shown in Figure D.5.24. The front face '

temperature at this time was in excess of 357*C (630*K).
The momentary decline in front face temperature at

,

6450 seconds was a result of the thermocouple pulling away
'

'

from the front plate due to the melting of the epoxy which
held it in place. Thereafter the f ront' f ace thermocouple
gave an indication of air temperature inside the Barton. '

Blistering of the paint on the surface of the transmitter
was observed (Figure D.5.25) upon post-test inspection. The
electronics were charred (Figure 0.5.26) indicating possible ,

'combustion or smoldering inside the transmitter.
:

The results of this test indicate that multiple burns pose a ;

serious threat to pressure transmitters and other similar
safety-related equipment located in a source compartment.
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Figure D.S.26. Barton Electronics (Post-Test)
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