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Abstract

The Mississippi Power and Light Company has proposed instaliation of a Hydrogen Igniter System (HIS) at
the Grand Gulf Nuclear Station (BWR Mark III) to burn hydrogen generated during accidents more severe than
the design-basis accidents. Sandia National Laboratories, undcr a contract with the US Nuclear Regulatory
Commisgion, has performed a technical evaluation of the adequacy of the proposed HIS tc meet the threat posed
by hydrogen combustion. Areas considered in this review include: HIS design and testing; location and
distribution of igniters; containment pressure and temperature response calculations; detonations; containment
atmosphere mixing mechanisms; actuation criteria for the HIS, and the spectrum of hydrogen-generating
accidents.
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Review of the Grand Guilf
Hydrogen Igniter System

1.0 Summary

1.1 Introduction

As a result of several investigations of the accident
at the Three Mile Island Nuclear Plant (‘TMI1-2) in
March of 1979, the US Nuclear Regulatory Commis
sion (NRC) has required that boiling water reactor
(BWR) nuclear plants employing the Mark 1] design
be equipped with additional systems to control large
gquantities of hydrogen. In this regard, the Mississippi
Power and Light Company (MP&L) has proposed
installation of the Hydrogen Igniter Svstem (HIS) at
the Grand Gulf Nuclear Station to burn the hydrogen
generated during accidents more severe than the

basis accidents. The NRC must now evaluate

design
the effectiveness and reliability of the prnpn\twf HIS
as part of the Grand Gulf licersing activities

In August of 1981, Sandia National Laboratories
(SNL) agreed to assist the NRC by making a technical
evaluation of the adequacy of the HIS to meet the
th-eat posed by hydrogen combustion at the Grand
Gulf Nuclear Station. The technical goals of our eval

wation of the kh'\u:n and testing ol the HIS were

I'o assess the adequacy of the location and
distribution of igniters,

To perform independent calculations of the
containment atmosphere pressure and tem
perature response to hydrogen combustion and
compare these to the calculations performed by
the applicant (MP&L has used the CLASIX-3
computer code exclusively),

I'o determine the likelihood (qualitative as
sessment) and consequences of detonations (in
terms of calculating impulsive loads, not in
terms of estimating structural failure)

To examine and estimate containment (includ
ing wetwell) atmosphere mixing,

I'o assess the adequacy of the actuation criteria
for the HIS, and

I'o assess the adequacy and completeness of
the spectrum ol accidents considered in the

applicant’s evaluation

As necessary, we were to provide recommendations to
the NRC for corrective action or design changes

1.2 Preliminary (Task 1) Report

At the end of August 1981, we submitted a Task 1
Report to the NRC. This report summarized our
preliminary evaluation, discussed our technical ap
proach for the Task 2 (draft report) evaluation, and
requested additional information in a number of
areas. Our preliminary evaluation was based primaril
on the following items

1. Review of the MP&L. document Prelinurary
Evaluation of Additional Hvdrogen Control
Measures for the Grand Gulf Nuclear Station
(April 9, 1981)

Review of the MP&IL. document Final Report
on the Grand Gulf Nuclear Station Hydrogen
Igniter System (June 19, 1981)

A tour (and associated photographic records) of
the Grand Gulf Nuclear Station on August 6,
1981 by J. C. Cummings, M. P. Sherman, and
A. L. Camp of SNL

Discussions (and associated SNL notes) with
S. Hobbs and J. Richardson, MP&L, on August
6, 1981

MARCH computer code calculations of acci
dent scenarios in the Grand Gulf plant
Engineering judgments made by the Sandia
staff during review of the above five items

In our Task 1 Report, we indicated that our
evaluation of the adequacy of the HIS would depend




¢ A 1

Gulf HIS

1.3 Final (Task 2) Report
Summar

nnics |]\§)r‘xu}1 has 11

lved the
des combined with the
e SNI statt [he
n Event: Containment

MARCH code

ry were

eng

Sandia

['ransi
written t

used extensively

the «

temperature

to calculate

re and response |

ncentrat)
]'}’wl.lt ;\Td«-‘
EASes

a1l press

ontainment

)

The

rate mixing

RALOC was

by calc ‘:}‘Al’.‘l:,

1Istion (Grerman code
effectivene
ind tempor il behavior of the hve
I"he

impulsive

froger

(prebur: conditions nly india

)

used to calculate the ads

ympany a local detonation
to the items listed in Section | Wi

l'ask

ived until late

d other documents as p: f our

of these were n

MP&L ( August

Dale

(September

ittachments from k

SNR(

. Denton, |

1 lKelease and

(MHE-Shore r Systems !\‘o;\.' N

nproprietary version (October |

L IN\I
157 Containment Kesponse
the Miss PN Powe

rrand Gulf Nuclea: St r.

: 4 u ctd

V'S for
Off Shore |
Al5 (December, |
from L. F

Denton, USNR(

‘ower
Systems Rept No iI81)
Dale

vl)oull\lnr

and attachments

[, to H. R

IN1)

|t'f!?

lNask

statements

summarizing the results of our

ASSESS

we must several that

“l.hb\ 1)

value of

repeat Wers

n the First, we

preliminary

NR(

pressure

re Pmr?

1sed the 6 psig for the contain

ment failure If this value were to increase or

decrease by to 10 psi, it could have a significant

effect on our evaluation and recommendations. Se«

nd and hun

ifter several months of intensive study
ireds of computer calculations, we are still left with
incertainties about the adequacy of the HIS. None of

the computer codes (MARCH, CLASIX-3

r HECTR) is sophisticated enough at present i«

ay Ll.”)lf

w us to predict peak pressures with high precision
1ll the codes are very sensitive to certain input

parameters and models of phenomena that are simply

not known very well
It

1s also important to note that we have not

analyzed in any significant detail a number of phe

nomena associated with hydrogen combustion. These
N« :'l'{‘f'

iccelerated flames, missile generation, spatial
and temporal nonhomogeneities in gas mixtures, mul
ple and sequential ignitions, and equipment failures
I'heoretical models and computer codes are not pres
ently available as calculational tools to analyze these

phenomena. In addition, experimental data are




sparse, especially under nuclear plant accident condi-
tions (very large geometrical scales, three-dimensional
obstacles and flame paths, concentration gradients in
the gas mixture, etc).

The net result of our evaluation, including uncer-
tainties, can be stated as follows. In our judgment, the
currently proposed HIS is “marginally adequate” to
meet the threat posed by hydrogen releases within the
containment building. By marginally adequate, we
mean the following: In order to calculate the combus-
tion behavior of hydrogen inside the Grand Gulf con-
tainment, we must specify a number of parameters for
the simple models presently in our computer codes. If
each of these parameters is at the optimistic end of its
“best-estimate™ range, the computer codes predict
combustion-generated pressures well below the speci-
fied value for failure. If each of these parameters is at
the pessimistic end of its best-estimate range, the
computer codes predict pressures in excess of the
assumed failure value. Midrange values for these pa-
rameters will generally result in calculated pressures
which are high, but below the specified failure pres-
sure.

Later in this report, we make recommendations
for changes to the proposed HIS design which we feel
would improve its ability to meet the hydrogen threat
(Chapter 6.0). Several “advanced concepts” that we
believe might be desirable alternatives or adjuncts to
an igniter system for BWR Mark IIl plants are dis-
cussed in another report."’

Several things cause us to judge the HIS to be
marginally adequate. There are significant uncertain-
ties in the hydrogen release rate, the degree and rate of
mixing within the wetwell/containment, and the igni-
tion and propagation behavior of burns. In addition,
for some accident scenarios the containment spray
system is not available. These items tend to dominate
the results of our calculations, and consequently, reli-
able conclusions are difficult to draw. We do know
that if conservative upper bounds or assumptions are
made regarding these key items, our calculations indi-
cate the generation of pressures in excess of the as-
sumed failure value.

Hydrogen release rates for accidents in nuclear
plants cannot be predicted with confidence at present.
This is true for low-pressure acridents in either a
PWR or a BWR. Low-pressure (large-break) acci-
dents tend not to produce significant hydrogen prior
to total core uncovery due to high steam flow rates
whicn maintain the core temperature below that re-
quired for significant metal-water reaction. On the
other hand, high-pressure (e.g., small-break) acci-
dents tend to have considerably lower steam flow
rates, which results in higher core temperatures and

significant hydrogen generation prior to complete core
uncovery. Our present understanding of core behavior
during loss-of-coolant accidents (LOCAs) is quite lim-
ited, primarily due to a lack of knowledge and data
concerning core-slump phenomena. MARCH calcula-
tions for TPE* and S,** BWR accidents indicate that
little or no hydrogen would be produced before com-
plete uncovery of the core. Consequently, the bulk of
the hydrogen generation and release is predicted to
occur when the core slumps into the vessel lower
plenum.

The processes governing production of hydrogen
during a degraded-core accident are not well known,
and in some respects, are expected to be indetermi-
nate. The hydrogen generation rate will depend on the
rate of coolant injection from the Emergency Core
Cooling System (ECCS) and the time that the injec-
tion begins. The degraded-core models in MARCH
can predict very high to very low hydrogen yields,
because the predictions are dominated by input as-
sumptions. Until better data and models are pro-
duced, we must either accept the (perhaps artificial)
conservative upper bound or select another (equally
arbitrary) model.

MP&L used the MARCH code predictions up to
the point of core slump (~hen the rate increases
enormously) and then assumed a constant rate equal
to the largest previous value. Since the hydrogen
release rate is such an importani parameter, we rec-
ommend further study of the MP&L approach to
assess its validity.

The degree and speed of mixing within the
wetwell/containment region are very difficult to esti-
mate. Based on engineering judgment, we believe that
if containment sprays are operating, the upper dome
region will Ge well miked. If they are not operating, the
degree of mixing will be uncertain. Independent of the
question of spray operation are the degree and rate of
mixing in the annular region. The computer codes
MARCH, CLASIX-3, and HECTR essentially ac-
count for only pressure-driven flow between idealized
compartments. These codes do not realistically model
the postburn flow and mixing, or natural convective
mixing. Consequently, when the codes predict a large
number of burns in one region and no burns elsewhere,
or oxygen depletion in one region, or a volume filled
with hydrogen existing stably below a volume filled

*Accident that is initiated by a transient event, followed by
failure of a safety/relief valve to reclose and failure of
emergency core cooling.

**Small pipe (with an equivalent diameter of ~2 to 6 in.)
break and failure of emergency core cooling.

11
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Details of our calculations and assessments are
contained in the chapters that follow. Chapter 2.0
discusses the HECTR calculations while Chapter 3.0
covers the MARCH calculations. Where possible, we
have made comparisons to CLASIX-3 calculations.
Chapter 4.0 presents RALOC code calculations of
hydrogen mixing for a number of scenarios. Chapter
5.0 discusses a CSQ code calculation of the effects of a
localized detonation as well as the likelihood of deto-
nations or detonation-like phenomena. In Chapter
6.0, we present our assessment results and recommen-
dations.

1.4 Reference

YIM. Berman, Light Water Reactor Safety Research
Program Quarterly Report, April-September 1981, Sandia
National Laboratories, SANDS2.0006, NUREG/CR-2481,
February 1982.
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2.0 HECTR Calculations for the
Grand Gulf Nuclear Station

2.1 Description of the HECTR
Computer Program

In order to model hydrogen burns in nuclear
power plant containment buildings, we have devel-
oped a computer code called HECTR (Hydrogen
Event: Containment Transient Response). HECTR
can be used to analyze as many as ten separate con-
tainment compartments (at present HECTR does not
have a drywell compartment model). It includes mod-
¢ls for hydrogen burns, radiative and conveciive heat
transfer, heat transfer to sprays, and wall heat con-
duction.

Flows between compartments are pressure driven,
and the compartment interconnections are modelled
as orifices. Gases are instantaneously mixed within
each compartment. Steam and hydrogen source terms
are specified by the user.

The hydrogen burn model in HECTR allows com-
hustion to be initiated in a compartment whenever a
specified hydrogen concentration is exceeded, provid-
ed that the compartment is not inerted due to a
shortage of oxygen or an excess of steam. Typical
values used to determine whether or not a gas mixture
is inert are oxygen <= 5% and/or steam > 55%.

The compartment burn time is calculated by di-
viding a characteristic compartment length by the
flame speed. The flame speed, v, is determined in most
cases from the following experimental correlation:

v = 59.2X + L.792 m/s (2.1)

where X is the hydrogen mole fraction present at the
beginning of the burn (v is held constant during the
burn). The above correlation was derived from turbu-
lent flame experiments in the Sandia VGES 16 ft
tank. (Note that this was an essentially open, clean-
welled vessel; hence, flame acceleration due to obsta-
cles did not occur. See Figure 2.1 and Reference 2.1 for
more details.) Other values of the flame speed can be
specified, if desired. Combustion is carried out either
to a given completeness (user specified) during the
calculated burn time or until the compartment runs
out of oxygen.

The burn can propagate into adjacent compart-
ments after a specified time delay if the propagation

criteria are met in those compartments. These criteria
are based upon the hydrogen concentration, and typi-
cal values are > 4.1% hydrogen by volume for upward
propagation, > 6% for horizontal propagation, and
~ 9% for downward propagation.™*

The radiative heat transfer model breaks up the
emission from steam into seven spectral bands and
calculates an emissivity for each band. The wall sur-
faces are assumed to be gray and have constant emis-
sivities.

Convective heat transfer is modelled for both
vertical slabs and horizontal water pool surfaces. The
vertical slab model allows for free or forced convec-
tion, either with or without condensation. The pool
model assumes laminar flow over a horizontal flat
plate.

The spray model ireats both condensation on and
evaporation from spray drops. The spray drops aie
assumed to fall through a homogeneous atmosphere,
none of whose properties changes during the fall time
of the drop. Heat and mass transfer rates are deter-
mined from the size and temperature of the drops
when they reach the bottom of the compartment. A
distribution of droplets including up to ten different
drop sizes can be modelled.

Walls are treated either as slabs, using standard
finite-difference techniques, or as lumped masses.
The heat flux to each wall surface is the sum of the
radiative and convective heat fluxes. Up to 30 differ-
ent wall surfaces can be analyzed.

Each of the various models in HECTR is dis-
cussed in more detail in Appendix B.

2.1.1 Summary and Conclusions

A wide variety of cases were run using HECTR,
including cases to examine compartmentalization,
flame speed, completeness of combustion, propaga-
tion limits, sprays and the hydrogen source term.
Based upon the HECTR analysis and a study of the
CLASIX-3 analysis presented in Reference 2.3, we
have reached the conclusions discussed below.

15
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Figure 2.1. Experimental Flame Speed (From Ref 2.1)

In most cases the HECTR analysis predicts peak
pressures that are much higher than those predicted
by the CLASIX-3 analysis * The CLASIX-3 analysis
divided the containment into two compartments: the
wetwell region just above the suppression pool and the
rest of the containment, including the dome. The
CLASIX-3 analysis generally predicts a large number
of burns in the wetwell resulting in small pressure
rises and no burns in the dome. HECTR generally
predicts at least one burn in the dome resulting in high
pressures, due to the large volume of the dome relative
to the wetwell. The reason that burns are predicted in
the dome is that HECTR predicts inerting in the
wetwell due to oxygen depletion at an earlier time
than CLASIX-3 does. Once 11e wetwell inerts, hydro-
gen is transferred from the wetwell to the dome at a
higher rate, and burns in the dome occur soon after-
ward. Both CLASIX-3 and HECTR show that, after a
burn in the wetwell, oxygen is drawn back into the
wetwell from the dome as the wetwell cools down.
HECTR predicts a slightly lower rate of cooling in the
wetwell, and thus, inerting occurs a few burns earlier
than in the CLASIX-3 analysis. This difference in

*Including the drywell compartment volume might reduce
the pressures calculated with HECTR.

16

cooling rate could be due to assumptions regarding
passive heat sinks, heat transfer models, or the treat-
ment of containment sprays. Because a small differ-
ence in the models or input assumptions can have such
a dramatic impact on the results, the problem is
“ill-conditioned.” Despite the differences in the re-
sults, we feel that the behavior of CLASIX-3 and
HECTR is similar. Both codes predict eventual
wetwell inerting, just at different times; and, as will be
discussed later, some of the CLASIX-3 cases were
close to ignition in the dome at the end of the run.
Differences in the heat transfer models appear to be
small.

A significant unceriainty in the analysis involves
mixing of hydrogen and oxygen in the containment,
and neither HECTR nor CLASIX-3 properly ad-
dresses this issue. Both codes include pressure-driven
masa transfer, but not convection or diffusion. There-
fore, both codes underestimate the rate of mixing
between compartments. In contrast, the rate of mixing
within a compartment is over-estimated, since it is
assumed to occur instantaneously.

Based upon experimental data discussed in the
next section, we feel that the flame speed used in the
CLASIX-3 analysis is a factor of three or more low.
The lower flame speeds resuit in more time for heat
transfer during a burn, particularly if the sprays are



on, and correspondingiy luwer temperatures and pres-
sures. The difference in peak pressure using the
CLASIX 3 flame speed as opposed to the HECTR
flame speed can be 5% to 15 depending upon the
input assumptions. Flame speeds higher than those
used in HECTR (due, for example, to flame accelera-
tion) could result in an additional increase of 2% to
8% in peak pressure.

When varying other burn parameters we found
that incomplete combustion results in decreased pres-
sure rises; however, the benefit is not always as large as
expected due to the fact that burns are more numer-
ous and closer together in time. Additionally, we
found that burns propagating from the wetwell into
hydrogen concentrations of 4% to 6% in the dome will
probably not produce pressures in excess of the as-
sumed failure pressure. Burns propagating into 8 to
10% hydrogen concentrations in the dome or burns
originating in the dome might produce pressures that
could threaten containment.

Containment sprays almost always result in a
significant reduction in temperature and pressure
during a burn. Sprays may have a slight negative
effect early in the accident if they enter the contain-
ment at a higher temperature than the containment
atmosphere and result in a small elevation in pressure.
However, this effect is small, if in fact it is real, and we
would recomn .nd that the sprays be turned on as
early as possible in the accident and remain on until
all danger of a hydrogen burn has passed.

Additional efforts should be undertaken to better
define or bound the hydrogen source term. Very slow
release rates allow more time for mixing and make
global burns more likely. Very fast release rates result
in rapid inerting in the wetwell and also a significant
addition of hydrogen to a burn in progress.

As expected, we found that relatively small
changes in initial pressure can produce significant
changes in observed peak pressure. This occurs be-
cause, for any given hydrogen concentration, the ratio
of peak pressure to initial pressure is almost constant
for an adiabatic burn. Therefore, a 107 change in
initial pressure results in about a 109 change in the
peak pressure. Because the results are fairly sensitive
to assumptions regarding the initial conditions, one
should use caution when examining the quantitative
results.

Finally, we observed that hydrogen burns may
occur well after hydrogen production has stopped due
to condensation of steam and the corresponding in-
creases of the hydrogen and oxygen mole fractions.
Several of the HECTR cases and some of the
CLASIX -3 cases produced final conditions indicating
that such an occurrence was likely.

2.2 Grand Gulf Analysis

2.2.1 Case Descriptions and
HECTR Inputs

Forty-four separate cases were run using HECTR.
Six cases were run for comparison with the CLASIX -3
cases presented in Reference 2.3, and the remaining 38
cases were selected to address what we felt were
important questions regarding the CLASIX -3 analy-
sis. The factors that needed more evaluation inciuded

1. Compartmentalization

2. Flame speed

3. Completeness of combustion
4. Propagation limits

5. The hydrogen source term

In our Task 1 Report, we stated that the way the
containment was compartmentalized would be very
important, particularly in the way that mixing would
be affected. Both CLASIX-3 and HECTR have
pressure-driven mass transfer between compartments
and instantaneous mixing within compartments.
There is considerable uncertainty a: to how mixzing
shouid be modelled. Because of this uncertainty, we
felt it was prudent to examine five different compart-
ment configurations, shown in Figures 2.2 to 2.4 and
designated as A, B, C, D, and E.

Configuration A treats the containment as one
large compartment and allows us to evaluate the
effects of global burns. Configurations B and C add a
second compartment in the annular region surround-
ing the drywell. Configuration B was used in most of
the CLASIX-3 cases and divides the compartments at
the 135 ft level, while configuration C puts the entire
annular region into compartment 2. The region below
the 135 ft level is open, while the region between the
135 ft level and the 209 ft level contains large amounts
of equipment and structures. Configuration D divides
the containment into three compartments with divi-
sions occurring at the 135 ft level and the 209 ft level.
Configuration E divides the containment into five
compartments, with four of the comipartments located
in the annular region surrounding the drywell. Com-
partments 1, 2, and 5 are relatively open, while com-
partments 3 and 4 contain large amounts of equip-
ment and structures.

The flame speed of 1.83 m/s used in the
CLASIX-3 analysis appears to be significantly low.
This speed may be appropriate for a flame in a quies-
cent atmosphere (Figure 2.1), but is probably not
appropriate for the environment expected in a reactor
containment. Higher flame speeds result in less time
for heat transfer, and subsequently, higher pressure.
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The flame speed used in most HECTR cases was
determined from Eq (2.1).

The next area of concern involves the complete-
ness of combustion. CLASIX -3 cases 3, 5, and 6 from
Reference 2.3 had ignition occurring at 8% hydrogen
with a burn completeness of 857 . We did not feel that
there was sufficient evidence available to conclude
that coinbustion would be incomplete in all cases, and
therefore, conservatively assumed 1007 combustion
for most of the HECTR cases.

Another question involves propagation limits. In
all of the CLASIX-3 runs, the propagation limits were
set equal to the ignition limits. In CLASIX-3 case 2,
for example, ignition occurs in the wetwell region with
10° hydrogen present, but propagation into the dome
region does not occur even when the hydrogen concen-
tration in the dome is above B . This is clearly
unrealistic. For most of the HECTR cases, we have set
upward propagation limits at 4.1°% hydrogen and
downward propagation limits at 9.0% hydrogen.*?
Using realistic propogation limits generally causes
upward-propagating burns to occur, which limit the
buildup of hydrogen in upper compartments.

The final area of concern involves the hydrogen
source term. The CLASIX -3 source term in Reference
2.3 comes from a MARCH* calculation for a
degraded-core accident modified by an arbitrary ex-
trapolation to a specified quantity of hydrogen (con-
sistent with 75° metal-water reaction excluding the
channel boxes). There is a great deal of controversy
surrounding the MARCH hydrogen source term.
Therefore, we felt it was prudent to make some
HECTR calculations with alternative release rate his-
tories (Figure 2.5). These runs considered the possibil-
ity of a very rapid release of hydrogen, although we
have no estimates of the probabilities of such release
rates, Detailed descriptions of five of the CLASIX-3
cases and the 44 HECTR cases are presented in
Tables 2.1 to 2.6. In all cases, the hydrogen is assumed
to enter the containment through the suppression
pool.

Inputs to HECTR are described in Tabies 2.7 to
2.14. The CLASIX-3 hydrogen souice terms from
Reference 2.3 are presented in Table 2.7. The time, for
all cases, is referenced o 3295 s into the accident,
which corresponds to the time when significant hydro-
gen production begins.

One problem was encountered in interpreting
Reference 2.2 We assumed that the hydrogen source
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term was constani over a time interval, while in fact,
CLASIX-3 uses linear interpolation between data
points. This results in a difference of ~ 8% in the
total amount of hydrogen released (the HECTR
source term results in less hydrogen released). Case
B-1 was altered to use a source term more in agree-
ment with the CLASIX-3 source term (Figure 2.6).
Compartment volumes and surface areas were
estimated based upon available drav ings, or in some
cases were taken from the CLASIX-3 inputs. One
difference between the input parameters for HECTR
and those for CLASIX-3 is that the upper pool was
assumed to remain in place during the HEC'TR analy-
sis, while during the CLASIX-3 analysis, a portion of
the upper pool was drained into the suppression pool.
Additionally, in the HECTR analysis, the suppression
pool was kept at a constant temperature of 358,15 K
(185°F), and the hydrogen was assumed to enter the
containment &t that temperature. In all cases, the
containment atmosphere was initially 1ssumed to be
air saturated with water vapor at 299.82 K (80°F).
These values were obtained from Reference 2.3.
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Figure 2.2. Compartment Configurations A and B
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Table 2.1. CLASIX-3 Case Descriptions?

T T T T T T T 1 T

| | | | | | | Temp at | Pressure | |

| | | Ignition | Propagation | Combustion | Flame | 3925 | at 3295 | |

| case | Compartment | Limit | Limite | Completeness | Speed | S-copds | Secongds | |

:Nunbcr : Configuration : H, | Vi, | L | (m/e) 1 (K) I (atm) : SPNYC:
| | | | |

| T T T 1 T T 1 | 1

: 1 ; Fd : 10 | 10 | 100 | 1.8288 | 299.82 | 1.157 : Auto "
| | | | |

; 2 : 4 l 10 : 10 } 100 | 1.8288 | 299.f2 | 1.0 : Auto :
| | |

: 3 : F : ] : 8 | 85 | 1.8288 | 299.82 | 1.0 : Auto |

| | | | |

: 3e : F : a : 8 : 8% | 1.8288 | 299.82 | 1.0 i' off ||
| | |

I | F | 8 | 8 | 85 | 1.8288 | 299.82 | 1.0 | off |

| | | | | | | | | |

*These descriptions were taken from Reference 2.3

h.‘{‘lgﬁ seconds is the time when hydrogen production becomes significant. This corresponds to time = 0 in the HECTR cases.
Conditions at this time are taken from the plots in Reference 2.3

“For Auto, the sprays were turned on after the first burn and remained on for the rest of the run
dgimilar to configuration B, Fig 2.2, except that the drywell is included as an additional compartment

®Ignition was prevented in the wetwell but a burn could propagate into the wetwell with 1% H; in it and there burn to 100%
completion



Table 2.2. HECTR Case Descriptions for CLASIX-3 Comparison

¥ 1 i T T  ; y T T

| | | | | | | |

| | | Ignition | Propagation | Combustion | | Initial | 1Initial |

| cCase | Compartment | Limit | Limite | Completeness ! | Temp | Pressure !
|Number | Configuration : 'y : L L) : L : : (x) ; (atm) ; Spray*
| |

| T T T T 1 T ¥ i R

| B=1 ! B | 10 | 10 : 100 ; : 299.82 ; 1.157 |  Auto
! | | | | {
| B-2 | B | 10 : 10 : 100 : : 299.82 : 1.0 I Auto
| | I |

| B-2' | B I’ 10 : 10 : 100 : : 299.82 : 1.0 | Auto
| | |

| T T T T 1 T i B

| | | | | | | | |

| B-3 | B | 8 : 8 : 8S : : 299.82 : 1.0 | Auto
| | | |

| a-1 | A | 5 I H | 85 | | 296.82 | 1.0 | off
| | I | | | | | |

| B-4 | [} | 8 | 8 | 85 | | 299.82 | 1.0 | off
| | | | | | | ! |
*Sprays: Off ——off during entire run

Table 2.3. Single Compartment (Configuration A) HECTR Case Description

turned on after temperature or pressure setpoints exceeded and left on for the rest of the run

T ) T T T r T
| | | | | | |
| | | I1gnition | Propagation | Combustion | Initial Initial ! |
| Case |  Compartment Limit | Limite | Completeness | Temp Pressure | |
=!unbor : Configuration sHy | Hy | * | (x) {atm) : Spray® |
N | | |
t 1 T T T ; T
: A-2 : A 8 | - | a0 (. 299.82 1.0 | off :
| | | |
: A-3 : A 8 : -- | 100 | 299.82 1.0 : on :
| |
: A-4 : A e f ~- | 100 | 299.82 1.0 | Auto :
| | | |
1 T 1 1 | @ -
: A-5 : A 8 : - | 100 | 299.82 1.157 : Auto :
| |
: A-6 : A 10 | - | 100 I 299.82 1.0 : off :
| | |
| aA-7 | A 10 | - | 100 | 299.82 1.0 | on |
| | | | | s | |
T T T T T T T
: A-8 : A 10 | - | 100 | 299.R2 1.0 : Avto ;
I | |
: A-9 : A 10 | - | 100 | 299.82 1.157 | Aato :
| | | l
| a-10 : A ° : - | 100 : 209 .82 1.0 : on }
|
T T L i T |
: A-11 : A 7 : - | 100 | 299.82 1.0 : on |
| | |
| A-12 } A 9 | - | 100 : 299.82 1.0 : on |
| | |

“Flame speed is calculated from V = 59.2 Xy, + 1.792 m/s where X, is the initial hydrogen mole fraction

bSpra)\m:

Off —off during entire run
On-—on during eatire run
Auto-—turned on after temperature or pressure setpoints exceeded and left on for the rest of the run
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Table 2.4. Additional Multicompartment HECTR Case Descriptions

| H H T T T T T pUTT
| | | | | | | | | |
| | | Ignition | Propagation | Combustion | Flame | Initial | 1Inicial | |
| Case | Compartment |  Limit | Limits* | Completeness | Speed® | Temp | vressure | |
:m:-bor =Conﬂqurnt£on : Wy | THy | ) : (m/s) : (x) : (atm) =8puy‘ :
| |
T T T ¥ T T T T 1 1
| B-s5 | B | 8 | G R | 100 | F(XHY j 299.82 | 1.0 I Aute |
! | | | P | ! | ! !
T T i T T T T
: B-6 | B | 1w | ean | 100 | F(2H,) | 299.82 || 1.0 | on :
| | | | | | I
| B-6' | B | 10 | GEH) 100 | F(TH,) | 2909.82 | 1.0 | on |
[ | [ | o [ o | | |
| 8-7 | B I 10 | GERE) | 100 | F(XH) | 299.82 | 1.0 | Auto |
{ | | | | | | : } ;
T T T T T T
: c-1 : c | e | cawy | 100 | P ) : 299.82 : 1.0 : Auto 1‘
| ! | |
; c-2 : c | i0 [ G Hy) | 100 | FXHy) : 299,82 : 1.0 : on :
i I I ]
: c-3 : ¢ ! 10 | cxEy 100 | Fu) : 299.82 : 1.0 : Auto :
| | | |
i T T T T T T T T T
: c-4 : c | 8 i G(X W) ! 100 | F(2Hy) ; 299.82 ; 1.0 ; off :
| | | |
: D-1 : D : 8 | e@m) | 100 | FGny) : 299.82 } 1.0 : Auto :
| | |
: D-2 : D | 10 | GG H) 100 : F(Z Hy) : 299,82 : 1.0 : Auto :
| | | -
T T T T =T T T T i 4 T
: D-3 : D | B | G(2 H,) | 100 | F(X Hy) : 200,82 : 1.0 : off :
| | | |
: E-1 : E | 10 | saw) : 100 { F(X 1)) : 299.82 |' 1.0 : Auto :
| |
Apropagation limits:  Upward 417

bFlame speed is calculated from V = 59.2 X, + 1.792 m/s where X, is the initial hydrogen mole fraction

“Sprays:
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Horizontal - 6.0%
Downward — 9.0%

Off — off during entire run
On — on during entire run

Auto — turned on after temperature or pressure setpoints exceeded and left o1 for the rest of the run



Table 2.5. Single-Compartment Flame Speed Sensitivity Case Descriptions
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— 4.1%

Horizontal — 6.0%
Downward — 9.07%

Upward
Off — off during entire run

On — on during entire run

APropagation limits:

l”Spvnys:



Table 2.6. Source Term Sensitivity Case Descriptions

Horizontal — 6.0%
Downward — 9.0

hFlame speed is calculated from V = 592 X.,, + 1.792 m/s where X,., is the initial hydrogen mole fraction

dMu:mum H2 release rate for all other cases is 234.6 moles/s

Table 2.7. Hydrogen Source Terms Used in HECTR Calculations

1 T T T T T T T T : i
! ! I I ! | I | | | 8!
| | IIgnition |Propagation®| Combustion |Flame®| Initial | Initial | | Maximum H" |
| Case | Compartment | Limit | Limite |Completeness |Speet | Temp !Pressure | |Release Ratel
:"“""":CO"HQUPN fon| WMy | L P | . I(m/s) | (K) : (atm) :Spnyr : (Moles/s) :
| | | | Al
| I T T T T T T T w5 T
| B-8 | B ! ) | Gt W) | 100 [F(2 W) 299.82 | 1.0 | Auto | an.4 |
| | | | i Balng | | i S
T T T T =T T T T T T T
: B-9 ! B | " | 5@ | 100 IF(x u)l 299.82 | 1.0 : Auto l‘ 317%3.6 l'
| | : | | | |
| B=10 | B ! L] | (W) | 100 IF(X R) 1 299.82 | 1.0 | Auto | 15014.4 |
! | | oLl vy | | 1 |
*Propagation limits: Upward ~ 4,1%

“Sprays: Auto —sprays turned on after temperature or pressure setpoints exceeded and left on for the rest of the run

T T T T 5
Case Bl : Case BR | Case B9 | Case BIO : All Other Cases
| |
[~ T T T T T T ™ T T
Time | Release Rate | Time | Release Rate | Time | Release Rate | Time | Release Rate | Time | Release Rate)
(8} | (Moles/s) | (8) | (Moles/s) | (8) | (Moles/s) | (8) | (Moles/s) | (s) | (Moles/s)
' ' H e T T T T
o | | o | | o | | o | | o |
| .8671 | | L1351 | | L1351 | | L1351 | | .1351
306 | | 306 | | 306 | I 306 | | 306 |
| 1.802 | | 1.599 | | 1.599 ! | 1.599 | | 1.%99
336 | | 336 | 1 336 | i 336 | | 336 |
| 6.397 | | 2.004 | | 2.004 | | 2.004 | | 2.004
606 | | 606 | | 606 | | 606 | | 606 |
| 10.87 | | 10.79 | | 10.79 | | 10.79 | | 10.79
906 | | 906 | | 906 | | 906 | | 906 |
| 41.36 | | 10.95 | | 10.95 | | 10.53 | ! 10.95
1246 | | 1246 | | 1246 | | 1246 | | 1246 |
| 153.2 | | 71.76 | | 71.76 | | 71.76 | | 71.76
1563 | | 1563 | | 1563 | | 1563 ! | 1563 |
| | 172.6 | |  234.6 | | 234.6 ! | 234.6 | I 234.6
1863 | | 1863 | | 1863 | | 1863 | 1 1863 |
| | 63.03 | | 110.5 | | 110.5% | | 110.5 i | 110.5
| 2163 | | 2163 | | 2163 | | 2163 | | 2163 |
| | 122.4 | | 15.5%6 | | 15.56 | | 15.56 | | 15.56
2463 | | 2463 | | 2463 | | 2463 | | 2463 |
| 120.9 | I 229.2 | | 229.2 | | 229.2 | | 229.2
2763 | | 2763 | | 2763 | | 2763 | | 2763 |
| 105.3 | | 12.52 | | 12.52 | | 12.52 | | 12.52
Poes | | 3063 | | 3063 | | 3063 | | 3063 |
| 216.4 | | 198.1 | | 198.1 | | 198.1 | | 198.1
3064 | | 3064 | | 3064 | | 3064 | | 3064 |
| 234.6 | | 938.4 | | 37%53.6 | | 15014.4 | | 234.6
4512 | I 3426 | | 3158 | | 3087 | | 4512 |
! 0 | | 0 | | 0 | | 0 | | 0
4525 | | 4000 | | 4c20 | | 4000 | | 4525 |
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Table 2.8. Compartment Volumes

Compartment Volume (m”)
Compartment

Conhiguration y } 4
A\

B
(

D
}‘

Table 2.9. Compartment Flame Propagation
Lengths

. + s Y " > g . > y .
Compartmen Compartment Flame Propagation Length (m)

{ figuration ] 2 ) i 5

Table 2.10. Interconnection Areas and Flow
Coefficients

Compartment Interconnection
Configuration or Area Flow

Connectinns (m°) Coetficient

'wo-( u.'nlmr!:.n‘h" Model

B 206 .8
{ 226.4

'hree-Compartment Model (D)

: .l Al-l.‘ ‘

206 .8

Five-Compartment Model (E)
4.3

152.1
135.64
157.0
62.4
228 K

144 .4




Table 2.11. Spray Data for All Cases

Data Measurement
Inlet Temperature 330.37 K
Flow Rate (One Spray Train) 11300 gpm
Fall Height* 195 m
Number of Drop Sizes 2
Frequency of First Drop Size 0.95
Frequency of Second Drop Size 0.05
Diameter of First Drop 309 microns
Diameter of Second Drop £10 microns
Containment Temperature Setpoint**  358.15 K
Containment Pressure Setpoint** 1.6124 atm
Time Delay for Spray Actuation 120 s

*For case B2', in which the spray was allowed to carry over into the
wetwell, the wetwell fall height was assumed to he 7.315 m, and 107 of the
spray was assumed to carry over from compartment 1 into the wetwell.
**Sprays on Auto are turned on when either of these setpoints is exceeded|
in any compartment and remain on throughout the rest of the run.

Table 2.12. Surface Descriptions

F‘rnco o S A

Number Surface Area (m?) Material
1. Concrete Floor 297 Concrete
2. Steel Pool walls 128 Steel
I Upper Pool 396 Water
4. Crane 1188 Steel
5. Dome 391 Steel
6. Wetwell wall 393 Steel
7. Grating at 209' Level $7% Steel
8. Grating at 185' Level is8 Steel
9. Eqguipment 3027 Steel
10. | concrete 2103 Concrete|
i1, Wetwell wWall 950 Steel
12. Drywell wall 202 Concrete|
13. | Grating at 161" Level 745 Steel
14. | Equipment 1334 Steel
15. | Concrete 396 c«\crotd
16, | wetwell wWall 702 Steel
17, Drywell wall 487 Concretel
18, Grating at 135' Level 792 Steel
19. Concrete 308 concutJ
20. | Grating at 121' Level 335 Steel
21. | Suppression Pool 619 Water
22. | Wetwell wWall 832 Steel
23. | Drywell wall 557 Ooncrot{




Table 2.13. Location of Surfaces

Compartment Surface from Table 2.12 Contained in
Configuration Compartment

Table 2.14. Wali Properties All Cases

Steel Concrete Waten

Thermal Conductivity 43 .27 1.385 v
W/m=K

Thermal Diffusivity 1.17x10-5 5.5x10~7 -—
m2/s

Fpecific Heat 460 .5 879. -
J/kg=x

Emissivity 0.7* 0.9 0.94

*Assumes all steel surfaces are painted
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2.2.2 Results

Results for the five CLASIX-3 cases are summa-
rized in Table 2.15. Results for the 44 HECTR cases
are summarized in Tables 2.16 to 2.21. The number of
burns in each compartment is presented along with
the final gas compositions and the maximum tempera-
ture and pressure encountered during the run. Each of
the HECTR cases is discussed briefly below, and
seven cases (B2, A6, A8, B5, (3, D2, and E1) have
been selected for presentation in more detail. For
many two-or-more-compartment cases only a single
pressure plot has been presented. These can be con-
sidered to be effectively the containment pressure
plots since the pressures in individual compartments
follow each other closely. In the following discussicns,
the containment failure presure is assumed to be 4.8
atm®’ (all pressures are absol 1te).

Cases B1, B2, and B2’ HECTR case Bl was
meant to model CLASIX-3 case 1, and HECTR cases
B2 and B2’ were meant to model CLASIX-3 case 2. In
CLASIX-3 cases 1 and 2, large numbers of burns
occurred in compartment 2 (wetwell), and no burns
occurred in the dome. In the HECTR runs, oxygen
inerting in the wetwell occurs earlier than in the
CLASIX-3 runs, leading to more hydrogen trans-
ferred to compartment 1 (containment). The result is
that HECTR cases Bl, B2 and B2, contrary to
CLASIX-3, predict a burn in compartment 1 and a
peak pressure in excess of the 4.8 atm failure pressure.

The only difference between HECTR cases B2
and B2’ is that in case B2’ the sprays were allowed to
fall from compartment 1 into the wetwell. Case B2’
was added to see if the treatment of sprays in the
wetwell was responsible for the differences between
HECTR cases Bl and B2 and CLASIX-3 cases 1 and
2. The results were that in case B2, wetwell inerting
was delayed with respect to case B2, but the end
results were similar. Pressure plots for cases Bl and
B2 are shown in Figures 2.7 and 2.8, and case B2’ is
presented in detail in Figures 2.9 to 2.20. Figure 2.19
shows oxygen inerting at approximately 3600 s and
Figures 2.14 and 2.20 show large increases in the
hydrogen mole fraction after this time. Note that
when ignition finally occurs in compartment 1, oxygen
is pushed back into compartment 2 and a burn occurs
there also. The wetwell temperature plot for HECTR
case B2 is presented in Figure 2.21 for comparison
with case B2’ (Figure 2.15).

Despite the fact that the CLASIX-3 case 1 and 2
results and the HECTR cases B1, B2, and B2’ results
appear to be very different, we feel that the codes are
behaving similarly. Close examination of CLASIX-3

o
w

case 2 reveals that the wetwell is inert (X, = 0.049 <
0.05) near the end of the run (Table 2.15). In the
HECTR cases, wetwell inerting occurred just soon
enough to get a compartment 1 burn before the end of
the run, and in CLASIX-3 case 2, wetwell inerting
occurred just late enough not to get a compartment 1
burn. Note that there was 8.5 hydrogen in compart-
ment 1 at the end of CLASIX-3 case 2.

Cases B3, A1, and B4 HECTR cases B3, Al,
and B4 (Figures 2.22, 2.23, and 2.24) were meant to
model CLASIX-3 cases 3, 5, and 6. Each of these runs
involved ignition at an 8% hydrogen concentration
and combustion that was 85% complete. HECTR
cases B3 and B4 involved compartment configuration
B, while case Al involved compartment configuration
A. CLASIX-3 cases 3 and 6 predicted a large number
of wetwell burns and no burns in the dome, while the
corresponding HECTR cases B3 and B4 predicted
eventual inerting in the wetwell followed by a burn in
the dome. However, containment failure was not pre-
dicted in either case B3 or B4, although case B4
predicted pressures within 0.2 atm of the assumed
fai!*'re pressure. HECTR case Al and CLASIX-3 case
5 produced similar results, with HECTR predicting a
higher pressure, but not one close to failure.

Cases A2 Through A12 Cases A2 through A12
were run to examine the effects of global burns under a
variety of conditions. As discussed earlier, combustion
is assumed to be 100% complete and the flame speed
(6.5 m/s for 8% burn and 7.7 m/s for 10% burn) is
about a factor of 4 higher than that used in CLA-
SIX-3.

Cuses A2 and A6 examine the effects of having no
containment sprays. As expected, high pressures are
achieved. A pressure plot for case A2 is shown in
Figure 2.25. Case A6, with a maximum pressure well in
excess of the failure pressure, is presented in detail in
Figures 2.26 to 2.31.

Cases A3, A7, A10, All, and A12 (Figures 2.32
through 2.36) were run with the sprays on from the
beginning of the accident, and significant reductions
in maximum pressures are observed, although in case
A7 the maximum pressure is very close to failure.
These cases also show the effect of varying the ignition
point from 6% hydrogen to 10% hydrogen. Case A10,
which ignites hydrogen at 6%, has a peak pressure of
3.2 atm, and case A7, which ignites hydrogen at 10%,
has a peak pressure of 4.8 atm.

In cases A4 and A8, the sprays come on shortly
after the first burn, and the results are similar to the



results of cases A3 and A7. A pressure plot for case A4
is shown in Figure 2.37, and case A8 is presented in
detail in Figures 2.38 through 2.43. It should be point
ed out that in case A6, the first burn did not fail
containment, so the main difference between the re
sults of case A6 and case A8 is the difference in
pressure rise after the second and third burns. The
reason that cases A3 and A7 resulted in higher pres
sures than cases A4 and A8 is that the sprays contrib
uted to heating up the containment slightly before the
first burn. This was due to our choice of spray tem
perature which was taken from Reference &

Cases A5 and A9 (Figures 2.44 and 2.45) show the
effect of a slightly elevated pressure at the start of the
run. Marked increases in maximum pressure over
cases A4 and A8 are observed, with case A9 well above
the failure pressure. These elevated initial pressures
would be characteristic of a drywell break, in which air
18 pushed from the drywell into the containment. It

should be noted that reverse flow, from the contain
ment into the drywell (through the suppression pool),
would afford some measure of pressure relief during a

burn

Cases B5, B6, B6' and B7 - Cuses B5, B6, B6
and B7 (Figures 2.46 through 2.60) all use compart
ment configuration B, which i1s verv similar to that
used in the CLASIX

assumed complete combustion and higher flame

analysis. However, we have

speeds. Additionally, the propagation limits discussed
earlier were in effect

In case B6, a global burn was predicted, but the
pressure rise was small due to the fact that the hvdro
gen concentration in compartment 1 was not far above
the 4.1 upward propagation limit when the burn
occurred. Cases B5 and B7 resulted in containment
failure due to the fact that compartment 2 eventually
inerted, resulting in compartment 1 burns with hvdro
gen concentrations at the ignition limits rather than at
the propagation limits

Most of the cases were arbitrarily stopped shortly
after the hydrogen source went to zero. However, it
was noted that in some of the cases (particularly A2,
A3, A4, and B6) the hydrogen concentration in the
dome region at the end of the run was very close to the
ignition point. This was also true of CLASIX-3 cases 3
and 6 and, to a lesser extent, CLASIX-3 cases 1 and 2
In all of these cases, there is 2 significant amount of
steam present at the end of the run. It is to be

expected that, as the containment cools down, the
steam will condense, thus raising the hydrogen mole
fraction and resulting in a burn at a later time. Case
B6’ is an exact duplicate of case B6, except that a
longer run time is used, and demonstrates this point
In case B6’, a compartment 1 burn that fails contain

)

ment occurs about 2 min after the hydrogen source

becomes zero

Cases C1 Through C4 Cases C1 through C4
(Figures 2.61 through 2.75) involve compartment con
figuration C. In each of these cases, upper compart
ment burns occur; however, they occur just above the
propagation limits, and the pressure rises do not result
in containment failure

Cases D1 Through D3 Cases DI through D3
(Figures 2.76 through 2.89) represent the three-com
partment model. In each case, most of the burns occur
in compartment 3 (wetwell). Compartment 3 eventu
ally inerts, leading to burns in compartment 2 and one
burn propagating into compartment 1 (dome). The
predicted peak pressures do not threaten contain

ment

Case E1- Case E1 represents the five-compartment
model and is presented in Figures 2.90 through 2.109
There are several burns observed in compartment 5
(wetwell) before it finally inerts due to oxygen deple
tion. After corypartment 5 inerts, most of the burns
occur in compartment 2. The burns occur in compart

ment 2 rather than in compartment 4 due to a lower
flow coefficient between compartments 5 and 2 than
between compartments 5 and 4. This results in hydro
gen moving preferentially into compartment 2. Two
burns are observed in compartment 1 (dome); howev

er, they occur at hydrogen concentrations just above
the propagation limits and do not result in contain

ment failure

Cases A13 Through A24 Cases Al13 through
A24 (Figures 2.110 through 2.121) show the effects of
varying the flame speed. The flame speeds used result
‘n burn times ranging from. 0.01 to 1.0 min. Cases A13
to A18 assumed no sprays, and the differences in

pressure rise were small except for very long burn
times. Cases A19 through A24 assumed the sprays
were on, and the differences in pressure rise were
much more pronounced. This was to be expected
because the sprays are usually the dominant heat
transfer mechanisms




Cases B8 Through B10  Cases BS through B10
(Figures 2.122 through 2.124) show the effects of
injecting hydrogen very rapidly into the wetwell. In
each case, the results are similar. Once the hydrogen
starts coming in rapidly, the wetwell inerts after one
or two burns. The hydrogen is released so fast that

there is no time to cool down and draw oxygen back
into the wetwell from the dome between burns. Soon
after the wetwell inerts, a burn in the dome follows,
resulting in very high pressures (even with sprays on).
Usually this burn in the dome pushes oxygen back
into the wetwell, causing a burn there also.

Table 2.15. Results for CLASIX-3 Runs?

T [ B B e Rl el e L e ey e ey N i e T ey R
| | | Final Mole Fractions | | |
| | Number of Burns | 5 TRLLN L e T | |
| | vkl S| T Ma x i mum | Maximum |
lCaee 3. - -} | | Temperature | Pressurel
| NumberT T T Compartment 1| (Containment) | Compartment 2 (Wetwell) : 1K) : (“.)"' I'
| | | | |

| Icomp. 1 | Comp. 2T 1 | |
! | | | N3 03 Ha H0 | N3 03 Hp  Hy0 | : :
| | | | |

B o X A Rl il B CACE ek T T T & s | T
! b B 0 | 18 | .64 | .138 | .078 | .15 |.58 ¥ AXY s Faas ) 1085.4 | 1.758 |
| | | | | | | | | | | | | |
| 2.} —0 | 43 | .64 | .055 | .o85 ! .22 1.59 | .049 | .111 |.25 | 1072.6 : 1.504 |
| | | | ! | | | | | | | |
| 3 1 0 ! 58 | .66 | 052 | .o078 | .21 .61 | .045 | .11 {.23 | 845.4 : 1.456 |
| | | | | | | | | | | | |
| 5 | 4 ! 4 | .65 | .03 | .03 | .28 |.6e4 | .04 | .055 |.265]| 1379.3 | 3.361 |
| | | | | | | | | | | | | |
| 6 | o | 68 ! .63 | .05 | .075 | .245 |.603 | .049 | .112 |.236] 1130.4 | 1.701 |
| Sl R T S § [ 1 | I | o I I
AThese results were taken from Reference 2.3

hMun’mum of the wetwell and containment values

Table 2.16. Results of HECTR Runs for CLASIX-3 Comparison

. P i T R | T
| | | Final Mole Practions | | |
| | Number of Burpne | - | | |
| | T T Ma x i mum | Maximum |
| Case | il bl 3 | | Temperature | Pressurel
| Number] = | T Compartment | : Compartment 2 : (x) : (atm) |'
{ | | |

| IComp. 1 | Comp. 2T - T T | |
| | | : Ny 02 Hy HyO : N3 02 Hy Hp0 : : :
| | |

T T 1 1 I T 1 T I T T 1 1 |
e -1 | 1 2 |.4890 |.0462 { L0112 | .4535 [.3759 }.o:oc |.2871 I.Joui 1298 | 5.600 :
| | | | | | | | | |

B - 2| 1 | 24 :.5715 :.0468 ; L0192 : . 3625 ;.)424 :.0195 :.3273 :.3113{ 1323 : 4.945 l'
| | |

g - 2'| 1 | 21 1.4201 1.0291 | .0060 | .5448 |.3601 {.0144 |.2110 |.4145] 1263 | S.042 |
| | | | | | | | | | | ! | |
1 ¥ T T T ¥+ T 1 T 1 T 1 1 T
ip - 3| 1 : 32 :.7013 ‘.ona : L0571 } L1638 :.2749 :.ozlo {.4170 :.2211: 1298 = 3,830 =
| |

IA -1 1 4 | - 1.6315 1.0403 | .0330 = L2951 : - I' - } - | == : 1053 | 4.0% ‘
| | | | | | | |

I - 4 | 1 : 30 |.6759 :.0766 : .0409 : L2067 :.2635 :.owo :.son ;.2112{ 1315 : 4.630 :
| | |

30



Table 2.17. Results for Single-Compartment HECTR Cases

Table 2.18.




Table 2.19. Results for HECTR Three- and Four-Compartment Cases

Maximum Maximun

Number of Final Mole Fraction lemperature Pressure
'l : - o

mpartment Burns H (K) (atm)
OM/8 119 ' H30
0.1394
() 6006

1
uibs

). 1568

0.6611

000497

(). 1688
0.1574
0.1766
H]hl‘»
(.1608

().14Y6

Table 2.20. Results of Flame Speed Sensitivity
Analysis

Maximum Maximum
lame Speed l'emperatu Pressure
(K) (atm)

1

|
1
| "
1

1084

1004




Table 2.21. Results of H, Source Term Sersitivity Analysis
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.54

Prassure lotmospheres

lgnition Limit - 8% H,
. Combustion Completeness - 100 %
Flame Speed - F(%H,)

¥Opnyo - OFF

I

———
]

" &

+ + + +- -t +
400 M0 1200 600 2000 MO0 M0
Tume [seconds!

Figure 2.25. Case A2, Compartment | Pressure

Temperoture (degrees kelv.n)

3

Y

Ignition Limit - 10% H,
Combustion Completeness - 100 %
Fiame Speed - F(%H,)

Sprays - OFF

& '

ks

+ o " +
+ + _e + -~ +
1200 1600 2000 200 2400 LN

Tume [seconds)

&
T

Figure 2.26. Case A6, Compartment 1 Temperature

-
4000




. L 8 v B v g ——— - 20, i v v v
Ignition Limit - 10% H,
“‘PMMW - 100% ]
Flame Speed - FILH,)
Sprays - OFF
LT 1
AR 3 .
-' “y P
g ise “
¢
S
. 14 1
5
:
154
¢ 1 1
id l “
I.§<} “
e —
' “
L A A A UV SV AV SIS SR S S 4 +
0 0 800 100 IS0 2000 M0 N0 WOO 300 4000 “oo e

Time (seconds)

Figure 2.27. Case A6, Compartment 1 Pressure

1 + s » ane -r -r v v r r v T
Ignition Limit - 10% M,
Combustion Completeness - 100 %
-
%% % Flame Speed - FI%H,)
Sprays - OFF
0.8 4 J
[ RE 9
g 064+ 1
8
S
-
e 0S¥ "
3
‘ R S 9
A
0+ 9
024 h
o1 4
L e A At S\ S S, S5 PN, S, SN S
O 400 B0 1200 160 2000 MO0 200 100 3600 4000 400 4800

Tuma [seconds)

Figure 2.28. Crse A6, Compartment | Steam Mole Fraction



0.9 4

0.8 4

N.trogen mole froction
o
-
+
+

Ignition Limit - 10% M,
Combustion Completeness - 100 %
"Flame Spevd - FI%H,)
Sprays - OFF

-

B E 2
X 3 1
[ A% 3 4
oJL—o . B - . - + - - - - -
O 400 800 1200 60 2000 MO0 2800 W00 3600 4000 4400 M0
Time !seconds!
Figure 2.29. Case A6, Compartment 1 Nitrogen Mole Fraction
Ignition Limit - 10% M,
Combustion Completeness - 100 %
%% T Flame Speed - F(% H,) 1
Sprays - OFF
o.ur 4
0.r4 4
H
o 069 -
5 1
o
L os+ <
4
& 0.Q<L -
3
0le -
0.2 g 4
0.1+ p
e o %0 e W0 M Mo 3X6 M0 e w® e

Figure 2.30. Case A6, Compartment 1 Oxygen Mole Fraction

Tume (seconos)



| ignition Limit - 10% M,

‘ Combustion Completeness - 100 %
*TFlame Speed - F(%H,)

1 Sprays - OFF

*

|

+

B . S |
0 L a0 [ 200X 240 a0 1200 Yo 4000 " 480X

e 'se is

Figure 2.31. Case A6, Compartment | Hydrogen Mole Fraction

L v v

| Ignition Limit - 8% H;
. ’ Combustion Compieteness 100 %
| Flame Speed - FI%H,)

| Sprays - ON

oLlsospheres

ess e

P

Figure 2.32. Case A3, Compartment 1 Pressure




49

3.5 4

34

2.5 4

Pressure (otmospheres!

24

IR T 2

\

&

"
*

Tume (seconds)

Figure 2.33. Case A7, Compartment 1 Pressure

+ " de + " " + +
+ + + L . g + + + +
00 800 1200 1600 2000 MO0 200 W00 JE00 4000 4400 480

Ignition Limit - 6% H,
swcmmcmmdoox i
| Flaine Speed - F(%H,)
Sprays - ON
S+ 1
n.h} T
: 4 -
% LS ¢ '{
3
® 14 -
5
H
® s+ 1
o
iy 3
\ A
1.5 \-\\\ 1
HK-—_‘_—"/ )
M @ e S BN e D B ae e we e
Time (seconds!

Figure 2.34. Case A10, Compartment 1 Pressure
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Figure 2.38. Case A8, Compartment 1 Temperature
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Figure 2.40. Case A8, Compartment 1 Steam Mole Fraction
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Figure 2.52. Case B5, Compartment 2 Temperature
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Figure 2.64. Case C3, Compartment 1 Pressure
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Figure 2.66. Case C3, Compartment 1 Nitrogen Mole Fraction
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Figure 2.82. Case D2, Compartment 2 Pressure




Ignition Limit 10% H,
Propagation Limit - G(%H,)
Combustion Completeness 100 %
{ Flame Spead - F(%H,)

Sprays AUTO

Rl
B

- - ‘.
7 WI—~ 4 -— U G —

' -
- [N, L.

Figure 2.83. Case D2, Compartment

™ v r '

Ignition Limit - 10% M,
| Propagation Limit - G( % H,)
T Combustion Cempleteness 100 %
{ Flame Speed - FI%H,)
{ Sprays AUTO

1

e

AAAAA /v
/(]

2800 oo %00 4000 40 4800
seconds

+

Figure 2.84. Case D2, Compartment 2 Hydrogen Mole Fraction




Ignition Limit - 10% M,
Propagetion Limit - G(%H,)
Combustion Completeness - 100 %
0 + Flame Speed - F(%H,)

Sprays - AUTO

"
-

"
ag

Tesperoture (degrees kelv.n!

"
*

4

T a -
+ + + + +
o «0 - 1 X0 -0 o
Time |

4 + "
+ + *
B0 W0 W

* '4»
gl»

Figure 2.85. Case D2, Compartment 3 Temperature

4
.

v L Y v . ¥

Ignition Limit - 10% M,
+ « | Propagation Limit - G(%H,)
Combustion Completeness - 100 %
Flame Speer - F(%H,)

STSprays - AUTO

AR E 3

isy

Pressue (otmospheres)
-
- -

4

o.s

= g " & = & 2 . 4 A

¥ ¥ 4 v ¥ M .. 1 v R
6 40 M0 120 60 00 M0 280 W00 W0 000
Tume [seconds)

Figure 2.86. Case D2, Compartment 3 Pressure

¥
“wo e

73




- r - . v

ignition Limit - 10% H,
Propagation Limit - G(%H,)

| Combustion Completeness 100 %
Flame Speed - FI%H,)

. Sprays - AUTO

Figure 2.87. Case D2, Compartment 3 Oxygen Mole Fraction

R—
tqnmon len - 10% H,
Propog.hon Limit - G(%H,)

Flame Speed - FI%H,)

J Combustion Completeness 100 %
T Sprays - AUTO

1
!

y

on

c.s

Hydrogen sole froct

& " " |
* + . -4
o 000 400 0

Figure 2.88. Case D2, Compartment 3 Hydrogen Mole Fractic




S r v v v
" ignition Limit - 8% &,
-y Propagation Limit - G(%H,)
Combustion Completeness 100 %
" Flame Speed - FI(% M,
ST Sprays - OFF

Figure 2.89. Case D3, Compartment 1 Pressure

L , —
Ignition Limit

T

10% H,

{ Propagation Limit - G({%H,)
Combustion Completeness - 100 %

T Flame Speed - F(%H,)

| Sprays - AUTO

2000

Figure 2.90. Case E1, Compartment 1 Temperature




Tlgnmon Limit 10% H,
Propagation Lim:t G(%H,)
Combustion Completeness 100 %

! Flame Speed - FI% H,)

+ Sprays - AUTO

|
|

N |

RN NN Nl e

+
200 2400 2800
T.me !seconds

Fiqure 2.91, Case F mpartment 1 Pressure

- - - -

Ignition Limit - 10% H,
. Propagation Limit - G(% H,)
T Combustion Completaness 100 %
{ Flame Speed - | H,)
s 4 Sprays AUTO

|

i

-+

&0 2000 ~400 C 1200 300

~e ssconds

Figure 2.92. Case El, Compartment 1 Oxyge: Mole Fraction




Hydrogen mole froct.on

PR E 3

oty

0.7 %

LR R 4

039

02y

Ignition Limit - 10% H,
Propagatior: Limit - G(% H,)

Combustion Completeness - 100 % 1

Flame Speed - F(%H,)

Sprays - AUTO J
1

o Bl - ‘mm
+

+ + * + + + + + + +
00 800 1200 IS0 2000 MO0 2000 VOO WOC 4000 oo o
T.me (seconds)

Figure 2.93. Case E1, Compartment 1 Hydrogen Mole Fraction

Temperoture !dngrees kalvunl

1800 v . —— . . - — T
Igition Limit - 10% M,
Propagation Limit - G(%H,)
Combusticn Completeness - 100 %

“% T Flame Speed - F{%H,) ! 1
Sprays - AUTC

1200 + R

1000 4

I MW

4

" i N PO n 4 " % i

v . . v v v " v v N v

400 800 1200 1600 2000 M00 2800 X0 JE00 4000 4400 480
Tume (seconds!

Figure 2.94. Case E1, Compartment 2 Temperature

77



™ Y T Y T
| Ignition Limit - 10% H,

- | Propagation Limit - G(%H,)
Combustion Completeness 100 %
Flame Speed - FI%H,)

I Sprays - AUTO

otmospher es

ress

| |
\ \
NN NN Wl
> 4

200
Tind

Figure 2.95. Case El, Compartment 2

‘ressure

Ignition Limit - 10% H,
‘ Propagation Limit - G(%H,)
T Combustion Completeness - 100 %
{ Flame Speed - F(%H,)
s+ Sprays - AUTO

a "rrli f—— /n‘ ’- - 4

i V'"ui NAJ
b e S~ -

240 2600 oo 600 4000 “oe 4800
e nas

Figure 2.96. Case E1, Compartment 2 Oxygen Mole Fraction




v v ' -

ignition Limit - 10% H,
' Propagation Limit - G(%H,)

Combustion Completeness 100 %
{ Flame Speed - F(% H,)

Sprays - AUTO

| ~— j pm——
AN Y
07 6 200X 240C 2500 -
Time se is

Figure 2.97. Case El1, Compartment 2 Hydrogen Mole Fraction
g I

Ignition Limit - 10% H,
{ Propagation Limit - G(% H,)
Combustion Completeness - 100 %
T Flame Speed - F(% H,)
Sprays - AUTO

jeqrees ke

e

Figure 2.98. Case E1, Compartment 3 Temperature




80

- ¥ v 10; " . v . . - v
. Propagation Limit - G( % H,) 4
"~ | Combustion Completeness - 100 %

Flame Speed - F(%H,)
5+ Sprays - AUTO 1
(BT 3

-: “+ 9

§ AR X 3 <

-

2

. 14+ 9

5

-

g 154 | 9
iv -
1 M 1

e ——— 4
o.s*L- + + e +
s

- " ” 2 N
+ + + + + + + + +
400 800 1200 1600 2000 2400 2600 W00 600 4000 4400 4800
Tume iseconds!

Figure 2.99. Case E1, Compartment 3 Pressure

1

mv Li'mn ..’O*Yﬂ’, — —r - r v v
Propsgation Limit - G(%H,)
9% T Combustion Completeness - 100 %
Flame Speed - F(%H,)
0.0+ SPrays - AUTO 4
074 4
§
- 064 .
§
S os¢ 1
H
; [ 3 -
3
034 4
o \—\\ ‘
0.1 4 L s
0 4 -

+ + $~——t + + -+ + = + +
0 400 800 1200 S0 200 M0 2800 200 300 000 “0 e
Tume (seconds)

Figure 2.100. Case El, Compartment 3 Oxygen Mole Fraction



- -

Ignition Limit - 10% H,
' Propagation Limit - Gl % H,)
*T Combustion Compieteness
{ Flame Speed -
L Sprays - AUTO

100 %
FI%H,)

|

+

. g
240X 280X

12 600
-e ae

400(
I8

Figure 2.101 mpartment 3 Hydrogen Mole Fract
“w -

Ignizon Limit 10% H,
{ Propagsation Limit

GI%H,)
Combustion Completeness 100 %
Y%+ Flame Speec FI%K,

Sprays - AUTO

Figure 2.102. (




Ignition Limit - 10% H,

« « 4 Propagation Limit - G(%H,)
" | Combusticn Completeness - 100 %
Flame Speed - F(%H,)

St Sprays - AUTT

AR X 2

LRE 4

Pressure [otmospheres!

Figure 2.103. Case E1, Compartment 4 Pressure

Ignition Limit - 10% H,
Propagation Limit - G(% H,)

" Combustion Completeness - 100 %
Flame Speed - F(%H,)

0.6+ Sprays - AUTO

0.9 4

074

LRE 3

0S4

PR 3

Oxygen mole froction

.34

0.2

Figure 2.104. Case E1, Compartment 4 Oxygen Mole Fraction




| lgnition Limit - 10% H,
Propagation Limit - G(%H,)
T Combustion Completeness - 100 %
Flame Speed - FI% H,)
‘ Sprays - AUTO

Hydr ogen m

~e sSeconas

Figure 2.105. Case El1, Compartment 4 Hydrogen Mole Fraction

L e — v r
Ignition Limit - 10% H,
{ Propagation Limit - G(%H,)
Combustion Completeness - 100 %
‘U7 Flame Speed - F( % H,)
| Sprays - AUTO

(degrees kelvur

emperol ure

T

e

-+

&0 2000 2400 2800 200 300 4000 400
Tume (seconds

Figure 2.106. Case E1, Compartment 5 l'emperature




84

L) n - v v A T d - v v v
Ignition Limit - 10% H,
5 5 4 Propagation Limit - G(%H,) J
Combustion Completeness - 100 %
Flame Speed - F(%H,)
*1 Sprays - AUTO 1
.54 .
-: T -
% 15+ -
: 1
e T
s
k3
s is+y 9
a
i -
1.5+ -
i -
S T Wb % WD M0 M M0 Mo M0 w0 e w0

Time !seconds!

Figure 2.107. Case El, Compartment 5 Pressure

Ignition Limit - 10% H,
Propagation Limit - G( % H,)
" Combustion Completeness - 100 % 1
Flame Speed - F(%H,)

0..4»”‘” - AUTO

0.9 4

06+

LR E 2

OUxygen mole froction

0.3y

" " ‘}Yr'l/\:'\

e

4 + + + + +- + + + + +
] 400 800 1200 1600 200 M00 200 3600 4000 1400
Time (seconds!

Figure 2.108. Case El, Compartment 5 Oxygen Mole Fraction



0.6+

oSy

LEE 3

Hydrogen mole froction

o3y

2+

i e 4 ve . 1

v + - v e v v v v v v
0 400 800 1200 S0 2000 N0 M0 W00 300 4000 4400 4800
Time [seconas)

Figure 2.109. Case E1, Compartment 5 Hydrogen Mole Fraction

Pressure (otmospheres!

Ignition Limit - 10% H,
< s + Propagation Limit - G(%H,)
Combustion Completeness - 100 %
<FM. Speed - 42.37 m/s
*1 Sprays - OFF *
.5+ -
“+ p
.5y .
1+ -
59 \\ 4
FE 4 "\ -
1.5+ \ -
_——_——"/—_/
| p— -
0.% -t s A "

+ ———t + + + + + + + +-
[ 400 800 (200 1600 2000 2400 2800 W00 3BOC 4000 4400 4m0C
Tume (seconds!

Figure 2.110. Case A13, Compartment 1 Pressure

85



6 ~ - -

{ Ignition Limit - 10% H,
Propagation Limit - G(% H,)
Combustion Completeness 100 %
| Flame Speed - 847 m/s

T Sprays - OFF

s+

tmospher es

AR T A e o C—— —

0 80 (% 200K 240X 280(

me (seconds

Figure 2.111. Case Al4, Compartment 1 Pressure

; Ignition Limit - 10% H,
| Propagation Limit - G(% H,)
Combustion Completeness 100 %
Flame Speed - 4.24 m/s
T Sprays - OFF

1

-

1

olmospheres

Pressure

200

Figure 2.112. Case Al5, Compartment 1 Pressure




. LA T . v B g v v v i i v
Ignition Limit - 10% H,
5.5 4 Propagstion Limit - G(%H,) ]
Combustion Compieteness - 100 %
Flame Speed - 1.69 m/s
*1 Sprays - OFF 1
54 -
E “yr -
i AR R 8 -
3
© iy L
S
: \ 4
b 254 \
iy \ -
n.5+ -
i
] -
AR YR T "RET SRR g rage sage spge pgneppssppn X

Time (seconds)

Figure 2.113. Case A16, Compartment 1 Pressure

Ignition Limit - 10% H,
o5 4 Propagation Limit - G(%H,) ;
Combustion Completeness - 100 %

Flame Speed - 0.67 m/¢

* 1 Sprays - OFF 1
1.31} ;'
i o <
E 35+ o
-
=
e T 4
5
-
:
? s J
a

4 e e ok
¥

-~ + + + + + +— + +- +—
0 400 800 1200 160 2000 M0 2000 00 3600 4000 4400 4800
Tume (seconds!

0.5

Figure 2.114. Case A17, Compartment 1 Pressure

87



Ignition Limit - 10% H,

1 Propagation Limit G(%H,)
Combustion Completeness 100 %
Flame Speed - 0.42 m/s

T Sprays - OFF

e BRI S A T o SIS SIS VU U G S——
X A0 2 60X 200X 240K B 20K B 4000 a0 480X

~e ®

Figure 2.115. Case A18, Compartment 1 Pressure

Ignition Limit - 10% H,
1 Propagation Limit - G(% H,)
Combustion Completeness 100 %
| Flame Speed - 42.37 m/s
Sprays - ON

S S T W U W e—
2400 280C o 36X 4000 40 AR

s is

1

Figure 2.116. Case A19, Compartment 1 Pressure
9 I




L

Ignition Limit - 10% H

, Propagation Limit - G(% H,)
Combustion Completeness 100 %
Flame Speed - 847 m/s

T Sprays - ON

2.117. Case

ignition Limit - 10% H,

Propagation Limit - G(%H,)

Combustion Completeness 100 %
| Flame Speed - 4.24 m/s

Sprays - ON

Figure AZl, Compartment |




. v L s v : 2 s o — L v s 3 v v
Ignition Limit - 10% M,
5.5 + Propagation Limit - G{%H,) |
Combustion Completeness - 100 %
- Flame Speed - 1.69 m/s ]
T Sprays - ON
.54 -
T 4 ]
E 15+ -
.-
2
s 3% 4
S
»”
E PA Y 3 1
o
i+ 4
IR E 2 /——“J L
14[ -
s + + " £ 2 PP CE— o ‘ i

Time [seconds!

Figure 2.119. Case A22, Compartment 1 Pressure

Ignition Limit - 10% M,
s.s 4 Propagation Limit - G(%H,)
Combustion Completeness - 100 %
Flame Speed - 0.67 m/s
51?"'." - m

ARE
"

sy

Pressure (otmospheres!

2.5 +

4 e

0.s

" A

A

—

e " A
+ + 4 + + + +
800 100 IS0 2000 M00 MO0 W00

Tume (seconds)

o
i+

Figure 2.120. Case A23, Compartment 1 Pressure

e e
., i T

"
+
3600 000 400




i ignition Limit - 10% H,
Propagation Limit - G(% H,)
Combustion Completeness - 100 %

| Flame Speed - 0.42 m/s
Sprays - ON

Lmospher es

R e St e S A S i S e e NS G SN W————
X L4 X S0 200X 2400 bl 1 120 W% 400K 4 80X

~e L is

Figure 2.121. Case A24, Compartment 1 Pressure

{ Ignition Limit - 8% H,

L Propagatica Limit - G(%H,)
Combustion Compileteness 100 %
Flame Speec - F' % H,)

*T Sprays - AUTO

1

-

oLmOsp eres

Pressure

X W\__Dw&wk/

+ e . -
x0 1600 2000 2400 200 1200
Tume (seconds

Figure 2.122. Case B8, Compartment | Pressure




s . , N v v N - - v v
Ignition Limit - 8% H,
ss+ Propsgation Limit - G(%H,) 4
Combustion Completeness - 100 %
al Flame Speed - F(%H,) |
" Sprays - AUTO
ER T 3
-g LR 3 -
g‘; sy -
3
e 7T 1
5
3 FAR 3 b
it 4
1 M 4
| “
T %k WE M@ e MO B Mo W we w0

T.me [sneconds)

Figure 2.123. Case B9, Compartment 1 Pressure

ignition Limit - 8% H,

st Propagation Limit - GI% H,)
Combustior Completeness - 100 %

Flame Speed - F(%H,)

[ Sprays - AUTO 1

“5+
“
AR 3
14+

is+y

Pressure (olmospheres)

i -
IR E 2 -

U N -
(X ——t L

. - o

+ At~ + + + + + + + +
0 00 00 00 600 00 MO0 00 W00 NS00 4000 00 a0
Tume (seconds!

Figure 2.124. Case B10, Compartment 1 Pressure



2.2.3 Anaiysis

In Section 2.2.1, we identified several areas of
concern regarding the CLASIX-3 analysis. These con-
cerns, along with some additional considcrations, are
addressed below.

Compartmentalization and Mixing The 44
HECTR cases show clearly that high pressures can
result if global burns occur. Whether or not global
burns occur depends on how rapidly hydrogen and
oxygen are mixed within containment. There are three
mechanisms to consider when addressing mixing.
They are

1. Pressure-di.ven mass transfer
2. Diffusion
3. Convection

HECTR, and apparently CLASIX-3, ignore diffusion
and convection. Thus, in both cases, the mixing rate
betwe-n compartinents 1s underestimated; mixing
with:n a compartment, however, is instantaneous

The two-compartment HECTR cases tend to
show that the wetwell region eventually inerts due to a
lack of oxygen, and burns occur in the dome region
soon afterward. This inerting in the wetwell may not
be realistic. After a burn in the wetwell, the tempera-
ture there may be higher than the temperature in the
dome, and significant convective mixing might result.
However, the same convective mixing mechanisms
that will bring oxygen into the wetwell between burns
will also move hydrogen into the dome region. There-
fore, the analyses may also underestimate the amount
of hydrogen that escapes from the wetwell region
unburned.

As far as compartmentalization is concerned, the
one-compartment cases would be typical of very rapid
mixing, and the three- and five-compartment models
would be typical of slower mixing. For both CLASIX-
3 and HECTR, the transport and mixing of hydrogen
are controlled more by arbitrary modealling assurnp-
tions than by physics. HECTR will be modified to
calculate convection in the near future. A more de-
tailed analysis of mixing is presented in Chapter 4.0 of
this report.

Flame Speed  The CLASIX-3 Name speed of 1.83
m/s results in Hurns that last about 12 s in the dome
region. In 12 s a significant amount of heat transfer

can occur, particularly if the sprays are on. Our opin-
ion is that the CLASIX-3 flame speed may be too low
and, therefore, the predicted pressure rises may be
lower than can be realistically expected.

Figure 2.125 presents the results of cases Al3
through A24 in a different format to illustrate the
effect of burn time on the pressure rise. The burnout
time in Figure 2.125 is equal to the flame propagation
length divided by the flame speed. The flame specds
used in most of the other HECTR cases are about a
factor of 3 or 4 higher than the flame speed of 1.83 m/s
used in HECTR cases Al and B1 through B4, and in
the CLASIX-3 cases. As described previously in sec-
tion 2.1.3, these speeds are based upon experimental
data. It should be pointed out that even the higher
speeds do not take into account the possibility of
flame acceleration due to the presence of obstacles in
the annular region above the suppression pool. There-
fore even the higher speeds may not be conservative.
Increasing the flame speed above the values used in
HECTR will result in an increase in the pressure rise.
The pressure increases observed are already a signifi-
cant fraction (greater than 90% in most cases) of the
adiabatic pressure rise and the net increase would be
~10% or less, which may be important for some cases.

Completeness of Combustion Incomplete
combistion results in lower pressure rises than com-
plete combusiion; however, the pressure rises are not
always as much lower as one would expect. For exam-
ple, the only differences between HECTR cases Al
and A2 are flame speed and completeness of combus-
vion. Surprisingly, case Al, with a lower flame speed
and incon:plete (857 ) combustion, has a peak pres-
sure close (93 ) to that of case A2. The reason is that
case Al has one more burn than case A2. Therefore,
while the pressure rise for any single burn is larger for
Case A2, the cumulative results are similar. Whether
or not this will hold true in other cases will depend
upon the time between burns and the pressure and
temperature decrease betveen burns (cases Al and A2
had no sprays). Typicaily, incomplete combustion
results in more burns that occur closer together in
time and, therefore, iend to be more additive. Com-
picte combustion results in fewer burns with larger
pressure rises accompanying each burn.
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Propagation Limits In cases B5 through B7, C1
through C4, D1 through D3, and El, burns were
allowed to propagate from one compartment to anoth-
er with a lower hydrogen concentration. It was no*ed
previously that in some of the CLASIX-3 cases, signif-
icant hydrogen concentrations were present in the
dome while burns were occurring in the wetwell. The
effects of including propagation vary. In some cases
(B5, B6, and B7) the end result is still eventual
wetwell inerting, followed by a burn in the dome at the
ignition limits. However, in other cases (C1 through
C3, D1 through D3, and E1) the only burns in the
dome occurred just above the 4.1 upward propaga-
tion limit and resulted in reiatively small pressure
rises.

Burning at high concentrations in the wetwell and
propagating into concentrations of 47 to 6. hydro-
gen in ti.e dome would cause few problems. However,
propagating upward into 8 to 10 hydrogen would
produce results similar to the results for cases A2
through A12 (one compartment model). Clearly, the
key question once again is mixing, and neither
HECTR nor CLASIX-3 adequately addresses this.

Hydrogen Source Term  The hydrogen source
term used in the HECTR analysis came from Refer-
ence 2.3, as discussed earlier. This source term was
apparently produced from a combination of
MARCH?** results and hand calculations. Cases B8
through B10 were run to examine the effects of very
rapid hydrogen injection. There appear to be two
major effects of rapid injection. First, the wetwell
inerts very rapidly because there is less time between
burns to bring oxygen back . This effect results in
burns in the dome region soon afterward. Second, &
significant amount of hydrogen enters the contain-
ment during a burn, thus making an 8% burz look
more like a 9 to 10% burn.

In contrast to very rapid hydrog=n injection, slow
injection would result in a long time between burns
and little hydrogen injection during the burn. Howev-
er it should be noted that slow injecticn rates result in
more time available for mixiig, making global burns
more likely. A much better understanding of the
phenomenology of hydrogen production is needed be-
fore definitive statements can be made about this
issue.

Containriient Sprays Containment sprays pro-
duce significant reductions in peak pressures. The
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degree of reduction depends upon the burn time (time
available for heat transfer; see Figure 2.125). The only
time that sprays have a minor negative effect is when
they are turned on befcre the first burn and cause a
slight increase in pressure (due to the spray tempera-
ture exceeding the gas temperature) before the first
burn. However, this slight increase will be more than
offset by heat transfer for slow burns, and in any case,
it is clearly better to turn the sprays on too early than
to turn them on too late.

The effect of adding sprays in the wetwell (case
B2’) was to delay inerting there. This effect appears to
be due to increased cooling in the wetwell, which leads
to a lower pressure and more mass transfer from the
oxygen-rich dome region back into the wetwell.

Initial Conditions For an adiabatic hydrogen
burn, the ratio of final pressure to initial pressure is
approximately constant for any particular hydrogen
mole fraction. Thus, a 107 change in initial pressure
yields a 10% change in final pressure. While the burns
in the HECTR analysis are not adiabatic, the basic
idea still holds. Comparing cases A8 and A9, for
example, we find that a 0.157 atm difference in initial
pressure resuits in a 0.679 atm difference in peak
pressure. In both cases, the peak pressure occurred at
the end of the first burn, and the ratio of peak pressure
to initial pressure was about the same.

Elevated initial pressures may result from drywell
air being pushed into containment and/or heating up
of the containment atmosphere during the accident.
Because relatively small increases in initial pressure
can have such a significant impact on peak pressure,
caution should be used when evaluating the quantita-
tive results produced by any of the analysis codes.

Long-Term Considerations It vas noted that,
in several cases, the hydrogen concentrations were
ciose to the ignition point at the end of the run. As
demonstrated in case B6’, burns may occur at later
times due to removal of steam from the atmosphere
and the associated rise in hydrogen mole fraction.
Additionally, due to inerting, some of the cases show
very high hydrogen concentrations (40% to 80%) in
the wetwell region at the end of the run. It cannot be
expected that this hydrogen would remain in the
wetwell. Rather, it will eventually mix with the con-
tainment atmosphere and additional burns could re-
sult.
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3.0 Grand Gulf Accident Caiculations
Using the MARCH Code

3.1 Summary and Conclusions

The actual number, timing, location, and peak
pressures that would be associated with hydrogen
burns during a reactor accidert depend on the local
concentrations of the gases and the mixing processes
which produced those concentrations (prior burns,
natural and forced convection, H. injection rates, etc)
I'he MARCH, HECTR, and CLASIX-3 computer
codes, however, introduce an artificial mixing of the
ontainment atmosphere. The gas entering a compart
m=nt is assumed instantly mixed with the contents of
he compartment, and hence each compartment at
mosphere is homogeneous. Real mixing processes such
1s natural or forced convection are not considered.”
'he results of combustion, as predicted by these
odes, therefore depend strongly on the compartment
model used. The number and arrangement of com
partments is arbitrary. The most “realistic” model will
be the one that best approximates the real mixing
behavior in containment. We will first discuss some
general conclusions from our work and then discuss
the results obtained from the individual compartment
model studies

If containment sprays are inactive, both MARCH
ind HECTR predict a relatively small decrcase in
peak pressure as the burn duration is increased. Since
MARCH does not include radiation heat transfer
from the hot steam after a hydrogen burn ‘the most
important heat transfer mechanism i~ HECTR when
sprays are iuactive), the agreement is surprising

L.onger burn time corresponds to slower flame speed
Experimental work at SNL would predict more rapid
flame speeds, typically 8 m/s, than those used in the
CLASIX

calculations, 2 m/s."' With containment
sprays operating, MARCH and HECTR are not in
good agreement. MARCH predicted much greater
reductions in peak pressure due to hydrogen burns
than did HECTR for the same initial conditions and
same burn times. The results are shown in Figure 3.1
For multicompartment models, MARCH predict

ed a series of burns in the wetwell, the compartment
ito which hydrogen was introduced from the sup-

*MP&L did consider a small amount of forced convection in

ne CLASIX

3 sensitivily case

pression pool. The inerting of the wetwell by oxygen
depletion occurred in all cases and led to the buildup
of large hydrogen mole fractions in the wetwell and
combustible mole fractions in the upper compart
ments. In all cases considered but one, burns occurred
in the upper containment and led to significant pres-
sure peaks. Most of the cases predicted pressure peaks
below the NRC estimate of containment failure pres
sure, 71 psia (4.8 atm), but some were higher. The
results emphasize the importance of those failure
estimates to conclusions drawn from this work.

The compartment models we used are shown in
Figures 2.2 through 2.4. Configuration A considers the
entire wetwell/containment as one volume. Results
from this simple compartmentalization will be realis-
tic if the time for mixing is shorter than the time
between burns and also shorter than a characteristic
time for hydrogen release (since the mixture will then
be nearly homogeneous). Configuraticn B divides this
volume into two compartments: a small wetwell vol
ume (from the top of the suppression pool to the 135 ft
elevation) and a much larger upper coiitainment. Con
figuration C also divides the volume into two compart-
ments with the division being at the 209 ft elevation
(the top being the open volume under the contain
ment dome). Configuration D divides the volume into
three compartments: a wetwell up to 135 ft, an inter
mediate annular region up to 209 ft, and an upper
containment. Configuration E’ differs from configura-
tion E used in the HECTR analysis since MARCH
canniot analyze parallel floi/ paths. Configuration E’
divides the volume into four compartments, similar to
configuration D except for one more division at the
165 ft elevation. The more compartments used in the
model, the slower the calculated mixing. Without
more knowledge of the mixing process, it is not clear
whic 1+ model gives the most realistic results

Our MARCH results using configuration A agree
fairly well with results obtained with HECTR. The
number of burns predicted by the two codes for vari-
ous cases either is the same or differs by one. The peak
pressurcs predicted without sprays are very high and
the two codes agree well. With sprays, the peak pres-
sures are lower, MARCH giving lower results than
HECTR. Given the known differences in models and




inputs, the agreement between MARCH and HECTR
is probably fortuitous.

The majority of the CLASIX-3 results were ob-
tained using configuration B. We have found the exact
history of the accident to be very sensitive to the input
assumptions used with this configuration. In particu-
lar, the number of wetwell burns is highly variable.
However, in all MARCH and HECTR calculations
upper containment burns were predicted. This is in
contrast to the CLASIX-3 calculations in which upper
containment burns were not predicted for most cases.
Depending on the assumptions made, the peak pres-
sures for the MARCH and HECTR calculations range
from moderately high to above the estimated failure
pressure for the containment. Sprays help reduce the
peak pressures.

For configuration C, in one MARCH calculation
with a connected drywell there was no upper contain-
ment burn. For all other runs, one or more upper
containment burns were predicted. The peak pres-
sures were moderately high. The agreement between

MARCH and HECTR for configuration C is fairly
good.

In configuration D, we predict gradual inerting of
the lower sections of the wetweli/containment and
burning higher in the containment. The peak pres-
sures are moderately high. MARCH and HECTR are
in fairly good agreement.

The results for configuration E’ are cimilar to
configuration D. The E’ configuration used in
MARCH is sufficiently different from the E configu-
ration used in HECTR to preclude direct comparison.

For configurations B ti:rough E’, high pressures
correspond to burns in the upper containment. In
nearly all cases, we get upper containment burns, and
hence the peak pressures are high. For upper contain-
ment burns, the peak pressure depends on the as-
sumed volume of the upper compartment, the as-
sumed hydrogen mole fraction required for ignition,
and the amount of heat tranferred from the gas during
the burn.
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Figure 3.1 Effect of Hydrogen Combustion Burn Time on the Predicted Single
Compartment Peak Pressure by HECTR and MARCH Codes

3.2 Introduction

The MARCH computer code is a simple, widely
used computer program for modelling a wide variety
of nuclear reactor accident scenarios.’* Because com-
puter run time is short, studies involving many runs
are feasible and inexpensive. Reservations have been
expressed by some MARCH users abcut the accuracy
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of the resuits. A recent study showed that MARCH
contains numerous limitations and some errors.*’
Nevertheless, MARCH continues to play an impor-
tant role in reactor accident analysis. Both CLASIX-3
and HECTR v.s# the output of a comparable MARCH
run to determine the conditions in the reactor coolant
system, and in particular the hydrogen and steam
generation rates. Roth codes replace the MARCH
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those used in HECTR and CLASIX-3. We produced
about 4000 Ib (180G kg) of hydrogen by the end of the
accident as compared to 2605 Ib (1185 kg) used in the
CLASIX-3 study (Figure 3.2). The combustion of
about 3312 1b (1505 kg) of hydrogen is required to
burn up all the oxygen in containment, including the
drywell. The amount of hydrogen that must be burned
to just inert containment by oxygen depletion will be
lower: about 2484 1b (1130 kg) for the containment
including drywell and 2160 Ib (982 kg) for the contain-
ment excluding drywell.

MARCH normally uses a value of 0.065 oxygen
mole fraction as the inerting limit. We have altered
the MARCH code to change this to 0.050, in agree-
ment with HECTR and CLASIX-3. In section 3.4 we
present some results using the 0.065 limit and com-
pare them to those using the 0.050 limit. We have also
introduced into the MARCH code the possibility of
steam inerting. Our MARCH code version will inert
compartments if the steam mole fraction goes above
0.56, in agreement with HECTR. This did not occur in
our calculations, except in the drywell for periods
after a break irto the drywell compartment from the
reactor coolant system.

Section 3.3 discusses results obtained using the
configuration A compartment model; section 3.4 dis-
cusses results obtained using the configuration B com-
partment model, etc. Diagrams of the various configu-
rations can be found in section 2.2.1, Figures 2.2, 2-3,
and 2.4, Briefly, configuration A consists of a single
compartment of the wetwell/containment. Configura-
tion B, the one used for most of the CLASIX-3 stud-
ies, consists of a small wetwell and a large upper
containment, the division being at the 135 ft elevation.
Configuration C also divides the wetwell/containment
into two compartments, but puts the division at the
top of the annular region (the 209 ft elevation). Con-
figuration D divides the volume into three compart-
ments: a small wetwell, the intermediate annular re-
gion, and the upper containment above the 209 ft
elevation. Configuration E’ differs somewhat from
configuration E used in the HECTR calculations. It
divides the volume into four compartments: a wetwell,
a lower annular region, an upper annular region, and
the upper containment (the divisions occurring at
elevations of 135, 165, and 209 ft).
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Case A-2 differs from case A-1 only in that the
burn time is reduced, corresponding to our estimates
of faster flame speeds, 8 m/s. The results were as
expected (Figure 3.8). MARCH predicted three burns,
with a maximum pressure of 65 psia (4.4 atm), slightly
higher than the 60 psia (4.1 atm) of case A-1. The
reduced burn time reduces the heat transfer during
the burn and gives results closer to the adiabatic,
isochoric combustion pressure. HECTR also predict-
ed three burns and a peak pressure of 65 psia (4.4
atm). Note that the predicted peak pressure is close to
the estimated containment failure pressure of 71 psia
(4.8 atm). MARCH predicted that the containment
was inerted by oxygen depletion after the third burn,
while HECTR predicted the final oxygen mole frac-
tion was 0.07, which is above the inerting limit.

Case A-3 differs from case A-2 only in that sprays
are turned on early in the accident (long before the
first burn) and stay on. The results shown in Figure
3.9 indicate MARCH predicted four burns. Each of
the burns has a lower peak than those of cases A-1 and
A-2, and the pressure peak decays much more rapidly
due to the cooling of the gases by the containment
spravs. The peak pressure was 48 psia (3.3 atm) on the
first burn. After the last burn, the containment was
inerted by oxygen depletion. HECTR predicted three
burns, a peak pressure of 59 psia (4.0 atm), and
sufficient oxygen remaining after the last burn for a
fourth burn. Case A-3 is the first case discussed with
sprays. It shows that both MARCH and HECTR
predict reductions in peak pressure due to the pres-
ence of sprays, but MARCH predicts a greater reduc-
tion. This point is discussed in Appendix C.

Case A-4 differs from case A-3 only in that the
sprays are turned on after the first burn. As a result,
the pressure peak associated with the first burn, 62
psia (4.2 atm), is far larger than the highest pressure
associated with the next two burns, 44 psia (3.0 atm).
HECTR also predicted three burns, but with a peak
pressure of 57 psia (3.9 atm). The slight increase in
peak pressure because of the presence of sprays*
before the first buri in HECTR is discussed in section
2.2.3 and Appendix B. For all the cases considered,
MARCH predicted a benefit in turning the sprays on
before the firs: burn. Both codes predicted that the

*The spray temperature in HECTR is specified to be 135°F
while the initial air temperature is specified to be 80°F. This
mismatch artificially causes the preburn air pressure to be
higher when sprays are initiated early. MARCH considers
the energy additions to the containment sprays and hence
has a change in spray temperature.
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containment had oxygen mole fractions near the inert-
ing limit after the last burn, and that hence there was
the possibility of one further burn.

Case A-5 models an accident involving a break in
the reactor coolant system inside the drywell. This is
meadelled by assuming the air in the drywell is pushed
cut into the wetwell, raising the pressure to 17 psia.
The adequacy of this assumption is addressed in
section 3.8 which discribes the situation where the
hreak flow is allowed to be directed into the drywell
and the drywell is interconnected with the wetwell.
Aside from the use of the higher initial pressure, the
input for case A-5 is identical to case A-4. MARCH
predicted four burns. The peak pressure of 76 psia (5.2
atm) occurred during the first burn, before the sprays
were turned on. This is above the estimated contain-
ment failure pressure. The containment was predicted
to be nearly depleted of oxygen after the last burn.
HECTR predicted only three burns, but with suffi-
cient oxygen remaining to have a fourth. The peak
pressure predicted by HECTR was 66 psia (4.5 atm),
with nearly equal values for the first and second
burns. Again notice that MARCH predicts greater
peak pressure reduction when sprays are activated
than does HECTR.

Cases A-1 through A-5 used an ignition criterion
of hydrogen mole fraction equal to 0.08. Cases A-6 to
A-9 used a more conservative criterion of 0.10. For
comparable situations one expects this to give higher
peak pressures, and this was so.

Case A-6 can be compared to case A-2 since nei-
ther has sprays in operation. For case A-6, MARCH
predicted only two burns, but with the oxygen mole
fraction after the second burn just below the inerting
limit, HECTR predicted three burns and very little
oxygen left after the last burn. The peak pressure
predicted by MARCH was 80 psia (5.4 atm), and that
predicted by HECTR was 78 psia (5.3 atm). Both
values are higher than the estimated containment
failure pressur- 4 homogeneous 109 hydrogen burn
without spr# 4y ‘ail containment.

Incs® A" i case A-3) sprays are in operation
earl’ dent. Both MARCH and HECTR
preie, & 4 surns with subsequent inerting by
oxyj - depic. The two codes differ in that

MARCH predicted a peak pressure of 56 psia (2.8
atm) and HECTR predicted 70 psia (4.8 atm). Again,
MARCH predicts a greater reduction in peak pressure
due to spray cooling of the containment gases than
does HECTR. Both programs indicate an increase of
about 10 psia (0.7 atm) in peak pressui e over case A-3.

In case A-8 (as in case A-4) the sprays come on
after the first burn. As expected, the peak pressure
caused by the first burn is the highest. MARCH
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3.4 Analysis of MARCH
Caiculations for Configuration B

In configuration B, the containment is divided
into three volumes: the drywell, a small wetwcil (the
volume between the suppression pool and the 135 ft
elevation), and a very large upper containment vol-
ume. This configuration is the same as that used in the
majority of the CLASIX-3 calculations. As discussed
in Appendix C, this appcars to be the first time
MARCH has been used in BWR calculations with
models having more than two compartments. Uncer-
tainties exist on how MARCH treats certain phenom-
ena in such multicompartment BWR models, particu-
larly the containment sprays. As mentioned
previously, for these MARCH calculations there is no
connection from the wetwell or upper containment to
the drywell; hence the drywell is isolated. We will
consider only the behavior of the wetwell and the
upper containment volume. The effect of the drywell
is considered in section 3.8.

Wetwell burns involve *he combustion of such
small masses of hydrogen that the resultant total
pressure rise in containment is small. Combustion in
the upper containment, because of the large volume
involved, is nearly a global burn. Consequently, only
upper containment burns can cause pressure peaks

110

large enough to fail containment from simple defla-
grations. Because of inerting of the wetwell due to
oxygen depletion, very high mole fractions of hydro-
gen can accumulate in the wetwell The potential for
local detonations exists if chis hyarogen mixes with
sufficient oxygen. Detonations are discussed in Chap-
ter 5.0.

: he typica! sequence of events for configuration B
predicted by MARC!! is as follows:

1. Numerous wetwell burns

2. Inerting of the wetweli oy oxygen dep:~tion

3. Buildup of the hydrogen mole :rection w high
values in the wetwell and to combusuble
amounts in the upper containment

4. Burns in the upper containment, wetwell, or
both

5. Wetwell is again inerted by oxygen depletion;
the upper containment is either oxygen deplet-
ed or has insufficient hydrogen for ignition

For all the cases considered using configuration B,
MARCH and HECTR predicted one or more upper
containment burns, and hence significant pressure
peaks. For several of the comparable cases, CLASIX-3
did not predict any upper containment burns, and
hence it predicted only small pressure peaks. The
number of wetwell burns, the occurrence and duration



of wetwell inerting, and the number of upper contain-
ment burns differ somewhat among MARCH,
HECTR, and CLASIX-3. Part of the reason for the
differences is that the configuration B model is “ill-
conditioned;” i.e., small changes in the input values or
differences in the assumptions used in the codes can
give rise to considerably different results.

Our configuration B runs were initially carried out
using the normal MARCH value of 0.065 oxygen mole
fraction for inerting. This was later altered to 0.050 to
agree with HECTR and CLASIX-3. In the following
discussion of configuration B cases we will first de-
scribe results obtained using the 0.050 value. We will
then compare those results to the ones obtained using
the 0.065 value. Th results are often quite different,
giving additional confirmation of our statement that
the configuration B model is ill-conditioned.

The case descriptions and a partial summary of
the results of the MARCH configuration B calcula-
tions (for both the 0.050 and 0.0€5 oxygen inerting
limits) are given ir Table 3.2. The results of case B-1
are shown in Figures 3.16 through 3.24 using the 0.050
limit. The pressure history for case B-1 with the 0.065
oxygen inerting limit is shown in Figure 3.25. Pressure
histories for cases B-2 to B-7 with the 0.050 limit are
shown in Figures 3.26 through 3.31.

Case B-1 modelled one of the cases considered in
the CLASIX-3 analysis. The braak into the drywell
and expulsion of air into the wet. ell was simulated by
using a wetwell/containment pressure of 17 psia (1 16
atm). Sprays came on after the first burn, Combustion
occurred oniy in compartments that met the ignition
criterion, hydrogen mole fraction equal to 0.10. The
results are shown in Figures 3.16 through 3.24. Figure
3.25 shows the pressure for case B-1 with the 0.065
oxygen inerting criteria.

For case B-1, with the 0.05 oxygen inerting criteri-
on MARCH predicted 15 wetwell burns, a period of
wetwell inerting due to oxygen depletion, anothcr
wetwell burn, a further period of wetwell inerting, and
then a burn in both the upper containment and
wetwell. The peak pressure due to the last burn was 65
psia (4.4 atm). After the last burn, the ~ontainment
was inert due to oxygen depletion, the mole fraction of
oxygen being 0.045 in the upper containment and
0.043 in the wetvelil.

By comparison, when the oxygen inerting limit of
0.065 was used for case B-1, MARCH predicted nine
wetwell burns, a period of wetwell inerting, and then
an upper containment burn followed in seconds by a
final wetwell burn. The peak pressure was 70 psia (4.8
atm). After the last burn the co: tainment was inert
due to oxygen depletion, but the oxygen mole fraction
was above 0.05,

Figures 3.17 and 3.20 show simultaneous spikes of
temperatrre and steam in the wetwell late in the
accident. These spikes are not hydrogen burns. We
have investigated the possibility that they are due to
the release of either hot hydrogen or steam from the
reactor coolant system. We have not been able to
explain them. R. O. Wooton of Battelle Columbus
Laboratory implied that MARCH may be having com-
patational difficulties at this point since the reactor
coolant pressure is close to the containment pressure.

HECTR predicted 22 wetwell burns and, late in
the accident, 1 large upper containment burn with a
peak pressure of 82 psia (5.6 atm). CLASIX-3 predict-
ed no upper containment burns, and hence a low peak
pressure. In later work with CLASIX-3, an upper
containment burn was “forced” when the mole frac-
tion of hydrogen ended up just below the ignition
limit. Of course these results are closer to those of
MARCH than the earlier CLASIX-3 results. Case B-1
is typical of all the B configuration cases. MARCH
and HECTR predict upper containment burns and
high peak pressures, while CLASIX-3 generally does
not predict upper containment burns. The peak pres-
sure predicted for case B-1 is close to or above the
predicted failure pressure for the containment, 71 psia
(4.8 atm).

Case B-2 is similar to case B-1 except the initial
pressure was 14.7 psia (1.0 atm). The pressure history
predicted by MARCH is shown in Figure 3.26.
MARCH predicted 13 wetwell burns, a period of
wetwell inerting, two more wetwell burns, an upper
containment burn and a final wetwell burn, for a total
of 16 wetwell burns and 1 upper containment burn.
The peak pressure was 52 psia (3.5 atm). After the last
burn the oxygen mole fractions in the upper contain-
ment and wetwell were just below the inerting limit of
0.050. When case B-2 was run using the oxygen inert-
ing limit of 0.065, MARCH predicted seven wetweil
burns, a period of wetwell inerting, an upper contain-
ment burn, a wetwell burn, and a final upper contain-
ment burn. The peak pressure was 63 psia (4.3 atm).
For case B-2, HECTR predicted 23 wetwell burns, a
period of wetwell inerting, and a final burn starting in
the upper containment and propagating to the
wetwell. The peak pressure predicted was 71 psia (4.8
atm). HECTR and the two MARCH runs for case B-2
show that the number of burns in the wetwell is very
sensitive to the assumptions made, hut all three calcu-
iations predict one or two upper compartment burns
with peak pressures in the range 52 to 71 psia (3.5 to
4.8 atm). By comparison, CLASIX-3 predicted 43
wetwell burns and no upper containment burns. Con-
sequently, the peak pressure predicted by CLASIX -3
was low, 22.5 psia (1.5 atm).




Case B-3 differs from case B-2 only in that the
hydrogen mole fraction was reduced to 0.08 for igni-
tion and was raised to 0.012 for extinguishment.
MARCH predicted 14 wetwell burns, a period of
wetwell inerting, a rapid sequence of wetwell/upper-
containment/wetwell burns, and finally two more up-
per containment burns. The peak pressure was 42 psia
(2.9 atm). After the last burn the containment was
oxygen-depleted. The corresponding MARCH run us-
ing the 0.065 oxygen inerting limit predicted 11
wetwell burns, a period of oxygen inerting, a wetwell
burn, a nearly simultanecus upper containment and
wetwell burn, and a final upper containment burn.
The peak pressure predicted was 44 psia (3.0 atm).
HECTR predicted 31 wetwell burns, a period of
wetwell inerting, and an upper containment burn
propagating into the wetwell. The peak pressure pre-
dicted was 56 psia (3.8 atm). As in case B-2,
CLASIX -3 predicted many wetwell burns (58) and no
upper containment burns. The pattern is clear. While
HECTR generally has at least one upper containment
burn, and CLASIX-3 predicts no upper containment
burns, MARCH most easily inerts the wetwell and has
the most upper containment burns. The fact that the
MARCH runs include more hydrogen generated may
explain this pattern.

Case B-4 is similar to case B-3 except that there
were no sprays and the combustion completeness was
assumed to be unity. Without sprays, MARCH pre-
dicted 24 wetwell burns in a 20-min time period. The
pressure rise for each burn was about 4 psi (0.3 atm)
and the pressure did not have time to fall back com-
pletely to the initial pressure before the next burn.
The peak pressure for the series of wetwell burns was
27 psia (1.8 atm). After the 24 wetwell burns, the
wetwell was inert due to oxygen depletion. The hydro-
gen concentration increased in both the wetwell and
upper containment. MARCH then predicted two up-
per containmen® hurns with a peak pressure of 56 psia
(3.8 atm). After the last burn, the containment was
inert due to oxygen depletion. When case B-4 was run
using the 0.065 oxvgen inerting limit, the results were
altered. MARCH predicted 14 wetwell burns with a
peak pressure of 28 psia (1.9 atm), and 3 upper con-
tainment burns with a peak pressure of 65 psia (4.4
atm). After the last burn the oxygen mole fraction in
the containment was very low.

For case B-4, HECTR predicted 30 wetwell burns
and 1 upper containment burn, with a peak pressure
of 68 psia (4.6 atm). After the last burn, there was still
enough oxygen in the upper containment for another
burn. Comparing the results of the two MARCH runs
with the HECTR run for case B-4, it is clear that the
number of burns varies greatly. However, both of the

codes predict one or more upper containment burns
with peak pressures between 56 and 68 psia (3.8 and
4.6 atm). These pressures are high, but they are below
the predicted failure pressure.

(Case B-5 is the first of the MARCH cases in which
we allowed flame propagation from one compartment
to all others which contain more than the minimum
amount of hydrogen required for flame extinguish-
ment. Since these MARCH runs are to try to duplicate
those HECTR runs having complete combustion, we
took the hydrogen mole fraction for extinguishment to
be sufficiently low, 0.002, as to be essentially zero. By
using a small positive number, we force MARCH to

void burning negligible amounts of hydrogen in a
compartment and hence help clarify the output with
respect to which compartments burned significant
amounts of hydrogen. The hydrogen mole fraction for
ignition was taken as 0.08 and the flame speed as 8
m/s, and the sprays came on after the first burn.

For case B-5, MARCH predicted 11 burns mainly
in the wetwell, a period of wetwell inerting due to
oxvgen depletion, a combined wetwell and upper com-
partment burn, a wetwell burn, a second period of
wetwell inerting, and finally a burn mainly in the
upper containment. The peak pressure predicted was
60 psia (4.1 atm). After the last burn both the wetwell
and upper containment were inert due to oxygen
depletion. When the 0.065 oxvgen mole fraction limit
for inerting was used, MARCH predicted nine burns
mainly in the wetwell, a period of wetwell inerting due
to oxygen depletion, a combined wetwell and upper
containment burn, and finally a burn that was mainly
in the upper containment. The peak pressure for che
last two burns was nearly identical, 56 psia (3.8 atm).

For case B-5, HEC'TR predicted 15 wetwell burns,
a wetwell burn propagating into the upper contain-
ment, 2 more wetwell burns, and then an upper con-
tainment burn propagating down into the wetwell. If
case B-5 had been carried out further in time, HECTR
might have predicted another large burn. The peak
pressure predicted was 72 psia (4.9 atm).

A comparison of the various results for case B-5
shows that the exact number of burns varies greatly
with the input and code. All the runs indicate upper
containment burns and high pressures. MARCH pre-
dicted lower peak pressures than HECTR, 60 and 56
psia vs 72 psia. This is believed to be primarily due to
MARCH’s over-estimate of the cooling effect »f con-
tainment sprays.

Case B-§ differs from case B-5 only in that the
hydrogen mole fraction for ignition was raised to 0.10
and the sprays were turned on early in the accident.
MARCH predicted 13 burns mainly in the wetwell
and 1 burn in the upper containment. The peak




pressure predicted was 63 psia (4.3 atim). After the last
burn, the oxygen mole fraction in both upper contain-
ment and the wetwell was 0.04. When the 0,065 oxvgen
mole fraction limit for inerting was used, MARCH
predicted eight burns mainly in the wetwell, a period
of wetwell inerting due to oxygen depletion, a large
burn in both compartments, a second period of
wetwell inerting, and a final upper containment burn.
The peak pressure predicted was 66 psia (4.5 atm).

For case B-6, HECTR predicted 17 wetwell
burns, 1 wetwell burn propagating into the upper
containment, and 1 upper containment burn propa-
gating into the wetwell. The peak pressure predicted
was 84 psia (5.7 atm). Just as in case B-5, the number
of burns predicted by the two MARCH calculations
and the HEC'TR caleulation differ, all calculations
predict upper containment burns, and the peak pres-
sures predicted by HECTR are above those predicted
by MARCH. All the peak pressures predicted are high
and near the estimated failure pressure of contain-
ment.

Case B-7 differs from case B-6 only in that the
sprays are turned on after the first wetwell burn.

MARCH predicted 12 burns mainly in the wetwell, a
period of wetwell inerting due to oxygen depletion,
and then 2 burns in both the upper containment and
wetwell. The peak pressure predicted was 62 psia (4.2
atm) during the first of the two global burns. After the
last burn there was very little oxygen left in contain-
ment. When the 0.065 oxygen mole fraction inerting
limit was used, MARCH predicted eight burns mainly
in the wetwell, a period of wetwell inerting, and two
upper containment/wetwell burns. The peak pressure
was predicted during the last burn, 61 psia (4.2 atm),

For case B-7, HECTR predicted I8 wetwell burns,
a period of wetwell inerting, a wetwell burn propagat-
ing into the upper containment, another wetwell burn.
and a final upper containment burn propagating into
the wetwell. The peak pressure predicted was 81 psia
(5.5 atm). One expects case B-7 to give nearly identical
results to case B-6. The results are very similar, but
the exact number of burns differ. The peak pressure
predicted by HECTR is significantly different, but
MARCH predicted nearly the same pressures in both
B-6 and B-7.

Table 3.2. Configuration B Case Description and Results
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Figure 3.21. Case B-1, Temperature in Upper Containment, °F
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Figure 3.24. Case B-1, Steam Mole Fraction in Upper Containment
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Figure 3.25. Case B-1 (6.5% Oxygen Inerting Limit), Pressure in Containment, psia

118




Ignition Fraction - 0.10 H,
Flame Propagation — NO

IRE

Extinguishment Fraction — 0.0 H,

1
L

Burn Time — 4.8 sec
Sprays - AUTO

SS

COMPARTMENT PRE

TOTAL

800 1000 1200 1400
TIME - (MINUTE)

Figure 3.26. Case | ‘ressure in tainment, psia

Ignition Fraction — 0.08 H,
Flame Propagation — NO
Extinguishment Fraction — 0.012 H,

URE

Burn Time - 4.8 sec
Sprays - AUTO

SS

.
.

TOTAL COMPARTMENT PRE

A A oAb a B A et P i o At et e et e

T i v

20 400 €00 800 1000 1200 1400 1600 1800 2000 2200
TIME - (MINUTE)

Figure 3.27. Case B-3, Pressure in Containment, psia
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Figure 3.28. Case B-4, Pressure in Containment, psia
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Figure 3.29. Case B-5, Pressure in Containment, psia
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3.5 Analysis of MARCH
Calculations for Configuration C

Cornfiguration C consists of three volumes: the
drywell, a large wetwell (the volume from the suppres
sion pool to the 209-ft elevation), and the still larger
upper containment volume. The ratio of wetwell to
upper containment volume is 0.600 compared to 0.129
for configuration B. For configuration C, wetwell
burns give rise to moderate pressure peaks (larger
than wetwell burns in configuration B) and upper-
containment burns give rise to somewhat higher peak
pressures (smaller than upper containment burns in
configuration B). For the cases considered in this
section, there was no connection from the wetwell
back to the drywell, as stated in section 3.2. Conse
quently, we ignore the drywell in this section. The
effect of the drywell is considered in section 3.8. One
upper containment burn occurred in all of the cases
considered in this section, but none in the case consid
ered in section 3.8

The case descriptions and a partial summary of
results for the configuration C calculations are in
Table 3.3. Graphical results fo. case C-1 are shown in
Figures 232 through 3.40. The pressure histories of
cases (-2 to C-4 are shown in Figures 3.41 through
3.43.

The qualitative behavior of the four cases consid
ered for configuration O 1s as follows:

1. Several wetwcll burns with moderate pressure
peaks

2. Wetwell inerting due to oxygen depletion

3. A buildup of hydrogen mole fraction to high
values in the wetwell and combustible values in
the upper containment

4. One upper containment or combined wetwell/
upper-containment burn

5. Inerting of the wetwell by oxygen depletion.
Insufficient hydro 'n in the upper conuain-
aent for a second burn, but sufficient oxygen

For case (-1, MARCH predicted six wetwell
burns, a period of wetwell inerting, and then a com-
bined wetwell/upper-containment burn. Since the
sprays came on after the first burn, MARCH predict-
ed that the first burn generated a higher peak pressure
than the next five wetwell burns, 33 psia (2.2 atm).
The peak pressure due to the combined wetwell/up-
per-concainment Lurn was 45 psia (3.1 atm). After the
last burn, the concentration of hydrogen and oxygen
in the upper containment approached that required to
ignite another burn. The wetwell contained a high
mole fraction of hydrogen, but was inerted due to
oxygen depletion.

For case C 1 HEC'TR predicted six wetwell burns,
a seventh burn starting in the wetwell and propagat
ing into the upper containment, and then two more
wetwell burns. The peak pressure was 40 psia (2.7
atm). After the last burn the upper compartment
contained sufficient oxygen for a second burn, but
imsufficient hydrogen for ignition. The wetwell con-
tained a high mole fraction of hydrogen, but was
inerted due to oxygen depletion. A comparison of the
MARCH and HECTR results for case (-1 shows
many similarities. The predicted peak pressures are
reasonably close. However, the number of wetwel!
burns differs.

In case (-2 the hydrogen ignition limit was raised
to 0.10 and the sprays were turned on early in the
accident. MARCH predicted five wetwell burns, all
with peak pressures of about 28 psia (1.9 atm). After
the five wetwell burns, the wetwell was inerted due to
oxygen depletion, and late in the accident MARCH
predicted a burn mainly in the upper containment
with a peak pressure of 48 psia (3.3 atm). After the last
burn, the entire containment was oxygen depleted.

HECTR predicted three wetwell burns, one
wetwell burn propagating into the upper containment,
and then three more wetwell burns. At the end of the
HECTR calculation the upper compartment had an
oxygen mole traction of 0.10 but a hydrogen mole
fracticn of only 0.028. The two codes are in * easonable
agreement about the peak pressure (both have one
burn in the upper containment), but disagree on the
number of wetwell burns. The peak pressure is high
but below the estimated failure pressure of contain-
ment.

In case C-3, the sprays came on after the first
burn, but otherwise the case is identical to C-2. In this
case MARCH predicted five wetwell burns, a long
period in which the wetwell was oxygen depleted, and
then a combined wetwell and upper containment
burn. The peak pressure of the first wetwell burn,
before the sprays were operated, was 38 psia (2.6 atm),
and the peak pressure after the last burn was 47 psia
(3.2 atm). After the last burn, the wetwell and upper
containment were oxygen depleted.

For case C-3, HECTR predicted three wetwell
burns, & wetwell burn propagating into the upper
containment, and then three mere wetwell burns. The
peak pressure predicted was 42 psia (2.0 atm). After
the last burn, the upper containment was not predict-
ed to be oxygen depleted.

In case C-4, the sprays were off. As a result, the
peak pressures and temperatures were higher and
their decay after the burns was much slower. MARCH
predicted four wetwell burns, with gradually increas-
ing peak pressures up to 50 psia (3.4 atm), and a final



upper containment and wetwell burn with a peak
pressure of 70 psia (4.8 atm). This is about equal to the
estimated failure pressure for the containment. After
the last burn, the upper containment was not oxygen
depleted.

For case C-4 HECTR predicted six wetwell burns,
a wetwell burn propagating into the upper contain-
ment, and then two more wetwell burns. The peak
pressure predicted was 49 psia (3.3 atm).

In cases C-1, C-2, and C-3, MARCH predicted
somewhat higher pressures than HECTR. However, in
case C-4, without sprays, the MARCH prediction of 70
psia (4.8 atm) is much higher than the HECTR pre-
diction due to the nature of the propagating burn in
the HECTR calculation. The MARCH case (-4 peak
pressure prediction is the only one that approaches
the estimated containment failure pressure of 71 psia
(4.7 atm).

Table 3.3. Configuration C Case Descriptions and Results
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Figure 3.32. Case C-1, Pressure in Containment, psia
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Figure 3.33. Case (-1, Temperature in Wetwell, °F
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Figure 3.34. Case (-1, Hydrogen Mole Fraction in Wetwell
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Figure 3.36. Case C-1, Steam Mole Fraction in Wetwell




25000
Ignition Fraction - 0.08 H,
Flame Propagation - YES
5] Extinguish. tF ion - 0. H
- ! nqu ment Fraction - 0.002 H,
- e Burn Time - 4 sec
: Sprays - AUTO
= 15000 A
95}
(.
-
E
E 1000 0 4
-
5
o 5000 A
o
. -phivy g T hm SRARSIS A
oo v v LJ v v Ll AJ v v v
00 200 400 800 800 1000 1200 1400 1800 1800 2000 2200
TIME (MINUTE)
Figure 3.37. Case C 1, Temperature in Upper Containment, °F
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Figure 3.38. Case ("1, Hydrogen Mole Fraction in Upper Containment
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Figure 3.42. Case (-3, Pressure in Containment, psia
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Figure 3.43. (Case (-4, Pressure in Containment, psia

3.6 Analysis of MARCH
Calculations for Configuration D

Configuration D consists of a drywell and three
comparti;ents: a wetwe!l volume up to the 135 ft
elevation, an intermediate annular volume up to the
209 ft elevation, and an upper containment volume. In
this section the drywell was not interconnected to the
rest of the containment; hence it was isolated and
ignored. The effect of the drywell is considered in
section 3.8.

The case descriptions and a partial summary of
results for configuration D are in Table 3.4. Graphical
results for case -1 are shown in Figures 3.44 through
3.56. Pressure histories for cases D-2 and D-3 are
shown in Figures 3.57 and 3.58.

The general pattern of results can be summarized
as follows:

I. Numerous wetwell burns

2. Inerting of the wetwell due to oxygen depletion

3. Buildup of hydrogen mole fractions in all com-
partments

4. Burns in the intermediate annular volume

5. Possible inerting of the intermediate annular
volume

6. One burn mainly in the upper containment

Case D-1 used a hydrogen mole fraction of 0.08 for
ignition and had sprays after the first burn. Of our
cases, it most closely matches the one configuration D
case calculated with CLASIX-3. MARCH predicted
seven burns mainly in the wetwell, a period of wetwell
inerting due to oxygen depletion, four burns mainly in
the intermediate annular region, and finally a burn
mainly in the upper containment with a peak pressure
of 61 psia (4.2 atm). For case D-1, HECTR predicted
17 wetwell burns, a period of wetwell inerting, 7 burns
in the intermediate annular region, and a final burn
starting in the intermediate annular region and propa-
gating into the upper containment. The predicted
peak pressure was 39 psia (2.7 atm). Although the
general pattern of burns is similar in HECTR and
MARCH, the number of burns and the peak oressure
differ greatly. CLASIX-3 predicted no upper contain-
ment burn and consequently low peak pressure (27
psia, 1.8 atm).

Case D-2 differs from case D-1 only in that the
hydrogen mole fraction for ignition was increased to
0.10. MARCH predicted eight burns mainly in the
wetwell, a period of wetwell inerting, three burns
mainly in the intermediate annular region, and a final
burn in all three compartments with a peak pressure
of 46 psia (3.1 atm). This result is surprising, since one
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Table 3.4. Configuraticn D - Case Descriptions and Resulls
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Figure 3.44, Case D-1, Pressure in Containment, psia
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Figure 3.45. Case D 1, Temperature in Wetwell, °F
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3.7 Analysis of MARCH

Calculations for Configuration E’

The configuration E used in the HECTR analysis
involved parallel flow paths from the bottom of the
wetwell to the upper containment. Since MARCH
cannot treat parallel f1ow paths we have modified the
compartment configuration fr =a E to E’. Configura-
tion E’ consists of five compartments: a drywell, a
wetwell, a lower annular region (from the 135 fi eleva
tion to 165 ft elevation), an upper annular region
(from the 165 ft elevation to the 209 ft elevation), and
an upper containrent volume. Examination of the
HECTR configuration E results shows that the pie-
shaped sector volume, eliminated in going from con-
figuration E to E’, i1s of great importance to the

calculations. Consequently, we do not have a HECTR
result to compare to the result of this section. As in the
previous sections, there was no flow path from the
wetwell to the drywell. The drywell is therefore isolat-
e and we will not discuss it.

In order to handle multiple compartinents, we
found it necessary to make changes in the MARCH
code. For example, the plot subroutine had to be
modified to give us graphs. In carrying out the follow-
ing calculations, the MARCH code stopped the run
about 1.5 min into the accident, instead of gaing out
the full 220 min as in all other cases.

The behavior expected for configuration E’ was
multiple wetwell burns, inerting of the wetwell, burns
in the lower annular region, inerting of that region,
burns in the upper annular region, inerting of that



region, and finally burning in the upper contiinment.
This is roughly the behavior that was found, but
MARCH d4id not predict an upper containment burn
during the first 165 min of the accident.

In case E'-1 the hydrogen mole fraction for igni-
tion was (.10 and sprays came on after the first two
wetwell burns. The initial pressure was 14.7 psia and
initial temperature was 80°F. The mole fraction for
extinguishment was 0.002 hydrogen, burn time was 2 s
and flaine propagation was allowed into all compart-
ments with more than 0.092 H,. Graphical results are
shown in Figures 3.59 through 5.75. MARCH predict-
ed seven burns mainly in the wetwell, after which the
wetwell stayed inerted due to oxygen depletion. The
next four burns took place mainly in the lower annular

region, which was then inerted due to oxygen deple-
tion. The final three burns took place in the upper
annular region, which was then inerted due to oxygen
depletion. At 165 min into the accident the lower three
containment compartments were inerted due to oxy-
gen depletion, but the upper containment still had a
considerable amount of oxygen. The wetwell and low-
er annular region had very high mole fractions of
hydrogen, the upper annular region had a mole frac-
tion of hydrogen approaching 0.20, but the upper
containment still had very little hydrogen. it is not
clear if there would have eventually been an upper
containment burn if the MARCH calculation had
continued. The peak pressure predicted without an
upper containment burn was low, 35 psia (2.4 atm).
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3.8 The Effect of Connections
to the Drywell from the
Wetwell Containment

¥ | 1 H




Case B-1 also considered a LOCA break inside the
drywell, as in cases A-5 and A-9, but employed the
configuration B compartment model. The results are
shown in Table 3.10 and Figure 3.94 (also Figures 3,16
through 3.24) n this case, the addition or a drywell
gave a significant reduction in peak pressure, contrary
to the cases considered with a break in the drywell for
configuration A.

In configuration C, the vacuum breakers ace in the
large wetwell volume, so for MARCH it does not
matter if one assumes flow through the suppression
pool or the vacuum brezkers. The results for case (-2
with a wetwell to-drywell connection are unique,
Graphical results are shown in Figures 3.95 through
3.107. This MARCH calculation i¢ the only one in
which there was no upper containment burn (except
possibly for case E'-1). MARCH predicted six wetwel:
burns. At the end of the run, the upper containment
had mole fractions of 0.082 for hydrogen and 0.084 foi
oxygen. The mole fractions in the wetwell were 0.487
for hydrogen and 0.029 for oxygen. Clesrly, if the
atmosphere were allowed to mix, or a bit more hydro-
gen were produced, or the ignitica limit for hydrogen
mole fraction were reduced, there would be an upper-
containment burn. Without an upper-containment
burn, the peak pressure was low, 27 psia (1.8 atm). The
results are compared in Table 3.11 to the case withont
a drywell connection (Figures 3.95 through 3.107; also
Figure 3.41).

Using configuration D, one uas two choices:

* Making a connection from the wetwell to the
drywell, simulating flow *hrough the suppies-
sion pool

» Making a connection from the intermediate an-
nular volume to the drywell, simulating flow
through the vacuum breakers.

We have carried out a case - _ calculation with a
connection from the wetwell to the drywell and then
from the intermediate annular region to the drywell.
The pressure histories are shown in Figures 3.108 and
3.109. The results are shown in Table 3.12. The addi-
tion of a connection from the wetwell to the drywell
resulted in a somewhat lower peak pressure and one
drywell burn. The addition of a connection from the
intermediate annul.r region to the drywell led to a
slight increase in peak pressure and also one drywell
burn.
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Table 3.5. Effect of Connections to the Drywell on Cases A-6

and A-7
et

No

_ Case A6

Connection Connection Connection (‘unnectinnj

Case A-7
No

Peak Pressure

, Drywell

(psia) 80 71 56 51
})i@l»ﬂlﬁ_ T P R R 775.4 48 3= 3.5
No. oi Significant Burns in 2 3 3 3
| Wetwell _
No. of Significant Burns in 0 0 0 0
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Table 2.6. Effect of Connections to the Drywell on Cases A-5
and A-9

Table 3.7. Effect ot Drywell Connections on the Results of Case B-2

Table 3.8. Effect of Drywell Connections on the Results of Case B-6
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