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ABSTRACT

The MARCH and HECTR compute codes are used in this study to
examine hydrogen production, transport, and combustion in an
ice-condenser containment for a number of hypothesized severe
accidents. Both degraded-core and core-meltdown accidents
are treated. The sensitivity of the containment pressure-
temperature response is assessed for a number of factors,
including the hydrogen and steam source-term assumptions,
ignition and propagation limits, combustion completeness,
flame speed, spray operation, and recirculation fan opera-
tion. The highest containment pressures occur for those
cases where the igniters are assumed to fail, the recircula-
tion fans or containment sprays are assumed to fail, or very

large steam and hydrogen releases accompanying vessel breach
are predicted.
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EXECUTIVE SUMMARY

This report examines the predicted pressure-temperature
response of an ice-condenser containment for a variety of
important severe accident sequences identified by the Acci-
dent Sequence Evaluation Program (ASEP).[1]) The analyses are
based on both the MARCH and HECTR computer codes. MARCH
(version 1.1 with certain Sandia modifications) was used to
model the primary system and provide hydrogen and steam source
terms to containment.[2 3] HECTR used the output from MARCH
and modeled the containment pressure-temperature re-
sponse.[4-6] This work is the first major application of
HECTR to an ice condenser containment. HECTR is a fast-
running, lumped-volume code that is very useful for paramet-
ric analyses of containment pressure temperature response
during accidents involving hydrogen combustion. HECTR
includes models for hydrogen burns, radiative and convective
heat transfer, condensation, hest transfer to sprays. passive
heat sinks, a recirculation sump, air return fans, and an ice
condenser. HECTR allows a more realistic compartmentaliza-
tion of containment and a more sophisticated treatment of
important phenomena than does the MACE containment subroutine
in MARCH. HECTR. which was developed specifically for model-
ing accidents involving hydrogen combustion, compares favor-
ably with other containment cod. . that were used previously
in similar analyses and is generally faster running. The
combined use of MARCH and HECTR represents a significant
advancement in the capability to model ice condenser contain-
ments.

Sequoyah is used as the reference plant for the analyses
presented in this report; however, comparable containment
pressure-temperature responses would be expected for similarly
configured ice-condenser plants, such as Watts Bar.

Cases Considered

Sixteen base-case accident scenarios were analyzed with
MARCH to provide steam and hydrogen source terms for HECTR.
Fifty-three variations of the base cases were evaluated using
HECTR. The accident scenarios examined do not represent all
possible contributors to risk. However, many of the 1ighest
contributors to risk are examined in this report.

Both degraded-core and core-meltdown scenarios were
examined. 1In the degraded core scenarios it was postulated
that emergency core cooling (ECC) was unavailable fo: a
period of time long enough to allow significant zirconium
oxidation but short enough so that core damage could be
arrested when ECC was restored. In the core-meltdown
scenarios, ECC was assumed to fail at some time and was not
recovered.



For the degraded-core cases and for the core-meltdown cases
through the time of vessel failure, the steam and hydrogen
source terms were generated by recording the rates of steam
and hydrogen release to containment as calculated by MARCH.
These recorded values were then input to HECTR. After vessel
breach in the core-meltdown cases, a coolable debris bed
(requiring water to be present) was postulated to form in the
reactor cavity, since HECTR could not treat the carbon monox-
ide and carbon dioxide that would be produced during concrete
attack by the hot debris. The hydrogen generation rates were
determined in MARCH, but the sump temperature and the steam
generation rates were calculated in HECTR, based on the MARCH
values for heat transfer. The assumption of a wet reactor
cavity may not be valid for all accident sequences., e.g.,
TMLB'. Sequences involving dry cavities will be addressed in
future studies.

R ts

Predicted peak pressures varied from 161.7 to 905.5 kPa
(23.5 to 131.3 psia). depending on the particular accident
scenario. (The value of 9%05.5 kPa does not necessarily
represent a worst-case containment loading because ignition
limits greater than 12%, accelerated flames, and detonations
were not considered.) For most of the cases involving fail-
ure of containment sprays. the pressure was still increasing
at the end of the run. To put the peak pressures in perspec-
tive, estimated failure pressures for the type of ice-
condenser containment analyzed in this report are 350 to
5§15 kPa (51 to 75 psia) for Sequoyah,[7] and 778 to 1067 kPa
(113 to 155 psia) for Watts Bar.([8]

Prior to vessel breach, the degraded-core and core-
meltdown cases show similar behavior and sensitivities.
Hydrogen is released fairly slowly (a few kilograms per
second [a few hundred pounds per minute] or less), and the
results are governed by the common parameters discussed later
in this summary. Prior to vessel breach, many of the core-
meltdown cases are actually less severe than the degraded-
core cases. In the core-meltdown cases (no restoration of
ECC), little hydrogen is released from the primary system
until vessel breach occurs. Therefore, hydrogen burns before
the time of vessel breach (if they occur) are relatively
benign.

Most of the significant differences between degraded-core
and core-meltdown accidents occur due to the events during
and subsequent to vessel breach. The single most important
aspect of vessel breach addressed by this analysis is "he
rapid injection of steam and hydrogen into containment due to
the release from the primary system and debris quenching in
the reactor cavity. Peak hydrogen injection rates of several
tens of kilograms per second (several thousand pounds per
minute) are predicted by MARCH. The hydrogen released to
containment following vessel breach is predicted to produce

2



high peak pressures for three major reasons. First., the
large steam release rate raises the baseline or prebucn pres
sure. Second, because of the high hydrogen release rates,
the burns are fed hydrogen as they progress. Finally. enough
hydrogen is usually released to result in two or more succes-
sive burns that are close enough together in time for their
effects to be somewhat cumulative. Generally. these burns
occur ir the upper regions of containment (upper plenum and
dome)., btecause the steam released just after vessel breach
rapidly makes inert the atmosphere in the lower compartment
(if it is not already inert prior to vessel breach because of
postulated failure of the air return fans).

The possible effects of steam explosions. noncoolable
debris beds., ejection of melt from the vessel or reactor
cavity, aerosol generation and dispersal, and core-concrete
interactions are not considered in this study., but will be
considered in future Severe Accident Sequence Analysis (SASA)
work.

Much of the difference in results for different cases can
be attributed to different accident scenarios and correspond-
ingly different source terms. The source terms, which in-
fluence the location of the burns and their magnitude, can
generally be characterized by two parameters: (1) the hydro-
gen-to-steam ratio and (2) the injection rates. Low hydro-
gen-to-steam ratios tend to cause burns to occur preferen-
tially in the upper regions of containment (dome and upper
plenum of the ice condenser), because the high steam content
makes the atmosphere in the lower compartment less combusti-
ble. Rapid steam and hydrogen source injection tends to
raise the baseline or preburn pressure and produce corre-
spondingly higher burn pressures. Slow source injection
leads to a better-mixed containment prior to burning and may
lead to burns of a more global nature. In other words,
either extreme of injection rate has negative aspects.

A degraded-core case with only 35% zirconium oxidation
yields peak pressures slightly higher than those predicted
for a similar case with 75% zirconium oxidation. Intuitive-
ly. one would expect the maximum pressure rise due to combus-
tion to increase monotonically with the amount of hydrogen
released. However our calculations indicate this is not the
case for degraded-core scenarios in an ice-condenser contain-
ment. Instead there is a threshold amount of hydrogen above
which the peak pressures cease to increase (assuming the
ignitors are operating).

This finding raises questions as to the level of conser-
vatism implied by the interim hydrogen rule for ice-condenser
plants. Specifically. the rule states that these plants must
be able to withstand the effects of degraded-core scenarios
in which hydrogen from 75% zirconium oxidation is released to
containment. Results from this study indicate that the



selection of 75% oxidation provides no margin of safety in
the containment loads over that which would be produced by
only 35% oxidation (for a degraded-core scenario). More cal-
culations are needed to clearly define the relationship
between amount of zirconium oxidized and maximum pressure
rise due to combustion.

Containment sprays are essential for long-term accident
control, since only a finite amount of ice is available in
the ice condenser; without sprays, containment will eventual-
ly be breached either by leakage or by overpressure unless
the steam release is terminated. In the short term, sprays
keep the baseline pressure down prior to burns and remove
heat during and after burns. The heat removed by sprays fol-
lowing burns makes the pressure (and temperature) rises less
cumulative. The upper-bound failure pressure for Sequoyah.
515 kPa (75 psia). is not exceeded in this analysis for any
scenario in which the sprays, the recirculation fans. and the
igniters operate.

Operation of the recirculation fans Itnls to reduce the
baseline pressures by increasing the effectiveness of the ice
condenser (and therefore the melting rate of the ice). Also.
operation of the fans generally prevents sustained periods of
gteam inerting in the lower compartment. This is significant
because burns originating in the lower compartment generally
result in lower peak pressures than burns originating in the
dome or burns originating in the upper plenum and propagating
into the dome. When the fans are off, very high hydrogen
concentrations are predicted in the ice condenser, raising
the possibility of accelerated flames or local detonations.
These high hydrogen concentrations occur due to less air
entering the bottom of the ice condenser with the hydrogen
and lower flow rates through the ice condenser The treat-
ment of accelerated flames and local detonations is beyond
the scope of this report. Throughout the report, however, we
indicate those situations in which such phenomena may be

possible.

The results of varying the ignition threshold, combustion
completeness, and flame speed are fairly straightforward,
with increasing values of these parameters producing higher
pressures. High values for ignition limits and combustion
completeness produce fewer burns with more hydrogen consumed
in each burn. The specific pressure rise for a particular
case depends strongly on the initial pressure. However, we
can say that with the fans operating, burns that consume the
equivalent of 6 to 7% hydrogen either in a single, confined
compartment or on a containment-wide basis will generally not
directly threaten containment. Burns initiated at higrer
concentrations in compartments that can vent into other com-
partments may also produce relatively low pressure rises,
assuming that the amount of venting is significant over the



burn time. However, if the recirculation fans are not oper-
ating, burns ignited at 6 to 7% hydrogen could propagate into
a region such as the ice condenser, where much hicher concen-
trations may be present, leading to burns at a higher effec-
tive hydrogen concentration and possibly to accelerated
flames or local detonations.

For scenarios such as TMLB', where the ignition system
fails, we assumed arbitrary ignition limits (12% hydrogen in
most cases). In fact, ignition in these cases may be a
stochastic process, depending on available ignition sources,
and may occur at hydrogen concentrations greater or less than
12%. A better analysis of these scenarios would consider
ignition probability as a function of time during the acci-
dent.

We found the results to be relatively insensitive to the
ice-condenser modeling parameters (drain temperature and heat
transfer coefficient). Consistent results were observed for
a wide range of parameters. However, we only ecamined the
effects of these parameters for a limited set of accident
scenarios.

For those cases where high pressures are predicted, con-
tainment venting has some positive effects. A 0.75-m?
(B.1-ft?) vent was set to open in the dome at a pressure
of 273.7 kPa (39.7 psia) and to close when the pressure fell
below 239.2 kPa (34.7 psia). Compared to cases without vent-
ing, pressure reductions in the range of 10 to 20% are typi-
cal. These reductions depend on the assumed vent size and
the flame speed (burn time).

The calculations performed here do not show large bene-
fits from partial oxygen depletion and in some cases show
negative effects. However, these results are due to the par-
ticular accident scenarios considered and to modelirc limita-
tions. Partial oxygen depletion limits the total amouit of
hydrogen that can be burned. Generally, the combustion of
hydrogen from 100% zirconium oxidation will render the con-
tainment inert due to depletion of oxygen below the requisite
minimum concentration (nominally 5%). rartiai oxygen deple-
tion will render the containment inert well befcre the hydro-
gen from 100% zirconium oxidation is consumed. During core-
meltdown accidents, significant amounts of carbon monoxide
may be produced before the oxygen inerting of the containment
atmosphere occurs. Limiting the amount of carbon monoxide
burned is important since it has a higher ignition limit and
heat of reaction than hydrogen, and thus, could produce
higher pressure rises. Also, note that none of the present
analyses treat possible decreases in flame speed and combus-
tion completeness due to decreased oxygen content, either as
a result of an initially depleted atmosphere or of an atmos
phere that becomes oxygen depleted as a result of repeated
burning.



Based on our HECTR results, a glow-plug igniter system is
beneficial for many degraded-core and core-meltdown accident
scenarios involving the release of hydrogen. Pressure rises
due to deflagrations will almost certainly be decreased from
those that might be obtained from random combustion with no
igniters present. The two most important considerations
appear to be (1) whether the igniters are operating and
(2) whether the fans are operating. A deliberate-ignition
system of the type installed at Sequoyah is not available for
all accident sequences (in our analyses the system is avail-
able for all of the degraded-core sequences and some of the
core-meltdown sequences). For example, the igniters at
Sequoyah and elsewhere are ac-powered. To reduce the risk
due to accidents involving total loss of ac power, dc power
to the ignitere would be required. Also, for Sequoyah, no
igniters are located in the ice regions or lower plenum
(igniters are contained in all other major compartments). As
a result, in accidents involving recirculation fan failure,
high hydrogen concentrations can accumulate in the ice
regions. The potential for accelerated flames or local
detonations during such accidents could be reduced by instal-
ling a limited number of igniters in the ice regions. These
igniters would probably not need to be activated if the
recirculation fans are operating. Future development of a
passive igniter system could alleviate many of the concerns
regarding loss-of -power accidents.

Although ice-condenser containments are all similar in
configuration, our calculations are for a specific ice-
condenser coatainment design (Sequoyah--Watts Bar), and cau-
tion should be exercised in extending the results to other
plants. Also, our calculations do not address the possibili-
ty of continuous burning due to stable diffusion flames or
jets, or the possibility of equipment failures as a result of
combustion events. Future considerations of these possibili-
ties might alter the perceived benefits of deliberate igni-
tion. For example, diffusion flames would be beneficial in
that low pressure rises would be produced: however. high gas
temperatures would be produced that might fail adjacent
equipment.

Future Work

It is beyond the scope of this report to attempt to
resolve several issues regarding hydrogen combustion in
ice-condenser containments. These issues are:

e The potential for accelerated flames or local detona-
tions in or near the ice condenser

e The effects of additional combustible (and noncon-
densable) gas generation from steel-steam reactions
and molten-core/councrete interactions



e The likelihood and effects of stable diffusion fiames
either near the hydrogen release point, in the ice
condenser, or near the fan exits

e The response of safety-related equipment to combus-
tion (particularly if diffusion flames are present)

e Ignition in accidents in which the igniter systems
may fail (either with or without ac power working)

e The relationship between maximum peak pressures and
amount of zirconium oxidized for degraded-core
scenarios

Work is in r _ogress in various Nuclear Regulatory Commis-
sion (NRC) projrams which will address most of the above
issues. The potential for accelerated flames or detonations
in the ice condenser will be addressed experimentally at
Sandia (Hydrogen Behavior Program). HECTR is now being modi-
fied to address combustion in the presence of the carbon
monoxide and carbon dioxide formed during core-concrete
interactions (Hydrogen Behavior Program). Experiments are in
progress to address diffusion flames, and models are being
developed for future incorporation into HECTR (Hydrogen
Behavior and Hydrogen Mitigation Programs). Equipment
survival will be addressed in a subsequent report, using
boundary conditions obtained from the analyses dercribed in
this report (Hydrogen Burn Survival Program). The feasibili-
ty of passive igniters that would function during an accident
involving the total loss of ac power is also being studied at
Sandia (Hydrogen Mitigation Program). A follow-on study is
planned (Severe Accident Sequence Analysis Program) to more
clearly define the relationship between the maximum pressure
rise in containment and the amount of zirconium oxidized in
degraded -core scenarios.
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1. INTRODUCTION

Since the accident at Three Mile Island Unit 2, many questi
ons have been raised regarding the potential for and conse-
quences of hydrogen combustion during nuclear reactor acci-
dents. Nuclear reactors with small and intermediate-sized
containments have received particular attention because of
the potential ‘or high hydrogen concentrations in containment
during degraded-core or core-meltdown accidents. Also, some
of these containments have lower failure pressures than the
large, dry pressurized-water reactor (PWR) containments.

The smallest containments, Mark 1 and Mark II boiling-
water reactor (BWR) containments, have been nitrogen-inerted
to preclude hydrogen combusticn. Therefore., most recent
research has been directed toward the intermediate -size Mark
III BWR and ice-condenser PWR containments. Current utility
planning calls for these conta.nments to be equipped with
deliberate ignition systems in order to burn the hydrogen
before dangerous concentrations are reached. The main pur-
pose of this report is to examine the containment pressure-
temperature response for a number of hypothesized severe
accidents in an ice-condenser containment such as Sequoyah.

Sandia National Laboratories is participating in several
NRC-sponsored programs to study severe accident phenomenolo-
gy. Part of that effort involves the combined use of the
computer codes MARCH and HECTR to examine hydrogen behavior
during severe accidents. MARCH is used to model the primary
system and provide hydrogen and water source terms to con-
tainment. HECTR is used to model the containment pressure-
temperature response. The application of these codes to a
plant with an ice-condenser containment is described in this
report. This work is the first major application of HECTR to
an ice-condenser containment. HECTR, which was designed
specifically for accidents involving hydcogen combustion,
compares favorably with other containment codes that were
used previously in similar analyses and is considerably
faster running. The combined use of MARCH and HECTR repre-
sents a significant advancement in the capability to model
ice-condenser containments.

It is not the purpose of this report to examine the
probability that particular accidents will occur or to deter-
mine the radiological consequences of such accidents. How-
ever, as discussed in Chapter 2, we have attempted to examine
accident scenarios that have been identified by other analy-
ses as major contributors to risk. The analyses presented in
this report reflect use of the best analytical tools current-
ly available to us, but significant uncertainties still
remain in many key parameters. We will discuss these para-
meters and the associated uncertainties throughout the
remainder of the report. Chapter 2 presents the case



descriptions as well as a description of the ice-condenser
containment. Chapter 3 describes the MARCH runs made to
generate hydrogen and water source terms for HECTR. Chapter
4 presents the HECTR analysis of the containment atmosphere

pressure-temperature response, and Chapter 5 presents our
conclusions.
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2. CONTAINMENT AND CASE DESCRIPTIONS

2.1 Ice-Condenser Containment Description

Sequoyah was used as the reference plant for the analyses
presented in this report:; however, comparable containment
pressure-temperature responses would be predicted for similar
ice-condenser plants, such as Watts Bar Sequoyah has a
four-loop Westinghouse nuclear steam supply system rated at
3423 MW, and has an ice-condenser containment with &
deliberate-ignition system.

The general arrangement of an ice-condenser containment
is shown in Figure 2-1. The total free volume of an ice-
condenser containment is approximately 40 000 m?

(1.4 x 10®* ft?*): 10 000 m® (3.5 x 10% ft?*) in the lower com-
partment, 7000 m*® (2.5 x 10% ft?) in the ice condenser, and
23 000 m* (8.1 x 10% ft?) in the aome or upper compartment.
This is roughly half the free volume of a typical large, dry
PWR containment. The reactor coolant system is located in
the lower compartment. During an accident, pressurization
due to blowdown from the reactor coolant system causes the
ice-condenser doors to open and gases to flow from the lower
compartment through the ice condenser to the dome. As the
gases flow through the ice regions, they are cooled and steam
is condensed, thereby limiting containment pressurization.

The ice condenser is essentially a cold storage roonm
shaped in tne form of a "C" made up of 300 degrees of arc
with a 16-m (52-ft) inside radius and a 20-m (66-ft) outside
radius. The ice condenser is approximately 24 m (79 ft)
tall. It consists of three basic regions, the lower plenum,
the ice region, and the upper plenum. The lower-plenum doors
are normally closed. They open upon slight pressurization in
the lower compartment, allowing gases to flow through the
lower plenum and up into the ice regions. The lower-plenum
doors are designed to reclose to block any downward gas flow
through the ice condenser. The ice region contains perforat-
ed metal tubes or "baskets"” which are filled with ice. Flow
out of the ice region is to the upper plenum via the inter-
mediate-deck doors. These doors are normally closed under
the force of gravity. They open upon slight pressucization
from below to permit upward flow, but, like the lower-plenum
doors, the intermediate-deck doors are intended to close to
block any downward gas flow through the ice condenser. There
is some question as to whether these doors will reclose to
their original poeition under all circumstances. Our analy-
ses assume that the doors do reclose to block downward flow.
Lightweight top-deck doors are located at the top of the
ice-condenser upper plenum. These doors would be expected to
be open early (perhaps being thrown clear) and remain open.
Thus, they are not modeled in this analysis.
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Figure 2-1. Simplified Diagram of Ice-Condenser Containment
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Two recirculation fans return air from the dome to the lower
cempartment and reduce the postaccident concentration of
hydrogen in stagnant areas. Each fan is supplied with its
own separate duct system and dampers. When the air return or
recirculation fans are operating, they continually draw gases
from the dome and from dead-ended regions in the containment
where there is potential for the accumulation of hydrogen.
These spaces are the four steam-generator enclosures. the
pressurizer enclosure, the four accumulator spaces, and the
instrument room. The recirculation fans exhauet into the
lower compartment through the annular equipment areas and
ports provided for pressuvre equalization. The fans maintain
forced circulation from the lower compartment through the ice
condenser to the dome. Both fans are actuated upon a high
containment-pressure signal (typically 122 kPa or 17.7 psia).
but only after a delay time (typically 10 minutes).

Because there is a limited supply of ice in the ice
condenser (1.11 x 10® kg or 2.45 x 10* 1b), at late times
in many accidents all of the ice will have melted, and steam
from the lower compartment will not be condensed in the ice
condenser, but rather will flow into the dome. In order to
prevent this steam from building up in containment and lead-
ing to high containment atmospheric pressures, a containment
spray system is provided for long-term containment heat
removal. This system sprays water droplets into containment
at the top of the dome. The droplets fall through the gases
in the dome and condense steam. Any droplets and condensate
which fall to the floor will drain to the lowest portion of
the dome compartment, the refueling canal. Two drains in the
bottom of the refueling canal allow the water to drain into
the recirculation sump located in the lower compartment.

In Attachment 3 of Reference 9, a connection is identi-
fied between the lower and upper compartments, allowing a
small amount of flow to bypass the ice condenser. It is
indicated that this flow is through the drains identified
above. Based on Reference 9, we assumed that flow through
the drains was possible, but that flow would be precluded in
certain situations, For example, when the sprays are operat-
ing, the refueling canal will fill up with water to some
steady-state depth (rough calculations indicate 1.3 m or
4.3 ft) such that the flow through the drains roughly matches
the flow rate of the sprays. Also, for any accident in which
the inventory of the refueling water storage tank (RWST) is
injected into containment, the water level in the lower com-
partment will rise above the level of these drains. Thus,
gas flow through these drains is precluded early in most
accidents.

The spray system has two modes of operation, the injec-
tion mode and the recirculation mode. In the injection mode,
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the system draws the spray water from the RWST, which is
located outside of the containment. This water is pumped
into containment by the spray system pumps and through the
spray headers. In the recirculation mode, water is drawn
from the recirculation sump in the lower compartment and
cooled by a recirculation heat exchanger before being rein-
jected into the dome via the spray headers.

Since hydrogen combustion has been identified as a con-
cern for ice-condenser containments, deliberate-ignition sys-
tems have been proposed and in most cases (including Sequoyah)
installed to mitigate the effects of hydrogen combustion.
Typically, these systems consist of igniters that are located
in the upper plenum of the ice condenser, the dome, and the
lower compartment. The igniters are installed to cause igni-
tion early. before hydrogen accumulates to a level which
could threaten integrity. These systems are ac-powered and
are activated manually by the operator.

2.2 Case Descriptions

Sixteen different basic accident scenarios were analyzed
with MARCH to provide containment water and hydrogen source
terms for HECTR. Fifty-trree different cases were evaluated
using HECTR. These cases are described in Table 2-1. Each
of the cases at the top of Table 2-1 required a separate
MARCH run (A.00, B.00O, etc.). Variations on these cases
which involved changes in the HECTR input only (cases A.Ol.
A.02, ..., C.01, D.Ol1, etc.) are listed in the second block

of Table 2-1.

Column 2 of Table 2-1 indicates the accident scenario
leading to core degradation or core meltdown for each case.
These accident scenarios are denoted using the event nomen-
clature of the probabilistic risk assessment (PRA) which was
performed for Sequoyah #1 in the Reactor Safety Study Method-
ology Applications Program (RSSMAP).[10] This event nomen-
clature is summarized in Table 2-2.

In selecting accident scenarios for analysis, we con-
sidered the accident sequences which the RSSMAP Sequoyah PRA
identified as dominant contributors to the most severe
release categories: $S,D-y, S$,D-y., S,H-a, S,H-y. S,HF-Y,
S,HF-§, S,HF-c¢, TML-Yy., and V. For this report we investigated
only containment failure due to overpressurization as a result
of combustion or the accumulation of gases (containment fail-
ure modes y and §). In this context, the S,H-a, S,HF-c,
and V sequences are not relevant because they involve con-
tainment failure due to an in-vessel steam explosion. basemat
meltthrough, and containment bypass., respectively.
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Table 2-1

Case Descriptions*
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Notes for Table 2-1

Small-break LOCAs (S, sequences) are
2-inch diameter breaks; intermediate-break
LOCAs (S, sequences) are 6-inch breaks.

Except as otherwise noted, default values
for the ice-condenser heat-transfer coef-
ficient, extent of combustion, and flame
speed were used in all cases. See Appen-
dix A for details.

Spray trains operated in injection mode bdut
failed in recirculation mode.

Spray and fan functions were recovered when
power was restored.

A surface heat-transfer coefficlient equal
to five times the default value was used.

An extent-of-combustion equal to 0.75 times
that predicted by the default correlation
was used.

A flame speed equal to three times that pre-
dicted by the default correlation was used.

A flame speed equal to one-third that pre-
dicted by the default correlation was used.

Upper-plenum ignition was suppressed.

Oxygen depletion to an initial mole frac-
tion of 14% was assumed.

The ice-condenser doors were removed.

An extent-of-combustion of 85%, a flame
speed of 1.8 m/s (6 ft/s), and no propaga-
tion into the ice condenser were used in a
comparison to the CLASIX base case.

An extent-of-combustion of 85% and a flame
speed of 1.8 m/s (6 ft/s) were used in a
compar ison to COMPARE.

An ice-condenser heat-transfer coefficient
equal to one-fifth that predicted by the
default correlation was used.

An ice-condenser heat-transfer coefficient

equal to five times that predicted by the
default correlation was used.
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Table 2-2

Event Nomenclature [10]

Symbol Meaning

B Failure of both onsite and offsite electrical power

B’ Failure to recover either onsite or offsite electrical
power within about 1 to 3 hours following an initi-
ating event

c Failure of containment spray injection

D Failure of emergency coolant injection

F Failure of containment spray recirculation

H Failure of emergency coolant recirculation

L Failure to maintain inventory in the steam generators
and transfer heat to the environment using the power
conversion system and secondary steam relief

M Failure to maintain inventory in the steam generators
and transfer heat to the environment using the auxi-
liary feedwater system and secondary steam relief

S, Small (2-inch to 6-inch diameter) break in reactor
coolant system pressure boundary

S, Small (1/2-inch to 2-inch diameter) break in reactor
coolant system pressure boundary

: 3 Transient event

U Failure of the chemical and volume control system in
the high pressure injection mode (feed and bleed)

v Failure of the check valves which isolate the low-
pressure injection system in the auxiliary building
from the reactor coolant system which operates at
high pressure within containment

a Containment rupture due to an in-vessel steam
explosion

Y Containment failure due to hydrogen burning

) Containment failure due to overpressure

Containment failure due to basemat meltthrough

17



Recent results from the generic ASEP indicate that primary
system "feed and bleed"” cocling could prevent the total loss-
of-feedwater (TML) scenarios from leading to core meltdown.([1]
Consequently, we only considered loss-of-feedwater scenarios
which also involved loss of “feed and bleed" capability,
namely. the TMLU, TMLB', and TMLB scenarios. ASEP results
also suggest that, for loss-of-coolant accidents (LOCAs) ini-
tiated by sufficiently small breaks, if ECC systems function
in the injection mode, the operators would probably have suf-
ficient time to depressurize the primary system., thereby pre-
cluding the need to switch over to ECC recirculation from the
containment sump. For this reason, we analyzed S, H and

S,HF scenarios but not S,H and S,HF scenarios.

As will be discussed in Chapter 3, the coupling between
MARCH and HECTR becomes more complicated when vessel breach
occurs. Consequently, many of the results presented herein
are for degraded-core scenarios. In these degraded-core
scenarios, ECC was assumed to be restored in time to arrest
zirconium oxidation and prevent core slumping. In most of
the degraded-core scenarios, the ECC restoration time was
selected to yield 75% zirconium oxidation, in accordance with
the NRC's interim hydrogen rule. However, this resulted in
what we feel are unrealistically high predictions of frac-
tions of the core that are molten during core quenching.
Therefore, some degraded-core cases were run with smaller
amounts of zirconium oxidation. Further discussion of this
topic is contained in Chapter 3.

The degraded-core scenarios are indicated by a "yes" in
the "Restore ECC" column in Table 2-1. In contrast, a "no"
in the "Restore ECC" columr of Table 2-1 indicates a core-
meltdown* scenario. The "Extent Oxid." column in Table 2-1
indicates that for some core-meltdown scenarios we specified
100% oxidation of zirconium, whereas for other cases we
selected MARCH input parameters which would tend to minimize
predicted zirconium oxidation.

*The term "core-meltdown" is used throughout this report to
describe accident scenarios which involve complete core
meltdown and vessel bhreach. In the "degraded-core" sce- ‘
narios some core melting can occur but would be arrested
before the core slumps into the lower plenum. {

|
\
|
|
\
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The cases summarized in Table 2-1 were chosen not only to
include scenarios that are significant contributors to risk
but also to examine the major uncertainties that could affect
the containment pressure-temperature responses for these sce-
narios. It was felt from the outset that the HECTR results
would be sensitive to:

1. Hydrogen &nd water source terms
2. Spray and fan operation

3. Ignition and propagation criteria
4. Combustion completeness

5. Flame speed

6. Heat transfer coefficients

7. Ice-condenser drain temperature
8. Compartmentalization

As indicated in Table 2-1, all of these factors with the
exception of compartmentalization are examined in this study.
In addition, we examined the potential benefits of adding a
containment vent in some of the core-meltdown scenarios.
Bases for the combustion and heat-transfer values indicated
in Table 2-1 for items 3 through 7 above are¢ discussed in
Chapter 4 and Appendix A. Compartmentalization is not as
critical here as it might be for other containments, because
the flow, and therefore mixing patterns, are well established
when the recirculation fans are operating. Future efforts
might consider the effects of asymmetric flow through the ice
condenser leading to higher steam concentrations in the dome
if local regions of the ice are melted. Additionally,., for
cases where the fans are not operating, natural convective
loops within snd above the ice condenser may be of impor-
tance, requiring significant refinement of the compartmental -
ization used here.
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3. GENERATION OF WATER AND HYDROGEiI: SOURCE TERMS

3.1 MARCH

MARCH (Meltdown Accident Response CHaracteristics) is a
fast-running computer code that was written for analyzing the
thermal-hydraulic response of a nuclear power plant during
hypothetical accident situations.(2] While many shortcomings
of the code have been identified,[11) MARCH is still the only
publicly available code which will treat the whole accident
scenario from accident initiation through containment fail-
ure. However, MARCH has some limitations when attempting to
predict containment loads produced during combustion events
in an ice-condenser containment. Namely, MARCH is limited to
a two-compartment nodalization for an ice-condenser contain-
ment and uses an intercompartmental flcw model based on pres-
sure equilibration. Also, the effects of sprays during a
combustion event are modeled poorly in MARCH, and the ice-
condenser model is very nonmechanistic and user-input-
specific. Therefore, MARCH was used in this analysis only to
model the primary system and to calculate sources of both
hydrogen and water (here water refers to both the liquid and
gaseous phases) which would be released into containment dur-
ing hypothetical accident scenarios. Note that the MARCH
primary system model is limited to a single volume, and any
hydrogen production is from the oxidation of zirconium only.
No steel oxidation is taken into account: thus, the amount of
hydrogen production may be underestimated in some cases.
However, for cases where most of the zirconium is oxidized,
the hydrogen produced is sufficient to consume most of the
oxygen in containment. Therefore, additional hydrogen prod-
uction is of minimal importance for those cases.

The latest publicly released version of MARCH (version
1.1) was used with certain modifications that have been
implemented at Sandia National Laboratories.[3] The modifi-
cations relevant to this analysis are the addition of models
for axial and radial radiative heat transfer within the core,
a different model for in-vessel flashing of water. and the
use of the latest standardized decay heat formulation.[12]
These models have an effect upon the in-vessel steam and
hydrogen generation rates and hence upon the source terms to
containment. The reader should see Reference 3 for more
details regarding these models.

The source terms through the time of vessel failure were
generated for HECTR by recording the rates of water and
hydrogen releases to containment (as calculated by MARCH)
each MARCH time step. These recorded values were then input
to HECTR, as discussed in Chapter 4. In the core-meltdown
cases., the source rates at the time of vessel failure are
somewhat arbitrary due to the way MARCH treats this aspect of
the accident. When the vessel fails, MARCH calculates the
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source rate of hydrogen and water such that all of the prima-
ry system inventory is released to containment uniformly over
the preceding time step. Thus., some very large flow rates
are predicted at vessel breach if the previous MARCH time
step is small. However, the total amount of material
released is independent of the time step.

After vessel breach, a coolable debris bed was postulated
to form in the reactor cavity, because HECTR could not treat
the carbon monoxide and carbon dioxide that would be produced
during concrete attack by the hot debris. During this period
of the scenario, the heat transfer from the debris to the
water in the reactor cavity, along with the hydrogen genera-
tion rate, were calculated with subroutine HOTDROP in MARCH
and recorded each MARCH time step. Several different
debris-bed models are available to the user in HOTDROP. 1In
the one selected for this analysis, the debris is assumed to
fragment into user-specified uniform diameter spheres that
quench to a quasi-steady temperature. After quenching, heat
is transferred from the debris at a quasisteady rate as
determined by the decay heat associated with the debris.

This would continue until all of the water in the reactor
cavity is vaporized. (None of the calculations in this

report were run to the point of reactor cavity dryout.) A
sump model in HECTR (see Appendix A) then used this data to
calculate steam and hydrogen source terms that were consistent
with the HECTR-predicted sump temperature and containment
atmospheric pressure.

3.2 Degraded-Core Cases

In the degraded-core scenarios it is postulated that ECC
is unavailable for a period of time long enough to allow
significant zirconium oxidation., but short enough so that
core damage can be arrested when ECC is restored. When ECC
fails, the core is uncovered, and decay heat within the fuel
begins to heat the core. When ECC is restored., the water
quenches the hot core. Steam produced in this process reacts
with zirconium to produce hydrogen. Although ECC is restored
soon enough to quench the core and terminate the accident
without breach of the reactor vessel, significant amounts of
hydrogen are still produced and released to the containment
atmosphere. Break elevations are shown on the plots of the
primary system liquid level accompanying each case.

MARCH does not provide the option of specifying the
amount of zirconium oxidation in this type of scenario.
Therefore, the criterion for zirconium oxidation in the
degraded-core scenarios was met by making multiple runs and
adjusting the time for ECC restoration. The predicted extent
of oxidation was found to be very sensitive to the time for
ECC restoration. For the cases with high primary systenm
pressure, the source terms are also somewhat dependent upon
the ECC pump performance relationship that is built into

21



MARCH. since the set-point for the relief valves on the
primary system is very near the shutoff head for the pumps.
Also. as shown later, it was necessary to allow very large
fractions of the core to be molten without core slump in
those cases which called for 75% zirconium oxidation.
Because the fractions of core molten before slump seemed
unreasonable, two additional degraded-core cases were run in
which approximately 35% of the zirconium was oxidized. These
cases resulted in predicted peak fractions of core molten
that seemed more reasonable. This does not mean that we
necessarily endorse the latter cases as being more likely
than the others. because the fraction of core melted is
dependent upon the MARCH models. In other words, more
realistic modeling might allow more or less zirconium
oxidation for the same fractions of the core melted.

The MARCH input decks for each of the degraded-core cases
are listed in Appendix B. The times of occurrence of key
events in each of the cases are summarized in Table 3-1.

Each of the degraded-core cases is then described separately.
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Table 3-1

Times of Occurrence of Important Events for Degraded-Core Cases (s)

Cases
A B F G "1 L M
ECC off 0 0 0 0 1350 0 0
Break uncovered 1800 1800 300- 300- 300- (5460) (5460)
(or relief 1920 1920 1800
valves opened)
Core uncovered 2160 2160 780- 780~ 2160 8340 8280
2400 2400
Core melt started 3444 3894 3402 3246 3126 9240 9216
ECC restored 2352 2328 3582 3396 3228 8520 84€0
Core covered 13320 10980 7260 4800 6720 14160 15120

*Not available from Reference 9.



3.2.1 "A" Cases - S,D Degraded-Core, 75% Zirconium
Oxidation

Case A.00 represents a 0.05-m (2-in) diameter LOCA
(s,D). In this case, ECC is assumed to fail at the
beginning of the scenario but is restored in time to arrest
core degradation with a total of 75% of the zirconium

oxidized.

The liquid level in the primary system is plotted in
Figure 3-1. The break elevation and the active core region
are indicated on the figure for reference. The times at
which the break and top of the core are uncovered are impor-
tant in terms of the behavior of the water and hydrogen
gsources. Figure 3-2 shows the fractions of the core that is
molten and of the zirconium that has oxidized versus time.
Notice that both of these fractions are zero until after the
liquid level has fallen below the top of the core. It can be
geen in Figure 3-2 that later in time, after the liquid level
rises back above the core, the core is quenched and the
oxidation reaction has stopped.
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Figures 3-3 and 3-4 show the calculated water and hydro-
gen source terms, respectively. The sharp drop in the water
source term is due to the liquid level in the primary system
falling below the pipe-break elevation. The blowdown then
changes from liquid to vapor (MARCH models the break flow as
a single phase and hence the sharp drop rather than a smooth
transition). The time at which the core is uncovered is
noted on the figures. After this time, the core starts heat-
ing up to temperatures required to initiate the oxidation
reaction (1300 K or 1880°F), and the hydrogen source term
starts increasing from zero.

After ECC is restored, the hydiogen production rate
increases because more steam is available. This hydrogen
production continues until the rising liquid level lowers the
core temperature enough to quench the oxidation reaction.

All of the hydrogen released for this case is produced
between the time of ECC restoration and the completion of
core quenching. After this time the water source term takes
on quasi-steady characteristics determined by tne decay heat
of the core and the state of the primary system.
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3.2.2 "B" Cases - S,D Degraded-Core, 35% Zirconium
Oxidation

Case B.00 represents the same accident scenario as case
A.00 except for the extent of zirconium oxidation. 1In this
case ECC restoration was assumed such that only 35% of the
zirconium was predicted to oxidize. The MARCH predicted pri-
mary system liquid level is shown in Figure 3-5. It is simi-
lar in nature to the predicted liquid level for case A.00.
However, since ECC was restored earlier. the liquid level
does not fall as low in case B.00 as in case A.00, the core
remains uncovered for a shorter time, and less zirconium is
oxidized. The fractions of core melted and zirconium oxi-
dized are shown in Figure 3-6.
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The water and hydrogen source terms from the primary sys-
tem are shown in Figures 3-7 and 3-8, respectively. The
water source term is nearly identical to that for case A.00.
However, a comparison between Figures 3-4 and 3-8 reveals
that the peak hydrogen injection rate for case B.00 is
approximately half of that for case A.00.
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3.2.3 "C" Cases - S,D Degraded-Core, 75% Oxidation

The source terms for case C.00 were taken from a report
of a previous analysis of an ice-condenser plant.[9] The
water and hydrogen source terms used 'n that analysis are
shown in Figures 3-9 and 3-10, respectively. The report
indicates that these sources were based upon MARCH analyses
of a 0.05-m (2-in) diameter LOCA (S,D) as is case A.00 of
this analysis. However, a detailed look at Reference 9
reveals that these sources are actually based upon a previous
MARCH analysis of an S,D scenario which proceeds through
core-meltdown rather than a degraded core scenario.[13]
Apparently no account was given in these source terms for the
additional amount of steam generation that would be associ-
ated with the core quenching process in a degraded-core
scenario. Comparing the two cases (A.00 and C.00) over the
period when most of the hydrogen is released reveals that the
ratio of hydrogen to water source rates in case A.00 is about
a factor of two lower than in case C.00. Also note that the
ma jor release of hydrogen in case A.00 occurs over a time
interval twice that of case C.00. The implications of these
source term differences will be discussed in Chapter 4.
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3.2.4 "F" Cases - S,D Degraded-Core, 75% Zirconium
Oxidation

Case F.00 represents a 0.15-m (6-in) diameter LOCA
($,D) with failure of ECC in the injection mode. In
early attempts to model this sequence, it was found that the
75% oxidation criterion could not be met if all the ECC pumps
were turned on when ECC was restored. Upon ECC restoration
(te avoid core slump and arrest the accident), the primary
system pressure was low enough and correspondingly the ECC
flow rate high enough so that the core was quenched with less
than "5% oxidation. Thus, in this case, only the high head
pumps were turned on when ECC was restored. This resulted in
lower flow rates upon ECC restoration, and the oxidation
criterion was achievable. Determining whether 75% oxidation
is reasonable for this scenario will require more sophisti-
cated modeling than MARCH can provide.

Similar behavior is observed in this case and in case
A.00. The liquid level in the primary system is shown in
Figure 3-11. The fractions of core melted and zirconium
oxidized are shown in Figure 3-12. The source rates of water
and hydrogen are shown in Figures 3-13 and 3-14, respective-
ly. The important difference between this case and case A.00
is the larger source rates to containment. This is due to
the larger diameter pipe break in case F.00. The erratic
behavior of the liquid level after 7800 s is due to the
inability of MARCH to model two-phase flow out the break.

The break flow must be either all liquid or all steam in
MARCH. Thus. the ligquid level oscillates about the break
elevation, with liquid and steam alternately flowing out the
break. The plot is above the break elevation in Figure 3-11
because the swelled liquid level is shown.

34



‘rvv'tvvlvrr11rfr711Tfrﬁjvvilrv

= = BREAK ELEVATION

25

15 b4 -

‘o 4
Restore ECC

MARCH LIQUID LEVEL (m)
|
»
o

MARCH LIQUID LEVEL (ft)

vi.“ ——————————————— -
S das il aa st tadadas sty ot ope
Time (s)

Figure 3-11. Primary System Liquid Level for "F" Cases

0.9 LANL A B SN B B A LA R N NN AN B A S A SN BN BN AN SN LN N A NN
CORE MELTED

08 - “ 44444 ZRCONIUM OXIDIZED |
07 |- g =
0.0 . p—
=
g 0.5 |- -
€
< Rea
P~ 0.4 4
w
03 - -
\
02— - |
\
0.1}— e |

00 AAlllL.'JllAAlALA PR T R N U e
0 2000 4000 6000 8000 10000 12000 14009

Time (s)

Figure 3-12. Fractions of Core Melted and Zirconium Oxidized
for "F" Cases

35

R N



, T T T 5 i T

1an-L + 180000

-

1100 4 + 150000

-+ 140000
o ey Taumaag
g ooo1-2 1120000 3
® lOO«r “""ms
K <+ 100000 ©
T 700 =
§ 190000 o
800 -+ + 80000 5
é 500 4 1 70000 g
160000 &

3 400 4

< 180000
2 3004 : 440000 ®
2004 §'8 430000 3

5 5 + 20000

' -+ 10000

0 L]

: a4 T A4 | T o
0 1000 2000 3000 4000 5000 6000 7000 8000
Time(s)

Figure 3-13. Water Source to Containment for "F" Cases

A A 4 Ll — v A\ ¥
@ ! + 300 fg
3 3
x o
~ 204
" 5
. 2
[+ 4 . o
P «
§ * 4200 @
- -
- g $
s -
£ i g
104 .5
-
-
a b + 100 §
> -
b 4 L - =
' H z
- |
¢ 5
O ! N N ¥ W
0 1000 2000 3000 4000 5000 6000 7000 8000

Time (s)
Figure 3-14. Hydrogen Source to Containment for “"F" Cases

37



3.2.5 "G" Cases - S,D Degraded-Core, 37% Zirconium
Oxidation

Case G.00 is identical to case F.00 except for the amount
of zirconium oxidation. This case was run as part of a
limited parametric analysis to investigate the sensitivity of
the results to the assumptions regarding zirconium oxida-
tion. The MARCH-predicted ligquid level in the primary system
is shown in Figure 3-15. The liquid level behavior is nearly
.dentical for cases F.00 and G.00, because both cases model
the same initiating accident sequence. The slight differ-
ences are due to the different times for restoration of ECC,
which forces the liquid level to rise sooner in case G.00.
This limits the time during which the core is uncovered in
case G.00 to less chan that in case F.00. Thus, the fraction
of zirconium is limited to 37% for case G.00, as can be seen
in Figure 3-16.

The water and hydrogen source terms for case G.00 are
shown in Figures 3-17 and 3-18, respectively. The water
gsource term is nearly identical for cases G.00 and F.00,
because both cases model scenarios which are initiated by the
gsame accident sequence. However, major differences exist
between the hydrogen injection rate for the two cases. This
is due to the differences in the amount of zirconium oxida-

tion.
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3.2.6 "H" Cases - S, H Degraded-Core, 75% Zirconium
Oxidation

Case H.00 represents a 0.15-m (6-in) diameter LOCA with
failure of ECC in the recirculation mode (S,H). The
liquid level ir the primary system is shown in Figure 3-19.
The fractions of core melted and zirconium oxidized are shown
in Figure 3-20. The source rates of water and hydrogen are
shown Figures 3-21 and 3-22, respectively.

The general behavior in this case is very similar to that
in case F.00. However, everytning is shifted to later times
since the core does not become uncovered until the switch of
ECC from injection to recirculation occurs. The problem of
oscillating liquid level acrcss the break., as discussed in
the case F.00 description above, occurs early in this case
while ECC is functioning. This is what causes the "noisy"
behavior in the liquid level and water source rate. This
behavior should only minimally affect the final results
because it ceases well before any hydrogen is released to
containment; however, the timing of events may be affected.
Pure steam is injected into containment for about 1500 s
before hydrogen injection begins (see Figures 3-21 and 3-22).

3.2.7 "I" Cases - S,HF Degraded-Core, 75% Zirconium
Oxidation

This case represents a 0.15-m (6-in) diameter LOCA with
failure of both ECC and containment sprays upon switch-over
from injection to recirculation (S,HF). Since the
switch-over from injection to recirculation occurs earlier
for ECC than for the sprays. failure of ECC occurs before
failure of the sprays. Also, pressure feedback from contain-
ment has negligible impact on the primary system response.
This mears that the primary system response is no different
for this case than for case H.00. Thus, the source terms for
this scenario are no different than for case H.00, and the
same source terms were used for both cases.
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3.2.8 "L" Cases - TMLU Degraded-Core, 75% Zirconium Oxidation

This case represents a transient-initiated degraded-core
scenario with loss of all feedwater capability and failure of
ECC (TMLU). Power is assumed to be restored at an appropri-
ate time to meet the 75% oxidation criterion. The plot of
liquid level is shown in Figure 3-23. The fractions of core
melted and zirconium oxidized are shown in Figure 3-24.
Notice the slow oscillatory behavior in the liquid level
between 9000 and 15000 s. For reasons that are not clear,
this behavior is predicted with MARCH whenever an attempt is
made to quench the core while the pressure in the primary
system is near the shutoff head for the high head pumps. In
this case. when ECC is restored, slow oscillations start in
the primary system pressure which cause oscillations in the
ECC flow rate. It is suspected that this is not physically
realistic due to the time scales involved but rather ies a
peculiarity of the MARCH code.

The source rates of water and hydrogen are shown in
Figures 3-25 and 3-26, respectively. Notice that the oscil-
latory behavior shows up quite clearly in the source of water
to containment. but that it is masked somewhat in the case of
the hydrocgen source term since the oxidation rate varies over
the time period as well.
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3.2.9 "M" Cases - TMLB Degraded-Core, 75% Zircorium Oxidation

Case M.00 represents a transient-initiated degraded-core
scenario with loss of all feedwater capability and loss of
offsite power (TMLB). With regard to the source terms, there
was only a minor difference between this case and the
previous one. That is, the sprays did not operate in this
case until power was restored, and the RWST remained full.
This means that when ECC was initially turned on, 1t operated
in the injection mode. 1In case L.00 the sprays operated con-
tinually from the beginning of the accident, depleting the
RWST. so that when ECC was restored, it was in the recircula-
tion mode. This made a difference in the temperature of the
ECC water that was being injected into the primary system and
gave rise to the minor differences that can be observed in
the source terms.

Figure 3-27 illustrates the liguid level in the primary
system for this case. The fractions of core melted and
zirconium oxidized are shown in Figure 3-28. The long-term
oscillations in these two figures are again due to peculiari-
ties of the MARCH code as presented in the L.00 case discus-
sion. The source terms of water and hydrogen are found in
Figures 3-29 and 3-30, respectively. The similarity between
these source terms and those shown for case L.00 can be seen

by comparing to Figures 3-25 and 3-26.

50



35 : L | l 38 A l s ' T 0 W l LS ' i s r' i [ i ' Trn " & i g ' f 120
30 \" ™~ saTumaTION REACHED W 4 100
2 PRIMARY SYSTEM <
~ A
-4 25 e @
g - 80 S
w 4
< 2
o) o)
35 -1 60 5
O s |- o
: -J
T 40 3§
g 1w} T
<
RELIEF VALVE =
= . L — — ELEVATION Restore ECC - 20
T T e o wen
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Time (s)
Figure 3-27. Primary System Liquid Level for "M" Cases
o‘e L l TP v 1' LA | Trr' ' 5y ' r L ' Ty [ | B B ' | A i ) l B L | ]'7
—— CORE MELTED e
07 = ... ZRCONIM OXIDIZED o -
06 |- A e
z 081 / —
o
5 04 - -
<
x
“ 03 - g L/‘ .
02 -
0.1 -
0.0 ssaleaabaoshsishy 11111141_LJLlA;LA111L1¢11

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

Time (s)

Figure 3-28. Fractions of Core Melted and Zirconium Oxidized
for "M" Cases

-4 |




180 T T
o Af~88
140 +
= 130 4“
.m 120 1 18000 M
X 110 +
2 100 & W
€ o I @
.M 80 1 10000 &
§ or
£ e0 + m
m 50 1 £
2 @ - s000 ©
30 5 s m
20 mm $
|
p . . i + - Lo
0 3000 8000 9000 12000 15000
Time (s)

Figure 3-29. Water Source to Containment for "M" Cases

08 - T T T
. ﬂo
-
w 0.5+ M
+ 80 =
< g
m 0.4+ w
o 1 + 50 “
m [+ o
4
W 03+ _ + 40 m
; o
: | :
+ 30 £
m 0.2+ m
«y ) + 20 &
p < 1 4
0.1+ " i T
1 H + 10
1 Ll
4 5| e
4 “ w
0.0 v —t— 4—
0 3000 8000 9000 12000 15000
Time (s)

Figure 3-30. Hydrogen Source to Containment for "M" Cases

53



3.3 Core-Melt Cases

Iin the core-meltdown cases, as opposed to the degraded
core cases, ECC failure was assumed to be permanent. This
results in the core becoming uncovered, heating up. and
slumping into the lower plenum. Subsequently, the debris
heats up the lower head of the pressure vessel. leading to
its failure and the deposition of the debris in the reactor
cavity. As explained earlie:c, a coolable debris-bed con-
figuration is postulated to form in the reactor cavity since
carbon-monoxide and carbon-dioxide could not be treated with
HECTR. Thus. the major release of hydrogen to containment
occurs during the time period beginning with in-vessel melt-
down of the core through the time of vessel failure. Future
analyses will consider the effects of a dry cavity or a non
coolable debris bed.

In most of the core-meltdown scenarios analyzed, one of
the following two sets of MARCH input assumptions was made:
One set was selected to yield minimal production of hydrogen,
and the other forced all of the zirconium to oxidize
in-vessel. This approach was taken in an attempt to bound
the expected source terms of hydrogen to containment during a
given scenario. Examples of MARCH modeling assumptions which
were varied include whether zirconium oxidation was allowed
in a computational node where melting had occurred., and
whether steam flow in the core was simply blocked or diverted
around the melted nodes. For the minimum oxidation cases,
zirconium oxidation upon core slump into the lower plenum was
calculated internally in the code using subroutine MWDRP and
a large (0.046-m [1.8-in) diameter) debris particle size. 1In
the 100% cases the oxidation was forced to 100% at the point
of core slump. All other input parameters were held constant
for a given accident scenario.

The times of occurrence of various key events are sum-
marized in Table 3-2. The MARCH input decks for all of the
core-meltdown cases are listed in Appendix C. Each of the
core-meltdown cases is described below.
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Table 3-2

Times of Occurrence of Important Events for Core-Melt Cases (8)

0

ECC off
Break uncovered
(5400)

(or relief

valves opened)
Core uncovered
Core melt started
Core slump started
Head attack started

Head fails

Debris quenched

1356
240-

1380

2160
3120
3846
3894
6480

6600

0

(5400)

0

(5400)




3.3.1 "D" and "E" Cases - S,D., Core-Melt

Cases D.00 and E.00 both represent 0.05-m (2-in) diameter
LOCAs with failure of ECC in the injection mode (S,D).
However. in case D.00 all of the zirconium was oxidized
in-vessel, while in case E.O00 the input assumptions for mini-
mal hydrogen generation were used, resulting in 36% zirconium
oxidation. The liquid levels in the primary system are shown
in Figures 3-31 and 3-32 for cases D.00 and E.00, respective-
ly. and the primary system pressures are shown in Figures
3-33 and 3-34. Notice that the liquid level plots are nearly
identical for both cases. This would be expected since the

cases represent the same accident sequence. The break in the

slope at approximately 1800 s occurs because the liquid level

in the primary system falls below the break elevation. causing
a transition in break flow from liquid to steam.
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The fractions of core melted and zirconium oxidized are
shown in Figures 3-35 and 3-36 for cases D.00 and E.00,
respectively. These plots show similar trends but differ
quantitatively due to the different assumptions regarding the
rate and amount zirconium oxidation. Notice the large amount
of zirconium oxidized at the time of core slump in case D.0O,
which was forced to 100% oxidation.
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The water source rates are shown in Figures 3-37 and 3 38
for cases D.00 and E.00, respectively. They are similar in
nature with a peak water source rate that is slightly higher
for case D.00. There are two reasons why the rate is slight-
ly higher for case D.00, one physical and one nonmechanis-
tic. The physical reason is since more zirconium was oxi-
dized in case D.00, more heat was released in the chemical
reaction, the core debris was hotter, and hence, greater
gquantities of steam were produced at core slump. The non
mechanistic reason is the dependency of the release rate at
the time of vessel failure upon the MARCH time step just
before vessel failure (i.e., all steam and hydrogen released
in one time step). In any case, the very sharp peak in the
source rate does have a qualitatively physical basis due to
the large release that would be observed at the time of
vessel failure and subsequent depressurization.
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The hydrogen source terms are found in Figures 3-39 and
3-40 for cases D.00 and E.00, respectively. It can be seen
from these figures that the hydrogen source terms are also
gqualitatively similar (as would be expected) since the same
sequence is being modeled in both cases. Much of the hydro-
gen is released at the time of vessel breach. The large dif-
ferences in the peak release rate are at least partially due
to the differences in the extent of zirconium oxidation. The
reader is again cautioned that this peak in the hydrogen
source rate depends upon the MARCH time step before vessel
failure.
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3.3.2 "J" and "K" Cases - S,HF, Core-Melt

Cases J.00 and K.00 both represent 0.15-m (6-in) diameter
LOCAs with failure of ECC and containment sprays in the
recirculation mode (S,HF). However, case J.00 considered
100% zirconium oxidation, and case K.00 used the MARCH input
assumption set for minimal hydrogen generation. The liquid
levels in the primary system are plotted in Figures 3-41 and
3-42 for cases J.00 and K.00, respectively, and the primary
system pressures are shown in Figures 3-43 and 3 44. Compar-
ing these figures and the times listed in Table 3-2, one sees
how similarly the two cases progressed. The erratic behavior
in the liquid level between 300 and 1500 3 is due to the MARCH
characteristic of treating the break flow as a single-phase
fluid only, which has already been discussed. 1In these cases
after approximately 1380 s, ECC fails upon switching to
recirculation, the break is uncovered for the rest of the
accident, and the oscillations cease.

66



MARCH LIQUID LEVEL (m)

 MMMME_ hh)y :
Time (s)
Figure 3-41. Primary System Liquid Level for "J" Cases

OSSO

T T T T T T 120

= BREAK ELEVATION

———————————— — — -

CORE REGION

Figure 3-42.

1000 1500 2000 2500 3000 3500

Time (s)

Primary System Liquid Level for "K" Cases

67

|
8

MARCH LIQUID LEVEL (ft)

MARCH LIQUID LEVEL (ft)



('sd) 3UNSS3Hd W3LSAS AHVNIEd (1sd) IENSSIHd WILSAS AHVNIEG

E§ 8§ § 8 s § 8§ 8 8 s

~N - — L2 (=] ~N o~ — - o

1

Time (s)

Primary System Pressure for "J" Cases

Figure 3-43.

o

1
el
-—

10
5

(s} (=]
- —

(BdN) IHNSS3Hd WILSAS AHYWINHD (BdW) IHNSSIHd WILSAS AHVWING

3000

2000

1000

o

Time (s)

Primary System Pressure for "K" Cases

Figure 3-44.

69



Figures 3-45 and 3-46 illustrate the fractions of core
melted and zirconium oxidized over the course of the scenario
for cases J.00 and K.00, respectively. The figures for the
two cases show the same general trends. Once again notice
the large fraction of zirconium which is forced to oxidize
upon core slump in the 100% oxidation case. Also note in
Figure 3-45 that during the MARCH-predicted core slumping
process (from approximately 3780 to 4200 s), no zirconium
oxidation takes place. Then, at the end of the core slumping
process the remainder of the zirconium is forced to oxidize.
This behavior is not physically realistic., but rather is a
peculiarity of the MARCH code. The time from core slump to
vessel breach is longer than in most of the other cases con-
sidered because of the lower primary system pressure.
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The water source terms for cases J.00 and K.00 are shown
in Figures 3-47 and 3-48, respectively. The erratic behavior
in the water source term early in time is due to the liquid
level oscillation problem discussed earlier. Because no
hydrogen is released until after this erratic behavior has
ceased, we believe that the effect of this artifact of MARCH
on the results is negligible. There may be some residual
effects from this behavior on the containment pressure-
temperature response and steam concentrations. The water
source term late in the accident is seen to be comparable for

the two cases.
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The hydrogen source terms for cases J.00 and K.00 are
found in Figures 3-49 and 3-50, respectively. A comparison
between the two cases shows the hydrogen sources to be similar
qualitatively. However, the peak source rate in case J.00
(100% zirconium oxidation) is nearly an order of magnitude
higher than .n cage K.00 (minimal hydrogen production assump
tions). These two cases clearly demonstrate the arbitrary
nature of the source rate at the time of vessel failure as
calculated by MARCH. Notice that the last spike in the
gource rate in both cases is associated with vessel failure.
Also note that this spike (representing the release of the
hydrogen remaining in the primary system at the time of
vessel failure) is spread over approximately 120 s in case
J.00 but over a very short time in case K.00. Thus., the
release at vessel failure in case J.00 appears to be gradual
and nearly uniform, while the release in case K.00 apprars to
be very rapid and impulsive in nature
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3.3.3 *"N", "O", and "P" Cases - TMLB', Core-Meltdown

Cases N.00O, 0.00 and P.00 all represent transient-
initiated scenarios with loss of all feedwater capability and
loss of all ac power (TMLB'). However, in case N.0O all of
the zirconium was forced to oxidize in-vessel, in case 0.00
the MARCH input set for minimal zirconium oxidation was used,
and in case P.00 MARCH input parameters were selected which
yielded a total fraction of zirconium oxidized (65%) between
the values for cases N.00O and 0.00. Thus, taken together,
these three cases represent a parametric treatment of the
amount of oxidation during a TMLB' scenario. The liquid
level and pressure in the primary system for case N.0OO are
shown in Figures 3-51 and 3-52. The liquid level and primary
system pressure are similar for all three cases because all
three cases are focused upon the same accident scenario,
namely TMLB', and most of the differences in oxidaticn occur
after core slump.
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The fractions of core melted and zirconium oxidized are
found in Figuree 3-53, 3-54, and 3-55 for cases N.0OO, 0.00,
and P.00, respectively. All three plots are very similar
until the time of core slump. Just prior to this time the
fraction of zirconium oxidized is comparable in all three
cases. Notice that in case N.0O 80% of the zirconium is
forced to oxidize instantaneously at the time of core slump
to achieve the desired level of 100%. This gives rise to
what may be unrea.istically high source rates of hydrogen.
Case 0.00 provides what are probably unrealistically low
source rates of hydrogen, and case P.00 provides intermediate
values. None of these cases should be considered "best esti-
mate" cases. Defining such a case is beyond our current
capability.
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The source of water to containment is shown in Figures
3-56, 3-57, and 3-58 for cases N.0O, 0.00, and P.00, respec-
tively. These figures are qualitatively similar for all
three cases. As was mentioned in earlier case descriptions,
the source rate at the time of vessel failure increases
slightly with fraction of zirconium oxidized due to the
increase in total amount of heat released during the reaction.

400 F T T T T T
0 4 50000
350+
+45000
= £
S 300+ +40000 E
™ E
-~ 2
1-35000 =
2 250" ®
' -
g Yo — ta0000
200 +
§ {25000 &
- -
g ] 3
= 150+ +20000 2
. £
- -
S H 115000 &
@ 100+ ;g ®
= I3 Sore— {10000 =
50 4+ ‘g
L A_/IJ L q.sm
0 + +- + — 0
0

Figure 3-56. Water Source to Containment for "N" Cases

80



4 L A T 5
4 . Vessel
4 #  Failure + 35000
2“-“-
- +30000 2
%] &
X 200+ E
® : +4 25000 o
g 1 =
@ ) Core -
§ 150+ Sy + 20000 &
2 4
o e
c : - + 15000 3
5 '°T 8 €
bt 3
; j | & + 10000 §
r s
50 4+ 13 =
: K.N L + 5000
ou + Tia | = 0
T ™ -
0 3000 6000 9000 12000 15000
Time (s)

Figure 3-57. Water Source to Containment for "O" Cases

300 ) + 40000
278

-~ +35000 o~
- E
} 250 E
< 228 + 30000 S
s Vessel __ =
E 200 Failure )

425000 ®
§ 178 (j R
2 150 4 20000 g
= Core
- 125 Slump 2
T I + 15000 £
° 100 2 §
S 78 5 4 10000 ;

‘e
50 3
+ 5000
0 4 + 0

0 2000 4000 6000 8000 10000 12000
Time (s)

Figure 3-58. Water Source to Containment for "P" Cases

81



The source of hydrogen is shown in Figures 3-59, 3-60,
and 3-61 for cases N.00, 0.00, and P.00, respectively. Again
the arbitrary nature of these source terms at the time of
vessel failure is obvious when comparing the source rate at
vessel failure for case N.0O to that for either case 0.00 or
P.00. Notice that the release rate during core slump is
larger for those cases with larger fractions of zirconium
oxidized (as would be expected), but that this release is
smaller than the release of hydrogen at the time of vessel
failure. While some of this is an artifact of the calcula-
tional scheme in MARCH, something similar to this could be
expected for this sequence under real accident situations,
since vessel failure may result in a much larger relief path
for the fluids in the primary system than had been previously
provided by the relief valves.
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4. HECTR CONTAINMENT ANALYSES

4.1 Introduction

The containment pressure-temperature response has been
examined using the HECTR (Hydrogen Event: Containment
Transient Response) code.[4-6] HECTR has been developed at
sandia specifically for the purpose of evaluating the con-
tainment atmosphere pressure-temperature response to reactor
accidents involving the release of significant amounts of
hydrogen. HECTR is a fast-running., lumped-volume code that
is very useful for parametric analyses. It includes models
for hydrogen burns, radiative and convective heat transfer.
condensation, heat transfer to sprays, passive heat sinks, a
sump. a heat exchanger, air return fans., and an ice condens-
er. Inertial and buoyancy terms are included in the inter-
compartment flow equations. Steam is treated as a real gas,
while all other gases (oxygen, nitrogen, and hydrogen) are
treated as ideal. Descriptions of some of the models in
HECTR are presented in Appendix A.

4.2 Ice-Condenser Containment Model

The ice-condenser containment model is discussed here
only in general terms. A detailed description of the HECTR
input is presented in Appendix D. The containment model used
for these calculations is shown in Figure 4-1. A nine-
compartment model is employed. including the dome (1). the
upper plenum (2) and lower plenum (3) of the ice condenser,
the lower compartment (4). a dead-ended region (5). and four
ice compartments (6, 7. 8, 9). The compartments will be
identified by these names throughout the rest of the report.

The ice condenser is represented by six compartments.
Compartment 2 represents the upper plenum of the ice condens-
er, compartment 3 represents the lower plenum of the ice con-
denser, and compartments 6 through 9 are four equal volumes
containing ice. Volume changes due to ice melting and heatup
of the water falling through the lower plenum are included.
In existing ice-condenser containments, the only igniters in
the ice condenser are in the upper plenum. No igniters are
present in the lower plenum or the ice compartments, so the
only burns that occur in these compartments are those which
begin elsevhere (compartments 1. 2, 4, or 5) and propagate in.

For accidents in which ac power is available, it is
anticipated that the igniters will be actuated well before
the beginning of hydrogen production. Thus. we assume
igniter operation from the beginning of the calculations. In
compartmeats with igniters, HECTR assumes that ignition will
occur at 8% hydrogen unless otherwise specified. Propagation
into adjacent compartments, either with or without igniters.
can occur if the hydrogen concentrations are above 4.1% for
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upward propagation, 6% for horizontal propagation, or 9% for
downward propagation. Combustion cannot occur in any com-
partment in which the oxygen concentration is below 5% or the
steam concentration is above 55%.

Flow junctions are also indicated in Figure 4-1. Of
particular importance are junctions 2, 4, 9, and 10. Junc-
tion 2 represents floor drains connecting the dome and the
lower compartment. We ascume that gas flow through the
drains is possible, but that gas flow through this junction
is precluded in either of two situations. First, when the
sprays are operating, drainage from the dome to the lower
compartment through this junction is assumed to preclude
simultaneous gas flow through this junction. Second. when
sufficient water (750 m® or 26 500 ft®) accumulates in the
recirculation sump., the liguid level is high enough to block
gas flow through this junction. Junction 4 represents bypass
flow around the ice-condenser intermediate deck doors, and
junctions 9 and 10 represent the intermediate deck doors and
the lower plenum inlet doors, respectively. As noted in
Chapter 2, we assume that these doors will close to block
reverse gas flow. However, some situations may arise where
the doors will be thrown open so as not to reclose or will be
damaged such that substantial leakage could occur. As dis-
cussed later in this chapter, we examined one case in which
the doors were removed entirely, thus bounding the possible
effects. Fans are assumed to transfer gas from compartments
1 and 4 into compartment 5, with the flow from compartment 1
to compartment 5 being dominant (see Appendix D). A head
curve is included in the model. Dampers are installed in the
distribution system for the fans to assure one-way flow:
thus. in our model reverse flow through the fans is not
allowed.

The water and hydrogen sources are introduced in the
lower compartment. The containment recirculation sump is
located in the lower compartment. Liquid which drains from
the dome. condensate on surfaces., melted ice, and liquid from
the primary system are all added to the inventory of the
sump. Water drawn by the ECC system and containment spray
system when in the recirculation mode is subtracted from the
sump inventory. The volume of the lower compartment is
adjusted to account for changes in the i(ree gas volume due to

the accumulation of liquid.

Both the sprays and the fans are activ.ted based on the
pressure setpoint of 122 kPa (17.7 psia). On e this contain-
ment pressure is reached, the sprays are activa.~d after a
30-¢ delay. and the fans are activated after a 60C s delay.
When in the recirculation mode, spray water is drawn from the
sump and passed through a heat exchanger before being
injected into containment.
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Twenty-nine heat transfer surfaces were treated in this
analysis. Nine of these surfaces (three each in the dome,
the upper plenum, and the lower compartment), were included
to simulate the presence of equipment. The response of these
surfaces will be the subject of a subsequent report.

The analyses in this report do not address the possible
effects of stable diffusion fl:ies or jets. Such burning
might occur at the hydrogen release point if the local area
is not steam-inerted. It may also be possible to establish
stable flames in or just above the ice condenser, although
nonsteady gas flow due to movement of the ice-condenser doors
makes this unlikely. 1In general, diffusion flames or jets
will not cause significant overpressures, but may threaten
safety-related equipment due to the high local heat fluxes
involved. Future versions of HECTR will be modified to treat
diffusion flames.

4.3 Results for Degraded-Core Accidents

The degraded-core accident scenarios are designated in
Table 2-1 by the letters A, B, C, F, G, H, I, L, and M.
Results for thesce cases are shown in Table 4-1, which
includes the number of burns predicted to occur in each com-
partment, the peak pressure and temperature, and the compart-
ment(s) that the peak values were predicted to occur in. All
pressures given are absolute. To put the peak pressures in
perspective, estimated failure pressures for ice-condenser
containments are 350 to 515 kPa (51 to 75 psia) for
Sequoyah,[7] and 778 to 1067 kPa (113 to 155 psia) for Watts
Bar.[8] Each of the cases is discussed in more detail below.
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Table 4-1

HECTR Results

Sequence Ice

Time Number of Bucns by Compartment Remaining® Maximum Pressureb Maximum Temperature
Case (10 8) 1 2 3 4 5 6 7 8 9 (%) (kPa) (psia) Comp. (K} (°F) Comp.
A.00 12.0 5 6 0 o & 9 0 0 0 0 343 50 1.2 960 1268 2
B.0O 11.9 1 0 (¢ 0 0 0 o 0 0 1 369 54 1.2 873 1111 1
c.00 -2 $ 19 1 - & 3 3 5 8 24 233 34 i B 994 1329 2
D.00 4.5 q 6 5 6 1 $% 1 2 3 31 429 62 1.8 1226 1747 2
£.00 4.5 2 6 0 o o 1 2 3 3 36 250 36 ALL 1110 1538 2
F.00 8.0 2 5 10 16 0 9 2 2 2 0 348 50 1:+8 1242 1776 a
G.00 5.0 0 1 8 S 0 & 2 2 1 5 162 23 ALL 1132 1578 1
H.00 7.2 1 4 10 16 O 9 2 2 3 (4] 183 27 1-3, 6-9 1242 1776 q
1.00 7.2 0 4 ® 13 ¢ 7 23 3 3 0 473 69 ALL i210 1718 4q
J .00 6 3 8 6 8 0 6 6 6 8 6 520 7% 1.2 1354 1977 2
K.00 Wl 0 3 5 5 0 5 S 5 5 7 189 27 ALL 1071 1468 L]
L.0O 15.0 5 12 2 2 5 2 2 o 0 1 361 52 1.8 981 1306 2
M.00 15.0 El 9 2 s W 3k 1 6 0 35% 52 £s3 1019 1374 K
N.OO 10.8 1 1 0 2. 2 0 1 1 1 46 887 129 1.2 2025 3185 2
0.00 15.0 0 2 0 e 9 ® 1 2 2 45 201 29 ALL 1246 1783 2
P.00 10.8 1 4 0 e O 9§ 12 1 2 46 452 66 I 1410 2078 2
A.01 12.0 2 24 o 0o 2 0 O 2 6 0 521 76 P | 1756 2701 2
A.02 12.0 6 22 0 0O 0 0 © g 31 0 380 55 1.2 970 1286 2
A.03 12.0 4 7 O © 65 0 @ ©o O 0 440°¢ 64° ALL 957 1263 2
A.O4 12.0 1 25 0 0o 2 0 2 4 7 0 631°¢ 91°¢ 1.2 1363 1993 2
A.05 12.0 5 10 0 0O 0 0 O 0 (4] 0 3181°¢ 55C ALL 946 1243 2
A.06 12.0 8 43 1 1 0 1 0 0 0 0 218 32 3.2 760 962 2
A.07 12.0 7 16 0 o 0 0 O 0 0 1 279 40 1.2 832 1038 2
A.O8 12.0 4 3 0 0O 0 0 o 0 0 1 34 56 3,2 1062 1452 2
A.09 12.0 3 2 0 0O 0 0 o0 0 2 1 1419 61 3.8 1144 1599 2
A.10 12.0 8 S 0 0O 0 0 0O 0 0 4] 286 41 1,2 831 1036 2
A.11 12.0 5 S 0 0O 0 0 0 0 0 0 40% 59 1.8 1023 1381 1.2
A.12 12.0 S 7 0 o 0 0 o 0 0 1 241 35 1-3, 6-9 924 1203 2
A.13 12.0 3 2 2 3 -8 ¥ 3 2 2 0 415 60 1;8 1059 144¢ 2
A.l4 12.0 S S 0 0 0 0 O (4] 0 1 342 50 1.2 964 1275 2
A.15 12.0 s S 0 0O 0 0 O [} o 0 252 36 ALL 940 1232 2

Notes: 3Percentage of ice remaining at end of sequence.
All pressures are absolute.
CThe pressure is still increasing at the end of cases A.03, A.04, A.CS, and the "1" cases
due to steam overpressure, although in case A.04 the peak pressure occurs earlier due to burns.



68

Table 4-1
HECTR Results

(continued)
Sequence Ice

Time Number of Burns by Compartment Remaining® Maximum Pressureb Maximum Temperature
Case (10* 8) 1 2 3 4 5 6 7 8 9 (%) (kPa) (psia) Comp. (K) (°F) Comp.
C.01 7.3 o 30 O 10 0 0 O 0 0 24 188 27 ALL 1006 1351 2
c.02 7.5 o 19 0 - ¢ 27 1% 1V 25 17% 25 ALL 881 1126 2
D.01 4.5 4 7 5 6 2 5 1 2 2 32 38s 56 ALL 1074 1473 Kl
D.02 4.5 3 3 3 5 -2 Y X 1 1 35 425 62 1.2 107% 1475 4
E.O1 4.5 2 S 4] o 0 1 1 1 2 36 309 45 R 1104 1527 2
F.0l 8.0 2 7 6 10 0 6 3 3 3 0 399 58 1,2 1303 1885 El
H 01 T8 2 6 6 10 0 6 2 2 3 0 361 52 1.2 1295 1891 Kl
1.01 7.2 0 3 7 .23 9 Y -3 3 2 0 500°€ 72¢ ALL 1187 1677 k
1.02 7.2 1 6 - 33 % % 3 3 3 0 459¢ 66€ ALL 1206 1711 4
1.02 7.2 0 3 5 $ 0 S 2 2 2 7 419¢ 61¢ ALL 1142 1596 K
1.04 7.3 /] 5 9 16 0 8 3 3 4 0 498°¢ 72¢ ALL 1248 1786 4
1.05% 7.2 1 5 B-33 & 7.3 3 4 0 424°¢ 62¢C ALL 1142 1596 4
1.06 2.8 2 S 5 8 0 5 3 3 3 0 475¢ 69¢ ALL 1287 1857 4
J.ol 6.0 2 14 6 8 0 & 6 6 9 7 401 58 1.2 1312 1902 4
J.02 6.0 2 5 6 6 0 6 5 5 5 9 460 67 1,2 1176 1657 4
K.01 7.2 0 3 S $ O § S 5 5 7 189 27 ALL 1074 1473 kKl
L.O1 15.0 $ 12 1 2 0 1 o0 0 0 1 357 52 2.8 976 1297 2
M.01 15.0 4 10 1 1 0 0 1 7 10 0 354 51 2,48 977 1299 4
N.O1l 10.8 2 s 0 0 2 0 1 3 3 41 699 101 1.2 1512 2262 2
N.O2 10.8 1 2 0 0 1 0 O 1 ) | 47 906 131 1,2 1508 2254 i
0.01 15.0 0 3 0 o 0 0o o 1 2 47 210 30 *LL 1246 1783 2
P.0O1 10.8 1 9 o o 0 0 1} 2 3 49 407 59 3.2 1532 2298 2
Notes: A@Percentage of ice remaining at end of sequence.

ball pressures are absolute.
©The pressure is still increasing at the end of cases A.03, A.04, A.05, and the "I" cases
due to steam overpressure, although in case A.04 the peak pressure occurs earlier due to burns.



4.3.1 Case A.00 - S,D Degraded-Core Base Case

The "A" cases represent S,D degraded-core accident
scenarios with 75% zirconium oxidation. The reference case,
A.00, assumes that the fans and sprays are operational and
uses the default comhbustion parameters (see Appendix A). The
pressure response for the dome is shown in Figure 4-2. The
drop in pressure that is predicted to occur 600 s into the
accident is due to activation of the fans, which force more
steam into the ice condenser, thereby condensing steam from
and cooling the containment atmosphere. The minor variations
that are predicted to occur at about 2000 s are due to
changes in the water source term and switch-over of the
sprays to the recirculation mode.

The first burn occurs at about 4600 s. Ignition occurs
in the upper plenum when the hydrogen concentration reaches
8%. The burn then propagates upward into a mixture of 5.6%
hydrogen in the dome. Three other burns are predicted that
are similar in nature. Also, two burns occur that are
restricted to the upper plenum. These burns are represented
by the two very small peaks that are present on the "tail" of
the first two larger peaks. These smaller upper plenum burns
result in negligible pressure rises, because the gas expands
into the very large volume of the dome.
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Figure 4-2. Pressure Response in Dome for Case A.00
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Generally, it may be expected that combustion will begin
in the upper plenum because steam is removed as the gases
pass through the ice condenser, and the resultant mixture
will be richer in hydrogen and air. However, the last and
largest pressure spike is due to a burn that occurs in the
dome only. Late in the accident much of the ice has melted,
the efficiency of the ice condenser in removing steam
decreases, and the mixture entering the upper plenum is pro
gressively richer in steam. This excess steam is removed by
the containment sprays in the dome, resulting in higher
hydrogen concentrations in the dome than in the upper ple
num. Thus, the last burn is initiated in the dome, rather
than in the upper plenum. Figures 4-3 through 4-5 show the
gas compositions in the dome and the upper plenum and the
fraction of ice remaining in the ice condenser as a function
of time.
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No burns are predicted in the ice compartments because no
igniters are located there and because the 9% downward propa-
gation limits were not reached to allow a burn to propagate
downward from the upper plenum. Also, no burns are predicted
in the lower regions of the containment because of the high
steam concentrations found there and the assumed ignition
limits. As shown in Figure 4-6, the lower compartment is not
steam inerted, but the steam concentrations are high enough
so that ignition occurs preferentially in the dome and upper
plenum after the steam is removed. Note that in several
instances the hydrogen concentration is above 7% in the lower
compartment when ignition occurs in either the dome or the
upper plenum. Thus, burns in the lower compartment should
not be ruled out based on these results.
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4.3.2 Cases A.01 through A.04 - Effects of Fans and Sprays

The majority of the sensitivity analyses performed
involved the "A" cases. Cacges A.0l1 through A.04 were run to
examine the importance of certain engineered safety features
(fans and sprays).

Case A.0l was run to examine the effects of failure of
the recirculation fans. A pressure plot for the dome is
shown in Figure 4-7. One result of fan failure is that the
baseline pressure before the burns is higher due to reduced
ice-condenser effectiveness (i.e., less steam is removed from
the lower compartment). The small spikes in Figure 4-7 are
the result of burns that are initiated in the upper plenum,
with no propagation into the dome. Six of these burns propa-
gate downward into one or more of the ice compartments
(6-9). The two large peaks in Figure 4-7 are due to burns
that are initiated in the dome. These pressure rises are
larger than those of case A.00 for two reasons. First, the
baseline pressure is higher when the burn begins, because of
reduced ice-condenser effectiveness in the absence of fans.
Second, as shown in Figure 4-8, the upper plenum becomes
temporarily inerted due to oxygen depletion before the large
burns occur. Once the burns begin in the dome. oxygen is
pushed back into the upper plenum, and burns occur there
also, but at a higher hydrogen concentration (i.e.. >8%).
Thus, the burns are effectively at a hydrogen concentration
above 8%.
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A potentially serious situation is indicated in the
results of case A.0l. With the fans off, very high hydrogen
concentrations are predicted in the upper ice compartments
(8, 9). Figures 4-8 and 4-9 show that by the time 8% hydro
gen is reached in the upper plenum at about 4400 s, the
hydrogen concentration in the top ice compartment (9) is
above 30%. Because HECTR cannot treat detonations or accel
erated flames, this hydrogen is burned in a relatively benign
manner. It is beyond our present capability to state with
any certainty the probability that a detonation would occur
under these circumstances. Research is underway at Sandia
that may help answer that question.[14] If a detonation were
possible in the ice condenser, then the consequences of dam
age to the ice condenser would have to be evaluated, along
with the potential for rect containment failure. These
high hydrogen concentra .ons are predicted in all computa
tions involving failure of the fans, not just in case A.Ol.
We should also point out that failure of the fans could be
postulated to occur during other scenarios if the fans do not
survive the temperature and differential pressure environ
ments during hydrogen burns.
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The predictions of hydrogen and oxygen concentrations in
the ice condenser and upper plenum by HECTR should be con-
sidered preliminary. It is possible that a finer nodaliza-
tion of the problem would result in natural convective mixing
loops within and above the ice condenser that would reduce
the concentration gradients. However, the mixing will be
influenced by the behavior of the ice-condenser doors (e.g.,
which doors are closed and which are open), and we do not
currently have sufficient information to properly model the
processes.

Case A.02 shows the effects of having only one fan and
one train of sprays operational. A pressure plot for the
dome is shown in Figure 4-10. More burns are predicted in
the upper plenum than in case A.00, because of reduced recir-
culation flow through the ice condenser and less transfer of
gas into the dome. Enough hydrogen is transferred into the
dome, however, to allow several of the burns to propagate
upward from the upper plenum and to allow for one large burn
in the dome at about 7500 s. Many of the upper plenum burns
propagate downward into some of the ice compartments (8-9).
However, unlike case A.Cl, the concentrations in these ice
compartments (8-9) are in the range of 9 to 10%, and it
appears that 50% fan flow (i.e., one of two fans) is suffi-
cient to preclude formation of the high concentrations pre-
dicted in case A.Ol.
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Case A.03 was run to examine the effects of failure of
the containment sprays. The pressure response for the dome
is shown in Figure 4-11. During the first part of the acci
dent, the response is similar to case A.00. During this time
the ice condenser is removing most of the steam and providing
containment cooling. However, as the ice melts, the contain
ment pressure begins increasing due to steam buildup. With
no remaining containment heat removal, except for heat trans
fer to passive heat sinks, the pressure will continue to
increase until the failure pressure is reached. This case
illustrates the importance of the containment sprays. Without
sprays, the containment will eventually fail regardless of
whether hydrogen burns occur (unless, of course, the injection
of steam into containment is terminated, as is the case in
many degraded-core scenarios). The ice condenser is only
effective for a finite period of time, based on the mass of
ice present, and canunot be used for long-term containment
heat removal. Containment sprays are also an important source
of heat removal during a burn. The heat removal effect is
not well illustrated in this case, because the burn sequence
and preburn conditions are somewhat different than in case
A.00. However, for burn times of a few seconds or mecre, the
heat transfer effects of sprays are very significant, as will
become more apparent during the discussions of later cases.
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Case A.04 was run to examine the effects of loss of both
sprays and fans. The pressure response for the dome is shown
in Figure 4-12. 1In general, the results exhibit all of the
bad features of cases A.0l and A.03. High hydrogen concen-
trations are predicted in the upper ice compartments (8, 9),
high preburn baseline pressures are calculated, and a large
burr in the dome propagating into a high hydrogen concentra-
tion in the upper plenum is predicted. High hydrogen concen-
trations are found in the upper plenum, as well as in the
upper ice compartments (8, 9), after the upper plenum atmo-
sphere becomes inert due to oxygen depletion. Also, eventual
containment failure by steam overpressure is predicted,
assuming failure does not occur earlier due to hydrogen burns.
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4.3.3 Case A.05 - Surface Heat Transfer Effects

Case A.05 was run to examine the effects of arbitrarily
increasing the surface convective heat transfer coefficients
by a factor of 5. The pressure response in the dome is shown
in Figure 4-13. The case is a direct comparison to case A.03,
with the sprays inoperative in both cases. The results are
fairly similar, with case A.05 indicating a slower rate of
pressure rise, due to more heat transfer (and more steam con-
densation) to the passive heat sinks, but showing the same
gereral trends toward long-term containment overpressure.
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4.3.4 Cases A.06 through A.09 - Sensitivity to Ignition
Limits

Cases A.06 through A.09 show the sensitivity to the igni-
tion limits which were varied between 6 and 10 percent. The
dome pressure response for Case A.06 is shown in Figure 4-14.
A large number of upper plenum burns are predicted due to the
lower ignition limits of 6%. Some of these hurns prcpagate
upward into the dome, but the projected pressure rises are
fairly small. Note that combustion at 6% hydrogen is only
75% complete, based on the default combustion-compieteness
model. Also, slightly lower flame speeds are assumed (see
Appendix A). Unlike the previous cases, one burn is predict-
ed to begin in the lower compartment.
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Dome pressure responses for cases A.07 through A.09 are
shown in Figures 4-15 through 4-17. In general, the higher
concentrations produce fewer burns that are faster and more
complete. As expected, higher ignition limits produce higher
peak pressures. It is interesting to note that, as far as
gas pressure response is concerned, the burns do uot tend to
be very cumulative in nature. Even in case A.06 w th a very
large number of burns, there is sufficient cooling between
burns to prevent much addition of the pressure rises. It
appears that this will be the case any time that the burns
are more than a few tens of seconds apart. Note, however,
that some cumulative effects are predicted in tne gas temper-
ature response, with even more cumulative effects predicted
in the equipment temperature response. The upper plenum tem-
perature response for case A.06 is shown in Figure 4-18. As
mentioned previously, equipment response will be the topic of
a future report.
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4.3.5 Cases A.10 through A.12 - Sensitivity to Combustion
Completeness and Flame Speed

Cases A.10 through A.12 were run to examine the effects
of altering certain combustion parameters. Case A.l0 assumes
that the burns are only 75% as complete as the burns in case
A.00 (see Appendix A). This assumption results in lower pres-
sure rises and more burns, because less hydrogen is consumed
in each burn (see Figure 4-19) In actuality, burn complete-
ness would be very geometry- . .1 composition-dependent, so
that there is substantial uncectainty in these values. How-
ever, it is clear that incomplete combustion is beneficial
from a pressure-suppression point of view.

Cases A.11 and A.12, respectively, examine the effects of
increasing and decreasing the flame speed by a factor of
three. The dome pressure responses for these cases are shown
in Figures 4-20 and 4-21. While the burn sequences are simi-
lar, the differences in peak pressure are quite large. These
differences in peak pressure are due to the differences in
burn time that allow more or less time for heat transfer to
occur. The dominant heat removal mechanism in the dome is
the containment sprays. These cases, along with cases A.03
to A.05, demonstrate the importance of containment sprays.
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4.3.6 Case A.13 - Effect of Upper Plenum Igniter Failure

Case A.13 assumes that the upper plenum igniters do not
function properly but still allows propagation into the upper
plenum. This might occur if suspended water droplets or fogs
traveling upward out of the ice compartments prevent the
igniters from igniting the mixture, or if a limited electri-
cal failure occurs. It could also occur if the igniters
function only to a limited extent, such that substantial
amounts of hydrogen reach the dome. The dome pressure
response for this case is shown in Figure 4-22. The first
two large pressure spikes of Figure 4-22 are the result of
burns that begin in the lower compartment and propagate up
through the ice condenser into the dome. With ignition pre-
cluded in the upper plenum, the lower compartment is the
first compartment in which the ignition limits (8% hydrogen)
are achieved. Because the hydrogen concentrations in the
other compartments are in the vicinity of 8%, large pressure
rises are predicted from these "global burns." The last
pressure spike is due to a burn that is confined to the
dome. A significant result of failure of the upper plenum
igniters seems to be that more time is available to transport
hydrogen throughout the containment before burns occur, thus
resulting in a more uniformly mixed containment atmosphere
and making global burns with larce pressure spikes more
likely.

450 { - r r - v
-
: 60
400 + 4
] s
3
k
3
) E 3
300 A =2
a ; : )
x 1 4:‘0 a
~ 4 - =
@ o+ s [
0 1 s »
£ 2004 30 o
) E .
] Fan Initiation 3
150 + 4 :
) /i__\__,/ L N | (——{ T
100 41- ™~ Spray initiation ;-
1 15'0
) 2000 4000 6000 8000 10000 12000

Time (s)

Figure 4-22. Pressure Response in Dome for Case A.13

109



4.3.7 Case A.14 - Effect of Partial Oxygen Depletion

Case A.14 examines the effects of an atmosphere that has
been partially depleted in oxygen before the accident (14%
oxygen and 86% nitrogen, as opposed to 21% oxygen and 79%
nitrogen). Such partial oxygen depletion would allow con-
tainment entry without special equipment. If the amount of
oxygen is reduced, the total amount of hydrogen that can be
burned will be reduced (similar to the way in which limiting
the amount of zirconium oxidation reduces the amount of
hydrogen that is available to burn). For this case HECTR
does not predict substantial benefits from such a strategy
(see Figure 4-23). The burn sequence is similar to that for
case A.00, and the pressure rises are comparable. However,
at the end of the calculation for case A.14 the containment
is inert due to low oxygen concentraticn, whereas in case
A.00 further combustion is possible. HECTR does not properly
account for changes in key combustion parameters (such as
flame speed and combustion completeness), as a function of
oxygen concentration. These changes would be expected to
result in lower pressures and temperatures from combustion.
Further analyses would be required to quantify the effects of
partial oxygen depletion.
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4.3.8 Case A.15 - Effect of Ice-Condenser Door Failure

Case A.15 was run to examine the effects of failure of
the ice-condenser doors. 1In this case failure is defined as
the inability of the doors to block reverse flow. For case
A.15 we assumed that all ice-condenser doors were removed at
the start of the run, thus allowing gas flow to occur freely
in both directions. The dome pressure response for this case
is shown in Figure 4-24. 1In this case it appears that such a
failure would be beneficial. The burn sequences are similar
to those for case A.00, but the pressure rises are smaller
for two reasons. First, in case A.15 there is volumetric
expansion of the gases in the upper regions of containment
into the lower compartments, reducing the pressure rises.
Second, as the gas flows at high velocity cown through the
ice condenser, a significant amount of cooling and steam
removal occurs, further lowering the pressure. We did not
consider the possibility of partial failure of the doors,
resulting in more restricted and possibly asymmetric flow.
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4.3.9 Case B.00 - S,D Scenario, 35% Zirconium Oxidation

While most of the degraded-core scenarios we consider
assume 75% zirconium oxidation, case B.00 assumes 35%
zirconium oxidation. Thus, cases A.00 and B.00 represent a
limited parametric treatment of the effect of the amount of
ox‘dation on the containment pressure-temperature response.
The dome pressure response for case B.00 is shown in Figure
4-25. The early response is similar to that for case A.00,
as the blowdown phase is the same. The large spike in Figure
4-25 at about 6300 s represents a burn that is predicted to
occur in the dome. Unlike all of the other cases to be pre-
sented, no burns are predicted to occur in the upper plenum
because the hydrogen is coming into containment more slowly
in this case, and by the time conbustion begins, much of the
ice has melted (see Figure 4-26). This results in higher
steam concentrations and lower hydrogen concentrations in the
upper plenum, which prevent ignition there (see Figure
4-27). The excess steam is removed by the sprays, so that
the hydrogen concentration is higher in the dome, and combus-
tion begins there rather than in the upper plenum.

>
3
T
|
|
4
|
|
+
|
l
|
l
1
{
J

g

8
e T e Y

|

|
E | 40 g
X 250 ! 3
: | :
5
® 200 30 @
@ Fan Initiation l kY
< &

g

~N
o

..
3
- N ‘¢+_.7.

Spray Intiation
10

ks 'S

2000 4000 6000 8000 10000 12000

'3
o

o

Time (s)

Figure 4-25. Pressure Response in Dome for Case B.0O

112



1 T T T ———e e
{1 TFan Initiation
09+ ]
1 .\\
08 + \ 4
"2 ‘ \
g 07 T \‘\ 1
S oet \ ;
s \
i °-. -> \ 4
-
g 0.4+ |
3 0.3+ <
- -
[V
0.2+ N -
0.1 1' 1
0 = + + + ——= *
0 2000 4000 6000 8000 10000 12000
Time (s)

Figure 4-26. 1Ice Inventory History for Case B.00

1 r 4 T T  Tw e =y
—e Gteam
0.9 + - wnmeses Hydrogen
— - O nygen
— - Nitrogen
08+
07+ 1
~_
€ 0.6+ - 4
o ”
e 085+ —
-
w
[ 041» l
° ]
, o.a - - 1
02— —— I .
- L' » o
0.1+ =
0 . -~ 4 r—— "
0 2000 4000 6000 8000 10000 12000
Time (s)

Figure 4-27. Gas Composition in Upper Plenum for Case B.0O

113



There is an important point to be made from this case.
Surprisingly, the peak pressure is not significantly reduced
from Case A.00, as might be expected. This raises questions
regarding the conservatism in the assumption of 75% zirconium
oxidation for degraded core scenarios. Closer examination of
the cases reveals that the controlling factor is whether or
not large dome burns occur. If large dome burns occur, high
pressure rises result, and it doesn't matter much whether one
or several burns occur, as the pressure rises are not cumula-
tive. There is threshhold quantity of hydrogen above which
large dome burns will occur. Hydrogen releases below this
threshhold would preclude dome burns and thus, produce pro-
portionately reduced pressure-temperature containment loads.
However, large dome burns are possible for all cases where
the threshhold quantity of hydrogen is exceeded, and none of
these cases is a priori more conservative than any other
case. The above arguments are based on the assumption that
the igniters are operating and that ignition is guaranteed at
some hydrogen concentration. 1If the igniters are not operat-
ing, then the pressure rise will be directly proportional to
the amouat of hydrogen released, assuming that ignition
occurs after the release.

4.3.10 "C" Cases - CLASIX and COMPARE Comparisons

Previous analyses of the Sequoyah plant have been per-
formed by TVA using the CLASIX code,[9] and by Los Alamos
National Laboratory (LANL) using the COMPARE code.[7] These
codes are lumped-volume containment codes similar in concept
to HECTR. Cases C.00 to C.02 were run to examine the behav-
ior of the codes given similar input assumptions. The "C"
cases represent S,D accident scenarios, with source terms

that were taken from Reference 9.

Case C.00 uses these source terms from Reference 9 and
the same input assumptions as case A.00. The pressure
response in the dome for case C.00 is shown in Figure 4-28.
The pressure response for case A.00 is reproduced here as
Figure 4-29 for comparison. As can be seen by comparing the
two figures, the results are quite different for the two
cases. In case C.00 most of the burns occur in the upper
plenum, with several of the burns propagating downward into
the ice compartments (6-9) and some of the burns propagating
upward into lean hydrogen mixtures in the dome. Also, one
burn is initiated in the lower compartment.
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From source-term information presented in Chapter 3, we
can make some observations. First, the total amount of
hydrogen injected is virtually the same for the two cases,
with some differences in the timing of the release (it is
released more quickly in case C.00). Second, much more water
is released in case A.00 than in case C.00. The ratio of
hydrogen to water injection rates has been plotted in Fig-
ures 4-30 and 4-31 for cases C.00 and A.00, respectively. A
comparison of the two figures reveals that the ratio of
hydrogen to water injection rates in case C.00 is approxi-
mately twice that of case A.00. The greater amounts of steam
present in case A.00 tend to impede combustion in the lower
compartments and also allow more hydrogen to be transported
into the dome before combustion begins in the upper plenum.
These results illustrate the sensitivity of the results to
differences in the suurce terms.
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Case C.0l1 was performed as a direct comparison to the
CLASIX base case from Reiference 9. All possible input values
such as spray temperature, flame speed, and combustion com-
pleteness were set to the CLASIX values. Ignition and propa-
gation limits were set to 8%, and burning in the ice compart-
ments (6-9) was precluded. Results of the HECTR and CLASIX
code comparison are shown in Table 4-2. The dome pressure
response is shown in Figure 4-32. The burn sequences are
similar, with HECTR predicting three more burns in the lower
compartment than CLASIX. This difference may be due to the
fact that HECTR accounts for changes in the lower compartment
gas volume as the sump fills up. As the lower compartment
gas volume decreases, it takes less hydrogen to reach a con-
centration of 8%; hence, more burns occur. The peak gas
temperatures predicted are comparable in magnitude, with dif-
ferences due to different surface areas and different heat
transfer models. Some differences are predicted in the peak
pressures, with CLASIX producing the higher values. During
burns, CLASIX predicts fairly large pressure differentials
between the compartments (with the higher pressure in the
lower compartment), which we would not expect to occur for
this case, given the large flow areas connecting the compart-
ments. HECTR predicts rapid pressure equilibration, and only
small pressure differences between compartments. As shown
later, COMPARE also predicts rapid pressure equilibration.

If pressure equilibration had occurred in the CLASIX case,
one can see by volume-averaging the pressures that the
results would have been very similar to the HECTR results.

In addition to the results presented in Table 4-2, the
pressure response during the blowdown (preburn) phase of the
accident was examined. The CLASIX and HECTR results agreed
very well, generally to within 7 kPa (1 psi). Thus, we con-
clude that the agreement between the codes is reasonable for
this accident scenario, and that the differences between the
results presented in this report and those presented in
Reference 6 are due largely to differences in input assump-
tions and not to differences in the codes. (Note that other
scenarios may produce large pressure differentials between
the dome and lower compartment if large burns occur in the
dome and the ice-condenser doors block downward flow.)
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611

Table 4-2

Code Comparison

Compart- Ice
ment Number Peak Temperature Peak Pressure Remaining~*
Case Code Number of Burns (K) (°F) (kPa) (psia) (%)
1 o 346 163 173 25.1
CLASIX 2 30 933 1219 192 27.8
- 7 947 1245 230 33.4
C.01 [6]
1 0 3585 179 186 27.0
HECTR 2 30 1006 1351 186 27.0
4 10 898 1156 188 27.3
1 0 361 190 184 26.7
2 35 1008 1354 185 26.8
3 (¢] 772 930 184 26.7
N 6 951 1252 183 26.5
COMPARE 5 0 374 213 182 26 .4 13
6 0 648 708 184 26.7
7 0 555 539 183 26.5
8 10 975 1295 183 26.5
S 14 945 1248 186 27.0
C.02 [14)
1 0 345 161 174 25.2
2 19 881 1126 174 25.2
3 0 695% 791 17% 25.4
1 6 848 1060 17% 25.4
HECTR S 0 353 175 175% 25.4 25
6 2 752 894 17% 25.4
7 7 807 993 17% 25.4
8 12 796 973 17% 25.4
9 17 732 858 175 25.4

*At end of sequence calculation (see Table 4-2).
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Case C.02 was performed as a direct comparison to the
COMPARE base case from Reference 15. All input values were
set to the COMPARE values where possible. In this case prop-
agation of burns into the ice compartments (6-9) was allowed,
in order to be consistent with COMPARE. The dome pressure
response is presented in Figure 4-33, and the results of the
code comparison are shown in Table 4-2. Both codes predict
six burns in the lower compartment and similar peak pres-
sures. HECTR predicts more burning in the ice compartments
(6-9) and less in the upper plenum than COMPARE, probably due
to differences in the ice-condenser models. As shown in
Table 4-3, for the two cases considered, HECTR predicts more
ice melting than CLASIX and less ice melting than COMPARE.
The differences are probably due to differences in the heat
transfer and condensation models in the ice condenser, rather
than differences in the burn sequences. Based on the results
of cases C.01 and C.02, we conclude that the codes will
behave similarly, given similar input and modeling assump-
tions (at least for the type of ice-condenser modeling
addressed here). One reason that the codes behave similarly
for these cases is that the gas transport is characterized by
forced (fan-driven and break-flow-driven) convection through
series-connected compartments. For cases where natural con-
vection is important and parallel flow paths are present,
differences in the intercompartment flow equations (e.g.,
CLASIX does not include buoyancy terms) will probably cause
significant differences in the results.
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4.3.11 "“F", "G", and "H" Cases - S,D and S,H Scenarios

Case F.00 represents an $,D scernario. As shown in
Figure 4-34, higher baseline pressures «re predicted than in
case A.00, due to the much higher break-flow rate. Once the
hydrogen begins entering the containment, it does so at a
very high rate (see Chapter 3) and causes combustion to occur
both in the upper plenum and the lower compartment, with some
propagation to other compartments. After several consecutive
burns in the upper plenum, the atmosphere becomes inert
because of oxygen depletion, but soon thereafter a large burn
occurs in the dome which pushes oxygen back into the upper
plenum and causes a burn to occur there also. Note that,
even with these high hydrogen release rates and corresponding
closely spaced burns, the gas pressure rises are not predicted
to be very cumulative in nature.

360 T T T T Ir TR ——— } 50
| 4
300 + i o
l 40
250 + !
’.‘ - 35 f.ﬁ
a | -
x | -4
& S
5 200 + +30 e
»n ,Fan Initiation | | w
o \ +25 ©
£ ol ) s
150 4 ¥ - 2 Q

AR koo W 8

~

\”Spuy Initiation
100 + TS

+10

0 1000 2000 3000 4000 5000 6000 7000 8000
Time (s)

Figure 4-34. Pressure Response in the Dome for Case F.00

123



Case F.0l examines the effect of partial oxygen deple-
tion. As with case A.14, the initial oxygen concentration
was set to 14%. For this case, as shown in Figure 4-35,
partial oxygen depletion appears to be detrimental, with
higher pressures predicted than for case F.00. The reason
for this result is that with less oxygen pres=2nt, the tenden-
cy for the upper plenum tc become inert is enhanced, leading
to more hydrogen being transported to the dome and allowing
more hydrogen to be present in the upper plenum when the burn
begins in the dome and pushes oxygen back into the upper
plenum. Figures 4-36 and 4-37 show the hydrogen concentra-
tions in the upper plenum for cases F.00 and F.Ol.
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Case G.00 represents an S,D accident scenario with

37% zirconium oxidation, as opposed to 75% zirconium oxida-
tion for case F.00. The dome pressure response for this case
is shown in Figure 4-38. The low peak pressure for this case
(161.7 kPa or 23.5 psia) occurs during the blowdown phase and
not during the hydrogen combustion that takes place later.
Because of the low steam-release rates at the time of hydro-
gen injection, most of the burns begin in the lower compart-
ment and propagate into the lower plenum (3) and some of the
ice compartments (6-9). This response is initially similar
to that for case F.00. However, in case G.00 the hydrogen
injection is terminated before sufficient hydrogen accumu-
lates in the dome to allow a burn to occur there. Thus, the
large pressure spike of case F.00 is not predicted in case

G.00.
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Case H.00 represents an S .H accident scenario. The
dome pressure response for this case is shown in Figure
4-39. 1In this case most of the burns are initiated in the
upper plenum and the lower compartment, with only one burn
propagating into the dome, and then into a lean mixture.
Very little tendency for inerting in the upper plenum is
predicted, and thus, the pressure rises are small.
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Case H.0l, with the dome pressure rise shown in

Figure 4-40,

is the same ac case H.00,
assumption of partial oxygen depletion.
F.0l, there is a tendency for the upper plenum to inert, thus

leading to a large burn in the dome.
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4.3.12 "1" Cases - S,HF Scenarios

The "1" cases represent S HF accideuts with the sprays fail-
ing in the recirculation mode, approximately 1800 s into the
accident. As shown by the dome pressure response in Fig-
ure 4-41, case 1.00 initially is similar to case H.00. How-
ever, later on in the accident, with no sprays and most of
the ice gone, the baseline pressure begins increasing due to
steam buildup much in the same manner as in cases A.03 to
A.05.
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Cases 1.01 and 1.02, respectively, were run to examine
the effects of deccreasing and increasing the ice-condenser
drain temperature by 20 K (36°F). The dome pressure
responses for cases 1.01 and 1.02 are shown in Figures 4-42
and 4-43, respectively. Case 1.0l predicts a higher pressure
rise than case 1.02, because less heat is transferred to the
water falling through the lower plenum. However, the general
behavior of the results is unchanged.
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Cases 1.03 and 1.04, were run to examine the respective
effects of decreasing and increasing the ice-condenser heat
transfer coefficient by a factor of five. The dome pressure
responses for cases 1.03 and 1.04 are shown in Figures 4-44
and 4-45, respectively. Case 1.03 initially predicts higher
pressures than case 1.04, because less steam is removed by
the ice condenser in case 1.03. These higher baseline pres-
sures produce substantially higher burn pressures. However,
at late times the pressure is lower in case 1.03, because
gsome ice still remains, while in case 1.04 the ice has all
melted. The differences in the amount of ice melted are
illustrated in Figures 4-46 through 4-48. With the above con-
gsiderations in mind, it is not clear which of these cases
would be considered to be “"conservative".

‘” T v L T v

T o
4

380 +

r -
4
80
400 +
| 50
300 + / .
P il 40
® 2804 /
4
200 4+ _Fan initiation %
A //\‘\J
~ /" _Spray F
‘n‘k\_,,_\h}/ oray Failure
20
10

Pressure (psia)

“Spray Initiation

100 +

b

0 1000 2000 3000 4000 5000 6000 7000 8000
Time (s)

Figure 4-44. Pressure Response in Dome for Case 1.03

132




m - ' A L A v . e y-
4 T v T T T /y 3 70
450 // 3
/ + 80
400 /
350 + 50
Eg 300 3
. 4-‘0
250 :
/
E
200 Fan irtiation / T 30
/ Spray Fallure L
150 / ’
+20
: 1
100+  Spray intiation 3

el
.
o

&
¥

- ——

Figure 4-45. Pressure Response in Dome for Case 1.04

08 4:*‘
0.8+

0.7+ |
08+
0.5+
0.4+

0.3+

Fraction of initial ice mass

0.2+ . Y

0.1+

"N 4 . - & &
¥ ¥ LA Y y 4 2
0 1000 2000 3000 4000 5000 6000 7000 8000

—

0 1000 2000 3000 4000 5000
Time (s)

Figure 4-46. 1Ice Inventory History for Case 1.00

133

+ ——
6000 7000 000

Pressure (psia)



1 T T — e +———r— -
|
0.9+ +
08+ \ R
: N
g 0.7 . i -
3 0.8 + . R
s
= 05+ P
g 7
.-
S o4+ N '
g
03+ -
e
u -
0.2+ -
0.1+ .
|
. o

0 1000 2000 3000 4000 S000 6000 7000 8000

Time (s)

Figure 4-47. 1Ice Inventory History for Case 1.03

1 Y T T T T T -1
09+ 4
" \
8+ | -
s 1\
7] b |
g 0.7 + \ 1
® \ f
.Q 0 .‘:r’ \ -
\ |
% 05+ \ 4
- \ |
g 0.4 + \ R
\
‘6 0.3+ \
© 1 \
- LY
uw \

L e smasen, e s e
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (s)

Figure 4-48. Ice Inventory History for Case 1.04

134



Case 1.05 was run to examine the effects of increasing
the surface heat transfer coefficients by a factor of 5. The
dome pressure response for this case is shown in Figure 4-49.
Some pressure reduction compared to case 1.00 is predicted at
late times due to increased steam ccondensation rates. The
only other major difference is that one burn was predicted
that propagated into the dome. However, the basic results
are unchanged.
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Case 1.06 shows the effects of partial oxygen depletion.
The dome pressure response for this case is shown in Figure

4-50.
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4.3.13 "L" and "M" Cases - TMLU and TMLB Scenarios

Cases L.00 and M.00 represent TMLU and TMLB scenarios,
respectively. 1In case L.00 the fans and sprays work normally,
while in case M.00 the fans and sprays are assumed to come on
when power is recovered at about 8440 s into the accident.

The dome pressure responses for the two cases are shown in
Figures 4-51 and 4-52 and are very similar. As long as the
sprays and fans are restored well before the hydrogen is
released, there will tend to be little difference in these
scenarios. Large numbers of birns occur in the upper plenum
with some propagation upward into the dome in both cases, and
propagation downward into the ice compartments (6-9) predicted
in case M.00. Some burning is predicted in the lower compart-
ments in both cases. Near the end of the accident, both

cases also predict a relatively large burn, which begins in
the dome. Cases L.0l1 and M.0l were run to examine the

effects of partial oxygen depletion. For these cases there
were only minor differences in the results.
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4.4 Results for Core-Meltdown Accidents

The core-meltdown accident scenarios are designated in
Table 2-1 by the letters D, E, J, K, N, O, and P. Results
for these cases are summarized in Table 4-1. The source
terms for these cases are described in Chapter 3. Each of
these cases is discussed in more detail below.

4.4.1 "D" Cases - S,D Coze-Meltdown Scenarios, 100%
Zirconium Oxidation

The "D" cases represent S,D accident scenarios.
These cases are different from the "A" cases, in that the
accident proceeds through core meltdown and assumes 100%
zirconium oxidation. The dome pressure response for case
D.00 is shown in Figure 4-53. The sprays and fans are
assumed operational, and the default corbustion parameters
are used. Vessel failure occurs just before the first large
pressure spike at about 4100 s. Before vessel breach, rela-
*ively small quantities of hydrogen are released, resulting
!n burns that are initiated in the lower compartment and the
upper plenum, with some propagation into lean mixtures in
other compartments. These burns produce the small pressure
spikes that apnear between about 3300 and 4100 s.
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After vessel breach, the results are quite different.
Large quantities of steam and hydrogen are injected rapidly
into the containment at the time of vessel breach (see
Chapter 3). Coincidentally, a burn starts in the lower com-
partment just before vessel breach: however, this burn has
little effect on the results, as this compartment becomes
inert due to oxygen depletion soon afterward (the lower com-
partment also rapidly becomes steam inerted). The more
important phenomena are the rapid injection of steam and
hydrogen, raising the baseline pressure significantly, and
the transport of the hydrogen into the upper plenum and
dome. This hydrogen is ignited in the upper plenum, arnd the
burn propagates into a leaner mixture in the dome. Because
the baseline pressure is high and because hydrogen is being
rapidly transported into the upper compartments during the
early part of the burn, the pressure rise is relatively
high. After this burn is completed, more hydrogen is trans-
ported upward from the steam and hydrogen rich lower compart-
ments, resulting in a second large pressure spike when com-
bustion occurs. This "multiple spike" behavior is typical of
what HECTR predicts for the core-meltdown cases.
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Case D.0O1l was run to examine the effects of containment
venting. A 0.75 m? (8.1 ft?) vent was set to open in the
dome at a pressure of 273.7 kPa (39.7 psia) and to close when
the pressure fell below 239.2 kPa (34.7 psia). All other
parameters for case D.0Ol1l were the same as for case D.00. The
dome pressure plot for case D.Ol is shown in Figure 4-54.

The vent opens during the two large burns, producing some
reduction in pressure, particularly for the second large
burn. The change in the second large burn is due to the fact
that the vent alters the gas transport, and thus the concen-
trations are different when the second burn begins. Also,
some hydrogen escaped to the atmosphere during the venting
process. Vents of this size would have some positive bene-
fits, but they would not completely mitigate the effects of
combustion.

Case D.02 shows the effects of partial oxygen depletion.
The dome pressure plot is presented in Figure 4-55. As in
cases D.00 and D.0Ol1, a large double peak is predicted follow-
ing vessel breach. 1In case D.02, however, fewer total burns
occur and, as shown in Figure 4-56, a significant amount of
hydrogen rem2ing unburned due to a lack of oxygen. Thus, the
addition of more hydrogen or carbon monoxide due to core-
concrete interactions or other sources would not result in
additional burning unless a source of oxygen were available.
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4.4.2 "“E" Cases - S,D Core-Meltdown Scenarios, 36%
Zirconium Oxidation

The "E" cases also represent S,D accident scenarios,
but with minimal in-vessel zirconium oxidation occurring, as
discussed in Chapter 3 (36% as opposed to 100% for the "D"
cases). The pressure response for case E.00 is shown in
Figure 4-57. As with case D.00, multiple peaks are predicted
after vessel breach. However, the pressure rises are much
smaller, and fewe: total burns occur because less hydrogen is
released. The pressure rises are smaller because the hydro-
gen and steam are injected at rates such that less hydrogen
is present in the dome when combustion begins in the upper
plenum (see Figures 3-37 through 3-40). 1In Case E.00 the
burns propagate into much leaner mixtures in the dome than in
case D.00, and the burns are proportionately smaller. Also,
less hydrogen is introduced into the dome and upper plenum
during the burn than in case D.0O.
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No vent case was run for the "E" set of scenarios,
because the vent opening pressure was not exceeded in case
E.00. Case E.Ol was run to examine the effects of partial
oxygen depletion. As shown ia Figure 4-58, multiple-peak
behavior is predicted following vessel breach; however, the
pressure rise for the final burn is higher than for case
E.00. This is because HECTR predicts temporary inerting in
the upper plenum due to oxygen depletion before the final
burn. This allows much more hydrogen to be transported into
the dome before the final burn begins. and thus produces a
higher pressure rise.
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4.4.3 "J" Cases - S,HF Core-Meltdown Scenarios, 100%
Zirconium Oxidation

The "J" cases are S HF cases similar to the "I"
cases, except that the accident is assumed to progress through
vessel breach, and 100% zirconium oxidation is assumed. The
dome pressure response for case J.00 is shown in Figure 4-59.
A multiple-peak response is shown after about 4200 s: how-
ever, there are some significant differences between this
case, an S,HF scenario, and case D.00, an S,D scenario. In
case D.00, MARCH predicts that vessel breach will occur
almost immediately following core slump, because of the pres-
sure rise in the primary system accompanying core slump.
However, in case J.00 the primary system pressure is signifi-
cantly lower, because of the larger break size. Since the
primary system pressure is lower, the vessel remains intact
following core slump until about 5200 s. Thus, in case J.00
the multiple peaks occur subsequent to core slump but prior

to vessel breach.
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At the time of core slump, hydrogen and steam are inject-
ed rapidly into containment, producing burns primarily in the
lower compartment and upper plenum. The lower compartment
does not become steam inert prior to vessel breach, although
the steam concentrations are significantly increased. The
large pressure spike at about 4500 s is due to a burn that
begins in the dome, after the upper plenum has become inert
due to oxygen depletion. The pressure rise is large because
the baseline pressure is high and because oxygen is pushed
back into the upper plenum, resulting in a burn at a high
hydrogen concentration. When vessel breach finally occurs at
about 5200 s, the consequences are small, because all of the
zirconium has already been oxidized (steel oxidation is not
treated in these calculations), and there is a minimal amount
of water remaining in the primary system to be injected into
containment.

Case J.01 was run to examine the effects of venting.
Figure 4-60 shows the dome pressure response for this case.
The results are identical to those for case J.00 until the
large burn occurs at about 4500 s. For this burn the vent
opens, producing about 120 kPa (17.4 psi) in pressure reduc-
tion. After this burn some differences are predicted, due to
differences in gas transport and the fact that some of the
hydrogen was vented during the previous burn.
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Case J.02 was run to examine the effects of partial oxy-
gen depletion. As shown in Figure 4-61, the results are
initially similar to those for case J.00. However, the upper
plenum becomes inert slightly sooner, thus alter.ng the
scenario and producing a somewhat lower pressure rise. Also,
the containment is inert due to a lack of oxygen following
the large burn (the mole fraction of oxygen is leus than 0.04
in all compartments), and no further burns can occur. A sub-
stantial amount of hydrogen remains unburned, with concentra-
tions ranging between 13 and 14% throughout the cortainment
at the end of the run.
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4.4.4 "K" Cases - S HF Core-Meltdown Scenarios, 37%
Zirconium Oxidation

The "K" cases are S ,HF accident scenarios with the
parameters in MARCH adjusted to minimize oxidation (37% zir-
conium oxidation, see Chapter 3). The dome pressure response
for case K.00 is shown in Figure 4-62. In this case core
slump is predicted to occur just before 4000 s, and vessel
breach is predicted to occur at about 6500 s. For this case
nearly all of the hydrogen 1s released prior to core slump,
resulting in burns in the lower regions of containment and
the upper plenum. No burns are predicted to occur in the
dome, and thus the pressure rises are small. The fairly slow
pressure rise at the time of core slump is due to steam pres-
sure only: nearly all of the hydrogen is released prior to
core slump, and nc burns are predicted to occur after that
time.

Because the vent opening pressure was not exceeded in
case K.00, no vent case was run for the "K" scenarios. Case
K.0l was run to examine the effects of partial oxygen deple-
tion. 1In this case, because of the lesser amount of hyd:~gen
involved and the relatively slow rate at which it is released,
no inerting is predicted to occur in any compartment, and the
results are very close to those for case K.00.
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4.4.5 “N" Cases - TMLB' Core-Meltdown Scenarios, 100%
Zirconium Oxidation

The "N" cases represent TMLB' accident scenarios with a
total loss of ac power. With a total loss of ac power,
neither the sprays nor the fans are assumed to operate.

Also. because the igniters will not operate without ac power.
the ignition threshold was arbitrarily set to 12% hydrogen.
Ignition may be a random event in such a case, depending on
electrostatic discharge., an operable piece of electrical
equipment, or perhaps the discharge of molten core debris
following vessel breach. As discussed in Chapter 3, very
little hydrogen is produced prior to core slump. which is
predicted to occur just past 9000 s. Much of the hydrogen is
released at the time of core slump, with another large
release from the primary system predicted to occur a few
minutes later at the time of vessel breach. Note that the
HECTR model lumps the containment sump and the reactor cavity
together. For the TMLB' gscenarios., the reactor cavity may be
dry prior to vessel breach. The reactor cavity will be
treated more correctly and the effect of our current assump-
tions will be addressed in future analyses.

The dome pressure response for case N.0O is shown in Fig-
ure 4-63. The very large pressure spike is due to a burn
that begins in the dome with a 12% hydrogen concentraticn.
The burn begins in the dome, because the upper plenum was
rendered inert due to oxygen depletion by a previous burn.
The pressure rise is very high, because of a high baseline
pressure, 12% ignition limits. and the presence of large
quantities of hydrogen in the upper plenum which burns once
oxygen is pushed back in from the dome. (Ignition limits
higher than 12% would lead to even higher predicted peak
pressures.) No burns occur in the lower compartment, which
is steam inerted during the time of hydrogen injection.
Also. as with other cases in which the fans are inoperable.
very high hydrogen councentrations are predicted to occur in
the upper ice compartments (8. 9).

Case N.0O1 was run to examine the effects of containment
venting. As shown in Figure 4-64,. venting produces a reduc-
tion in peak pressure of about 190 kPa (27.6 psi) and minor
variations in the sequence of events. Case N.02 was run to
examine the effects of partial oxygen depletion. The results
were essentially the same as those for case N.0O, except that
there was some oxygen remaining in case N.0O. while in case
N.02 the containment was inert due to lack of oxygen at the

end of the run.
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4.4.6 "O" Cases - TMLB' Core-Meltdown Scenarios, 27%
Zirconium Oxidation

The "O" cases are also TMLB' accident scenarios, but with
minimal zirconium oxidation (27% zirconium oxidation, see
Chapter 3). The case 0.00 pressure response for the dome is
shown in Figure 4-65. Only small pressure rises are predict-
ed, due to burns that are predicted to occur in the upper
plenum and propagate down into the ice compartments (6-9).

No burns occur in the lower compartment, because of steam
inerting with the fans inoperable. Also, no burns occur in
the dome, due to the lesser amount of hydrogen released,
which allows the hydrogen to be burned in the upper plenum
and the ice compartments. However, even in this case with a
minimum amount of zirconium oxidation, near-stoichiometric
hydrogen concentrations are predicted for the upper ice ccm-
partments (8, 9). Case 0.01 with partial oxygen depletion is
similar to case 0.00, becauise insufficient hydrogen was gen-
erated to make a significant difference.
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4.4.7 "P" Cases - TMLB' Core-Meltdown Scenarios, 65%
Zirconium Oxidation

The P casee are also TMLB' scenarios, but with an inter-
mediate amount of oxidation (65%, see Chapter 3). The "N",
"O", and "P" cases taken together represent a parametric
treatment of the amount of zirconium oxidation. The dome
pressure response for case P.00 is shown in Figure 4-66. The
pressure respoiise for this case is somewhat similar to that
for case N.00. Burning initially occurs in the upper plenum
and in the ice compartments. The large spike is due to a
burn that begins in the upper plenum and preopagates upward
into the dome. However, the pressure rise is significantly
less than for case N.00, because the hydrogen concentration
in the dome is significantly less when the burn occurs. This
is due to a lesser quantity of hydrogen being injected into
containment and a lower injection rate.
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Case P.01 shows the effects of containment venting. As
shown in Figure 4-67. the behavior is very similar to that
for case P.00. For this case the vent results in about a
45 kPa (6.5 psi) pressure reduction.
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5. CONCLUSIONS

A large number of widely varying results were presented
in Chapter 4, making it difficult for the reader to draw spe-
cific conclusions regarding the response of an ice-condenser
containment. In the paragraphs that follow., we will attempt
to discuss the resvlits in a manner that makes them more
readily understoou. We will address the differences between
the degraded-core and coremeltdown scenarios, the effects of
the major parameters important to both scenarios, the effec-
tiveness of the igniter system, and recommendations for
future work.

5.1 Degraded-Core versus Core-Meltdown Scenarios

Prior to vessel breach, the degraded-core and core-
meltdown cases show similar behavior and sensitivities.
Hydrogen is released fairly slowly (a few kilograms per
second [a few hundred pounds per minute) or less), and the
results are governed by the common parameters discussed later
in this section. Prior to vessel breach, many of the core-
meltdown cases are actually less severe than the degraded-
core cases. In the core-meltdown cases (no res*toration of
ECC)., little hydrogen is released from the primary system
until vessel breach occurs. Therefore, hydrogen burns before
the time of vessel breach (if they occur) are relatively
benign.

Most of the significant differences between degraded-core
and core-meltdown accidents occur due to the events during
and subsequent to vessel breach. The single most important
aspect of vessel breach addressed by this analysis is the
rapid injection of steam and hydrogen into containment due to
release from the primary system and quenching in the reactor
cavity. Peak hydrogen injection rates of several tens of
kilograms per second (several thousand pounds per minute) are
predicted by MARCH. The hydrogen released to containment
following vessel breach is predicted to produce high peak
pressures for three major reasons. First, the large steam
release rate raises the baseline or preburn pressure.

Secund, because of the high hydrogen release rates, the burns
are fed hydrogen as they progress. Finally. enough hydrogen
is usually released to result in two or more successive burns
that are close enough together in time for their effects to
be somewhat cumulative. Generally, these burns occur in the
upper regions of containment (upper plenum and dome), because
the steam released just after vessel breach rapidly makes
inert the atmosphere in the lower compartment (if it is not
already inert prior to vessel breach because of postulated
failure of the air return fans).

The possible effects of steam explosions, noncoolable
debris beds, ejection of melt from the vessel breach or
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reactor cavity, aerosol generation and dispersal, and core/
concrete interactions are not considered in this study but
will be considered in future SASA analyses. The discussions
in Sections 5.2 through 5.9 below examine sensitivities
common to both degraded-core and core-meltdown scenarios.

5.2 Steam and Hydrogen Source Terms

Much of the difference in result for different cases can
be attributed to different accident scenarios and correspond-
ingly different source terms. The location of the burns and
their magnitude are influenced by the source terms, which can
be characterized by two parameters: (1) the hydrogen-to-steam
ratio and (2) the injection rates. Low hydrogen-to-steam
ratios tend to cause burns to occur preferentially in the
upper regions of containment (upper plenum and dome), because
the high steam content makes the lower compartment less
combustible.

Rapid steam and hydrogen source-injection rates tend to
raise the baseline pressure and produce correspondingly
higher burn pressures. Slow source-injection rates lead to a
better-mixed containment prior to burning and may rates lead
to burns of a more global nature. It is clear from the
results that it is not sufficient to examine the hydrogen
injection rates alone. Steam injection plays a major role in
these accident scenarios. The sensitivity to source terms
encountered in this analysis is unfortunate, as there is a
high degree of uncertainty in the MARCH-generated source
terms.

A degraded-core case with only 35% zirconium oxidation
yields peak pressures slightly higher than those predicted
for a similar case with 75% zirconium oxidation. Intuitive-
ly, one would expect the maximum pressure rise due to combus-
tion to increase monotonically with the amount of hydrogen
released. However our calculations indicate this is not the
case for degraded-core scenarios in an ice-condenser contain-
ment. Instead there is a threshold amount of hydrogen above
which the peak pressures cease to increase (assuming the
ignitors are operating).

This finding raises questions as to the level of conser-
vatism implied by the interim hydrogen rule for ice-condenser
plants. Specifically, the rule states that these plants must
be able to withstand the effects of degraded-core scenarios
in which hydrogen from 75% zirconium oxidation is released to
containment. Results from this study indicate that the
selection of 75% oxidation provides no margin of safety in
the containment loads over that which would be produced by
only 35% oxidation (for a degraded-core scenario). More cal-
culations are needed to clearly define the relationship
between amount of zirconium oxidized and maximum pressure
rise due to combustion.
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5.3 Containment Sprays

Containment sprays are essential for long-term accident
mitigation, because the ice condenser has a finite lifetime:;
without sprays, containment will eventually be breached
either by leakage or by steam overpressure unless the steam
release is terminated. The upper-bound failure pressure for
Sequoyah, 515 kPa (75 psia)., was not exceeded in any scenario
in which the sprays, the recirculation fans, and the igniters
were operating. In the short term, sprays keep the baseline
pressure down prior to burns and remove heat during hydrogen
burns. Also., the heat removed following hydrogen burns will
make the pressure (and temperature) rises less cumulative.
The effectiveness of sprays during a burn will depend on the
flame speed, with longer burns allowing more heat removal.

It is likely that the turbulence induced by the sprays will
increase the speed and completeness of combustion: however,
we feel that the positive benefits of sprays far outweigh
this potential negative aspect. For the accident scenarios
analyzed, automatic spray actuation on high containment pres-
sure always occurred before the first burn was predicted. so
that no changes in spray actuation logic would seem to be
warranted.

5.4 Recicculation Fans

Operation of the fans tends to reduce the vc<eline pres-
sures by increasing the effectiveness of the ice cu denser.
Also, operation of the fans generally prevents sustainad
periods of steam inerting in the lower compartment. Thisz is
significant because burns originating in the lower compa.t-
ment generally result in lower peak pressures than burns
originating in the dome or burns originating in the upper
plenum and propagating into the dome. When the fans are off,
very high hydrogen concentrations are predicted in the ice
condenser, raising the possibility of accelerated flames or
local detonations. These high hydrogen concentrations occur
due to less air entering the bottom of the ice condenser with
the hydrogen and lower flow rates through the ice condenser.
The treatment of accelerated flames and local detonations is
beyond the scope of this report. As for the sprays, the
existing logic for automatic actuation of the recirculation
fans appears satisfactory.

5.5 Combustion Parameters

The results of varying the ignition limits, combustion
completeness, and flame speed are fairly straightforward,.
with increasing values of these parameters producing higher
pressures. High values for ignition limits and combustion
completeness produce fewer burns with more hydrogen consumed
in each burn. The specific pressure rise for a particular
case depends strongly on the initial pressure. However, we
can say that with the fans and sprays operating, burns that
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consume the equivalent of 6 to 7% hydrogen either in a
single., confined compartment or on a containment wide basis
will generally not directly threaten containment. Burns
ignited at higher concentrations in compartments that can
vent into other compartments may also produce relatively low
pressure rises, assuming that the amount of venting is sig
nificant over the burn time. However, if the recirculation
tans are not operating, burns ignited at 6 to 7% hydrogen
could propagate into a region where much higher concentra-
tions may be present, leading to burns at higher effective
concentrations and possibly accelerated flames or local
detonations.

For scenarios such as TMLB', where the ignition system
fails, we assumed arbitrary ignition limits (12% hydrogen in
most cases). In fact, ignition in these cases may be a
stochastic process, depending on available ignition sources,
and may occur at hydrogen concentrations greater or less than
12%. A better analysis of these scenarios would consider
ignition probability as a function of time during the acci-
dent.

Information is not now available that will let us accu-
rately predict flame speeds in the very large scales (and
possibly turbulent environments) of reactor containments. We
can say that if the burns are a few seconds or less in dura-
tion,the pressures will be a significant fraction (> 80%) of
the adiabatic values. For longer burns the containment
sprays can significantly reduce the pressure rises.

5.6 Ice-Condenser Parameters

Gene.ally, we found the results to be relatively insensi-
tive to the ice-condenser parameters (drain temperature and
heat transfer coefficient). Consistent results were observed
for a wide range of parameters. However we only examined the
effects of these parameters for one set of accident scenarios,.
the S,HF scenarios. It is possible that more significant
effects would appear for other scenarios.

5.7 Containment Venting

For those cases where high pressures were predicted., con-
tainment venting during burning had some positive effects.
Compared to cases without venting, pressure reductions in the
range of 10 to 20% were typical. These reductions depend on
the vent size (0.75 m? [8.1 ft?] assumed here) and
the flame speed (burn time).
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5.8 Partial Oxygen Depletion

The calculations performed here do not show large bene
fits from partial oxygen depletion and in some cases show
negative effects. However, these results are due to the par
ticular accident scenarios considered and to modeling limita
tions. Clearly. partial oxygen depletion limits the total
amount of hydrogen that can be burned. Generally., the com
bustion of hydrogen from 100% zirconium oxidation will render
the containment inert due to depletion of oxygen below the
requisite minimum concentration (nominally 5%). Partial oxy
gen depletion will render the containment inert well before
the hydrogen from 100% zirconium oxidation is consumed. Dur
ing core-meltdown accidents, significant amounts of carbon
monoxide may be produced before the oxygen inerting of the
containment atmosphere occurs. Limiting the amount of carbon
monoxide burned is important since it has a higher ignition
limit and heat of reaction than hydrogen., and thus, could
produce higher pressure rises. Also, note that the analysis
did not treat possible decreases in flame speed and combus
tion completeness due to decreased oxygen content, either as
a result of an initially oxygen depleted atmosphere or of an
atmosphere that became oxygen depleted asg a result of
repeated burning.

The HECTR analyses presented here indicate that partial
oxygen depletion tends to produce inerting in the upper
plenum of the ice condenser, thus promoting combustion in the
dome. While it is clear that partial oxygen depletion will
cause inerting to occur in local regions at an earlier time,
the nine-compartment model is probably not adequate to
address this question. A more appropriate model would divide
the upper plenum into regions with and without igniters and
more correctly treat the amount of hydrogen that reaches the
dome without burning.

5.9 Effectiveness of Igniter System

Based on our HECTR results, an igniter system is benefi
cial for many accident scerarios involving the release of

hydrogen. Pressure rises cue to deflagrations will almost
certainly be decreased from what might be obtained from random
combustion with no igniters present. The two most important

considerations appear to be (1) whether the igniters are
operating and (2) whether the fans are operating. A deliber
ate ignition system of the type installed at Sequoyah is not
operable in all accident sequences (in our analyses the sys
tem is operable in all of the degraded-core sequences and
some of the core-meltdown sequences). For example, the igni
ters at Sequoyah are ac-powered. To reduce the risk due to
accidents involving total loss of ac power, dc power to the
igniters would be required.
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Also, for Sequoyah, no igniters are located in the ice
regions. As a result, in accidents involving recirculation
fan failure, high hydrogen concentrations can accumulate in
the ice regions. The potential for accelerated flames or
local detonations during such accidents could be reduced by
installing a limited number of igniters in the ice regions.
These igniters would probably not need to be activated if the
recirculation fans were operating. Future development of a
passive igniter system could alleviate many of the concerns
regarding loss-of-power accidents.

Although ice-condenser containments are all similar in
configuration, our calculations are for a specific ice-
condenser containment design (Sequoyah--Watts Bar), and care
should be exercised in extending the results to other plants.
The benefits of a deliberate ignition system installed in
other ice-condenser containments might be different. Also,
our calculations do not address the possibility of continuous
burning due to stable diffusion flames or jets, or the pos-
sibility of equipment failures as a result of combustion
events. Future considerations of these possibilities might
alter the perceived benefits of deliberate ignition. For
example, diffusion flames would be beneficial in that low
pressure rises would be produced; however, high gas tempera-
tures would be produced that might fail adjacent equipment.

5.10 Future Work

5.10.1 Unresolved Issues

It is beyond the scope of this report to attempt to
resolve several issues regarding hydrogen combustion in ice-
condenser containments. These issues are:

e The potential for accelerated flames or local detona-
tions in or near the ice condenser

e The effects of additional combustible (and noncon-
densable) gas generation from other metal-water reac-
tions and molten core-concrete interactions

e The likelihood and effects of stable diffusion flames
either near the hydrogen release point, in the ice con-
denser, or near the fan exits

e The response of safety-related equipment to combus-
tion, particularly if diffusion flames are present

e Ignition in accidents in which the igniter systems
may fail (either with or without ac power available)

e The relationship between maximum peak pressures and

amount of zirconium oxidized for degraded-core
scenarios
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5.10.2 Plans for Resolution of Issues

Work is in progress which will address most of the above
issues. The potential for accelerated flames or detonations
in the ice condenser will be addressed experimentally at
Sandia (Hydrogen Behavior Program). HECTR is now being modi -
fied to address combustion in the presence of the carbon
monoxide and carbon dioxide formed during core-concrete
interactions (Hydrogen Behavior Program). Experiments are in
progress to address diffusion flames, and models are being
developed for future incorporation into HECTR (Hydrogen
Behavior and Hydrogen Mitigation Programs). Equipment sur-
vival will be addressed in a subsequent report, using boundary
conditions obtained from the analyses described in this
report (Hydrogen Burn Survival Program). The feasibility of
paseive igniters that would function during an accident
involving the total loss of ac power is also being studied at
Sandia (Hydrogen Mitigation Program). A follow-on study is
planned (Severe Accident Sequence Analysis Program) to more
clearly define the relationship between the maximum pressure
rise in containment and the amount of zirconium oxidized in
degraded core scenarios.
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APPENDIX A

HECTR MODEL DESCRIPTIONS

The basic structure of HECTR has been described previ-
ously.[1-3] Therefore, in this appendix only the new models
and those models that are particularly relevant to this
report are described. 1In the paragraphs that follow, dis-
cussions are provided for the combustion models, the ice-
condenser model, the door model, and the sump model.

Combustion Models

The combustion models consist of correlations for igni-
tion, propagation, combustion completeness, and flame speed.
HECTR does not track a flame front, as such, but uses the
flame speed to determine a chemical reaction rate within a
compartment. The combustion completeness and flame speed
correlations were derived from experiments that were per-
formed in the VGES and FITS experimental facilities at
Sandia.[4 5] Ignition limits and propagation limits may be
user-specified for each compartment separately, or default
values may be used, as shown in Table A-1. For most of the
cases the default values were used. 1Ignition was not allowed
in compartments 3, 6, 7, 8, and 9 because there are no igni-
ters located in those compartments; however, burns were
allowed to propagate into those compartments.

Table A-1

Ignition and Propagation Default Values

Parameter Mole Fraction
Hy 02 N> H20
Ignition Limits >0.08 >0.05 -- <0.5%
Upward Propagation >0.041 >0.05 - <0.55
Horizontal Propagation >0.06 >0.05% - <0.55%
Downward Propagation >0.0% >0.05 -~ <0.55%
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For 0.3 < Xj < 0.4:
V = (-50.0X5 + 45.0)C

€ = 3.0 - 3.29%,

For 0.4 < Xj < 0.6:
V = (-75.0X§ + 55.0)C

C = 1.0 - 1.29Xg

For Xj > 0.6:
V = Max [(-64.3X; + 48.58)C , C]

C e 1.0 - 1.20%,

Burn times are calculated by dividing a user-specified,
characteristic compartment dimension by the flame speed.
Once the burrn time has been calculated, it remains fixed dur-
ing the burn, and the chemical reaction rate is adjusted each
time step to account for flows out or injection of sources so
that the burn finishes at the predetermined time with the
correct final mole fraction of hydrogen.

Ice-Condensel: Model

To model an ice condenser in HECTR, we subdivide the ice
region irto Zour compartments and use two more compartments
for the lowe: and upper plenums (see Figure A-1). This
relatively large number of compartments is necessary because
the steam concentration can vary significantly across the ice
condenser. There is no limit on the number of surfaces in
the lower and upper plenums, but only two surfaces are used
for each compartment in the ice region. One of the two sur-
faces in each ice region compartment models the ice and the
other surface models the ice condenser walls and portions of
the metal baskets that are free of ice. Each ice surface is
maintained at a constant temperature. The metal surfaces are
treated as lumped masses. Sensible heat transfer in the ice
condenser is determined from

Nu = 0.023 C Re®-*pPro:.? (A-2)

where Nu, Re, and Pr are the Nusselt, Reynolds, and Prandtl
numbers, respectively, and C is a correction factor to account
for surface roughness and the presence of a liquid film. C

is currently set to 5.0. The above correlation is somewhat
arbitrary, as no data are available for small-break LOCA
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LOCA situations. However, as shown in Chapter 4, the results
for the cases examined are relatively insensitive to this
correlation. The condensing mass flux is determined from the
following equation:

2/3
D ln(Xaw/Xa)P(Xsw - Xs)Nu(Pr/Sc)

J = — = (A-3)
RTL(Xa" - Xa)

where
J = mass flux (lolll’/s)
Sc = Schmidt number
D = diffusion coefficient (m’/s)
X = mole fraction of air at wall

aw
xa = mole fraction of air in bulk gas
xsw = mole fraction of siLeam at wall

xs = mole fraction of steam in bulk gas
P = total pressure (Pa)

R = gas constant (J/mol/K)

T = bulk gas temperature (K)

L = characteristic surface length (m)

The ice melting rate is calculated by the following
expression:

Wi = gAj/(hy - uj) (A-4)
where
"i = ice melting rate
q = sensible heat flux to ice
Ai = ice heat transfer area
h1 = enthalpy of water at 273.15 K
u, = internal energy of ice at ice temperature

The ice is assumed to me.t from the bottom up in each
compartment. The mass of unmelted ice is calculated by inte-
grating the ice melting rate during the transient. The cor-
responding surface area of the ice for heat transfer is cal-
culated using

Aj = (Mi/Mj o)Ai,o (A-5)



where
Ai 0o * initial ice heat transfer area
Hi = unmelted ice mass

M = initial ice mass

i.o

As the ice melts, the metal baskets containing the ice
will be exposed and subsequently will be heated by the steam.
To account for this heat sink, we increase the mass and sur-
face area of the metal surface in each ice region as the ice
melts and adjust the surface temperature using the following
equations:

Mp = My, p + Mp(Mj - Mj p)/Mi , (A-6)

Ap = Ap,p + Ap(Aj - Aj p)/Aj,¢o (A-7)

T T )« 0 )%.])

. m,pm,p N -l |
T - m,pm . m m,p (A-8)
m

M, = mass of baskets

M_ = mass of metal heat t:ansfer surface
= M- from previous time step

M = M, from previous time step

i
A, = area of baskets

A = area of metal heat transfer surface
= A- from previous time step

A-'p
Ai p = Ai from previous time step
T- = temperature of metal surface

T..p = Tp from previous time step

Much of the liquid water formed in the ice regions by
melting ice and steam condensation falls down through the ice
condenser to a sump on the floor of the lower plenum. Al-
though this process is too poorly characterized at present to
allow analytical modeling, the heat and mass transfer to the
water is significant. Therefore, we have included a simple
model for the process in HECTR that can be varied parametri-
cally to bound the phenomena. For this model we assume that
the water does not heat up significantly in the ice region.
Thus, all of the heat and mass transfer occurs while the
water falls through the lower plenum. The controlling para-
meter is the ice-condenser drain tem)erature, and the water
is assumed to heat up to this temperature. Making the as-
sumption that the latent heat transfer dominates the sensible



heat transfer, we calculate the condensation rate in the
lower plenum from:

4
2: (Wi * "ci)(hgv’ hyg) + Weplhy - hlgl
(hs - hd)

W (A-9)

lp ;1
where

condensation rate in the lower plenum
rate of ice melting in compartment n

E F X
oo

= rate of condensation on ice in compartment n

rate of condensation on metal surface in com-
partment n

h, = enthalpy of liquid at drain temperature
= enthalpy of liquid at ice melting temperature

Mg = enthalpy of liquid at metal surface temperature
in compartment n

=
a
B

i

hg = enthalpy of steam in the lower plenum

With the above expressions we can calculate the total
amount of water that drains from the ice condenser into the
sump.

Door Model

HECTR includes a model for the doors that are found at
the entrance to the lower plenum and between the ice region
and the upper plenum (junctions 9 and 10 in Figure A-1).
This model was taken, with few changes, from Reference 6. A
minimum differential pressure is specified that must be
exceeded before a door will be allowed to open. Once the
doors are open, the flow area is determined from the follow-
ing expressions:

A 1.0 - cos ©
A, 1.0 - cos 8, (A-10)
and
(2] P cos 6
- = e e (A-11)
90 Po cos 90
where

A = flow area

Ao = fully open flow area

P = differential pressure across door minus minimum
pressure to open



differential pressure to hold doors fully open
door opening angle

fully open door angle

Values for the above parameters can be found in Table D-4
in Appendix D.

The door flow area is very sensitive to small changes in
pressure, and thus, the flows through the doors can vary
dramatically from one time step to the next and cause some
numerical problems for HECTR. To alleviate these problems,
some artificial smoothing was employed in the door model.
The flow area used in the calculation was determined from

Ap = 0.8Ap + 0.2A (A-12)

where A, is the area used in the calculation, Ay is the
area used in the previous time step, and A is the value
determined from the expressions shown previously.

ump Model

A sump model was also added to HECTR. The sump collects
water from the following sources: the portion of the break
flow that does not flash to steam, condersation on the con
tainment surfaces and on the sump, spray droplets that reach
the bottom of a compartment, water draining from the ice con-
denser, and steam removed from a compartment that is super
gaturated. Water is drawn from the sump for ECC and contain
ment sprays when the recirculation modes are active, and
water can be lost from the sump due to evaporation or boiling.
Conservation of mass and energy relations determine the sump
temperature and volume as a function of time. The free
volume of the lower compartment is appropriately modified to
reflect changes in the sump volume. For the cases that
assume a molten core eventually falls into the sump, the
hydrogen generation rates and heat transfer rates are taken
from MARCH, and the hydrogen is injected into the lower com
partment at the sump temperature, with the remaining energy
(accounting properly for the energy carried away by the
hydrogen) being transferred into the sump. If a sufficient
amount of enerqgy is transferred into the sump to raise its
temperature to the saturation point, then boiling can occur.
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AEPENDIX B

MARCH INPUT FOR DEGRADED-CORE CASES

This appendix contains all of the MARCH input information
A complete MARCH input deck

used in the degraded-core cases.
is listed for case A.00.

For all other cases,

any parameter

values that differed from those for case A.00 are listed.

Case A.O

111182S8QS2H SQS2H- -SEQUOYAH S2D DEGRADED CORE

$CHANGE

ACBRK=-1.0, CPSTP=180.0, FDRP=-1.0, HIMX=-1.0,
HIOX=-1.0, ID=830214, IFISH=-1, IFPM=10,
IFPV=10, IGASX=10, IHOTX=10, IPLOT=0,
15=4, Js=0, LST7=1, MEL=-1,
NCRST=1, NCT7=1, PFAIL=-1.0, PRST=1000.0,
TFX=-1.0, T™MX=-1.0, TRST=250., WALLX=-1.0,
$END

SEQUOYAH--5S2D DEGRADED CORE

$NLMAR

DTINIT=0.02, H2H1=0.08, H2LO=0.0, HIOXY=0.05,
HIG=0.55, H2UP=0.041, H2HZ=0.06, H2DN=0.09,
H2V0=352.8, H2VX=11650., H2DIST(1)=90.,110.,
IBLDF=0, IBLDI=0, IBLDP=0, IBRK=1,
IBURN=1, IBURNL=2, ICBRK=1, ICE=1,
ICKV=0, 1ECC=2, IFPSM=2, IFPSV=2,
IPDEF=0, IPDTL=7, IPLOT=0, ISPRA=1,
ITRAN=1, 1U=0, IXPL=0, NINTER=20,
NPAIR=0, TAP=1.0512E6,TIME=0.0, VOLC=1.191E6,
$END

$NLINTL

EW(1)=20%0.0,
T(1)=20*%0.0,
W(l)=20*0.0,

$END
STEEL CONCRETE
UC DOME UCCONCRETEUC STEEL UP STEEL LC STEEL LCCONCRETE

DE STEEL DECONCRETEICE STEEL
$NLSLAB

DEN(1)=489.0,150.0,
DTDX(1)=15*0.0,
HC(1)=0.115,0.192,
HIF(1)=15*0.0,

IPRINT=0,
IVL(1)=4*2,4%1,2,6%0,
IVR(1)=4%2,4%1,2,6%0,
MAT1(1)=1,2,3%1,2,1,2,1,6%0,



MAT2(1)=1,2,1,2*1,2,1,2,1,6%0,

NMAT=2,

NNO1(1)=3,10,3,2,5,10,4,10,3,6%0,

NNO2(1)=15*0,

NOD(1)=1,14,19,24,48,

NSLAB=9,

SAREA(1)=18967.,25116.,21511.,4823.,32309.,45777.,
19740.,35059.,285948.,6%0.0,

TC(1)=26.0,0.8,3%0.0,

TEMP(1)=18*85.0,29*100.0,3*20.0,150%0.0,

X(l)' .0. .0209o .0‘17.
.0, .151, .302, .453, .604, .755, .906,
1.09%6, 1.207, 1.358,
.0, 023, .0459,
+ 0, .00522,
i BT <A 310, 336,
+0, .172, .344, .516, .688, .860, 1.032,
1.204, 1.376, 1.549,
.0, 034, .068, .102,
.0, .163, .327, .490, .653, .817, .980,
1.143, 1.307, 1.470,
.0, .00633, .01268,
$END
$NLECC
ACMO=2.480E5,CSPRC=0.143, DTSUB=-100.0,ECCRC=0.343,
NP=0,

P(1)=6%0.0,
PACMO=454.7, PHH=2500.0, PLH=181.0, PS18=1513.0,
PUHIO=1064.7,RWSTM=2.9007E6, STP(1)=6*1.0E6,
STPHH=1.0E6, STPLH=1.0E6, STPSIS=1.0E6,

TACM=100.0,

TMHH=39.15, TMLH=39.15, TMSIS=39.15,

TM(1)=6%0.0,

TRWST=100.0, TUHI=100.0, UHIO=6.200E4,

WEC(1)=6%0.0,

WHH1=-641.0, WLH1=-6850.0, WS1S1=-859.0,
WTCAV=100.0,

$END
$NLECX

EQR=3.74E7, ETPIR=137.0, ETS1R=95.0, EWPR=2.47E4,
EWSR=4.12E4,

$END
$NLCSX

SQR=2.526E8, STP1R=190.0, STS1R=85.0,

SWPR=6.60E4, SWSR=9.64E4,

$END
$NLCOOL

CQR=0.0, CTPR=0.0, CTSR=0.0, VAP=0.0,
CWPR=0.0, CWSR=0.0,

JCOOL=0, NCOOL =0, PCOOL=0.0, POFF=0.0,




QRCOOL=0.0, TCOOL=0.0,

$END

$NLMACE
AREA(l1)=4256.0,7350.0,6%0.0,
AVBRK=0.0,

BK(1,1)=0.0, BK(1,2)=30.5,BK(2,1)=10.5,BK(2,2)=0.0,
CVBRK=0.0,
Cc1(1)=17.7,17.7,.1.0,7*%0.0,
C2(1)=9500.0,8.0E4,8*%2.0,
C3(1)=100.0,2.00,8*0.0,
C4(1)=400.0,0.0,8%0.0,

DCF=100.0, DCFICE=100.0, DT0=0.05,

DTPNT=10., DTS=5.0E3,

FALL=0.7, FSPRA=0.0, HMAX=280.0,

HUM(1)=2*0.30,6%0.0,

IBETA=0, ICECUB=2, IDRY=1, IVENT=0, [WET=2,
N=3,

NC(l)=2,1,2,7*0,

NCAV=1, NCUB=2, NRPV1=1, NRPV2=1, NRPV3=0,
NS(1)=2,2,1,7%0,

NSMP=1, NSMP2=1,

NT(1)=1,8,9,7*0,

PO=14.7, PVNT=0.0, STPECC=1.0E6,STPSPR=1.0Eé¢,

TEMPO(1)=100.0,85.0,6%0.0,

TICE=32.0, TPOOL=0.0, TSTM=105.0, TVNT.=0.0,

TVNT2=0.0, TWTR=190.0, TWTR2=98.6,

VC(1)=3.830E5,8.084E5,6*0.0,

VCAV=15000.0,VDRY=0.0, VFLR=51000.0,VTORUS=0.0,

WICE=2.45E6, WPOOL=0.0, WVMAKS=5.221E5,

WVMAX=0.0,

$END

$NLBOIL

AB(1)=16%0.0,

ABRK=2.182E-2, ACOR=51.1,

AH(1)=196.0,72.0,2.060E5,160.0,2.036E3,326.0,

ANSK=0.0,

AR(1)=51.1,4.13,44.4,0.0,-2.00,-10.0,

ATOT=101.20,

CM(1)=669.0,1.044E3,4.180E5,887.0,1.470E4,8.768BE3,

CLAD=1.923E-3, CSRV=151.7,

D=3.117E-2, DC=11.06,

DD(1)=0.580,2.29,6.460E-2,5.770E-2,0.123,0.438,

DF=2.68BE-2, DH=3.863E-2, DPART=0.0164,

DTK=1.0E3, DTPN=5.0, DTPNTB=10.,

DUO2=2.68B8BE-2,

F(1)=0.230,0.540,0.770,0.960,1.11,1.22,1.29,1.33,1.32,1.28,
1.24,1.21,1.18,1.17,1.18,1.22,1.22,1.17,1.09,0.98,
0.85,0.68,0.49,0.27,

FCOL=0.95, FDCR=-1.0, FDROP=0.95, FM=0.0,

FR=0.0, FULSG=3.676ES,



FZMCR=1.0,
FZOCR=1.0, FZ0§1=0.0, F12=0.445,

H=12.0, HO=104.0, HW=300.0,

ICON=-1, IFP=2, IGRID1=1, IGRID2=0,

IHC=0, IHEAD=-1, IHR=1,

IMWA=3, IMZ=100,

ISAT=0, 18G=3, ISRV=1, ISTM=0, ISTR=3,
KRPS=0, MELMOD=-1, MWORNL =0, NDTM=1.0ES,

NDZ=24, NDZDRP=2, NNT=55777, NR=50952,

PF(1)=1.18,1.18,1.17,1.15,1.12,1.05,0.99,0.85,0.74,0.57,
PSET=2500.0, PSG=1185.0, PVSL=2250.0,
QPUMP1=0.0, QPUMP2=0.0, QZERO=1.16417E1l0,

RHOCU=58.6, Rl=1, R2=10,

TAFW=100.0, TALFl=1.0ElO0, TALF2=1.0E10,
TB(1)=16*1.CE6, TCAV=1100.0, TDK=0.0,
TFAIL=1832.0, TFEOO=618.0, TFUS=5320.0,
TGOO0=580.0,

TMAFW=1.0, TMELT=4130.0,

TMLEG(1)=3*1.0E6,

TMSGl=1.0E6, TMSG2=1.0E6, TMUPl=1.0E6, TMUP2=1.0ES6,
TMYBK=1.0E6, TPM=1.0, TPN=20.0, TPUMP1=1.0E6,
TPUMP2=1.0E6, TRPS=0.0,
TSB(1)=0.25,0.02,0.25,1.0,
T$CT(1)=0.0,37.0,42.0,1.0E10,
TT(1)=613.0,610.0,494.0,580.0,580.0,580.0,
VF(1)=10*0.10,

VOLP=12145.0,VOLS=356.0, WAFW=13000., WATBH=4.781E4,
WCST=3.30E6, WDED=30489.0,

WFE2=5.52E4, WMUP1=0.0, WM'IP2=0.0, WTRSG=3.676ES,

X00=3.28E-6, YB=0.0, YBRK=16.2, YBRK2-1.0E3,
YLEG=16.2, YLEG2=1.0E3, YT=0.0,

$END
$NLRAD

ECROS=0.70, ELONG=0.214, ESTRU=0.60, EWAT=0.95,
IAXC=0, ICONV=0,

IRAD=0, PITCH=.04133, WBAR=4770.0,

$END
$NLHEAD

COND=5.0, DBti=14.4, El1=0.8, E2=0.5,
FOPEN=0.0,

THICK=0.436, TMLT=4130.0, TVSL=500.0,

WFEC=1.080E4 ,WGRID=1.280ES, WHEAD=7.760EA4,
WU02=222739.0, WZRC=50913.0,

$END
$NLHOT

CON=5.0, DP=0.197, FLRMC=0.0, THOT=101, MWR =0,
NSTOP=1000, TPOOLH=125.0, WTR=0.0,

$END
$NLINTR

CAYC=1.50E-2,CPC=1.45, DENSC=2.35, DPRIN=7200.0,




DT=0.50,

EPS1(1)=0.50,0.50,8%0.0,

FC1=0.460, FC2=0.140, FC3=0.360, FC4=4.0E-2,
FIOPEN=1.0,

HIM=1.0E-2, HIO=1.0E-2, 1IGAS=1, IWRC=1,
NEPS=2, R=6.0E3, RBR=0.135, R0=259.0,
TAUL=0.50, TAUS=5.0, TEPS(1)=0.0,3.6E7,8%0.0,

TIC=302.5, TF=3.601E4, TPRIN=O.,
WALL=1.0E6, ZF=1000.0,
$END

Case B.0O

$NLECC
TMHH=39.15, TMLH=39.15, TMSIS=39.15,

Case F.00

$NLECC

TMHH=59.7, TMLH=1.0E6, TMSIS=1.0E6,
$NLBOIL

ABRK=0.1963,
T8CT(1)=0.0,40.0,80.0,1.0E10,

Case G.00

$ CHANGE

TRET=120.,

$NLECC

TMHH=54.1, TMLH=1.0E6, TMSIS=1.0E6,
$NLBOIL

ABRK=0.1963,
T8CT(1)=0.0,40.0,80.0,1.0E10,

Case H.00

$ CHANGE

TRST=50.,

$NLECC

PLH=2500.,

STPHH=22.50, STPS1§=22.50,

TMHH=0.0, TMLH=53.80, TMSIS=0.0E6,
WLH1=-641.0,

$NLBOIL

ABRK=0.1963,
TSCT(1)=0.0,40.0,80.0,1.0E10,



Case L.OO

$CHANGE

TRST=300.,
$NLMAR

IBRK=0,
$NLECC

TMHH=141.6, TMLH=0.0, TMS1S5=0.0,
$NLMACE

N=2,
$NLBOIL

AB(1)=0.0308,15*0.0,

ABRK=0.0,

TB(1)=141.6,15*1.0E6,
TMAFW=1.0E+6,
TSCT(1)=0.0,135.0,170.0,1.0E10,
YBRK=105,

Case M.00

$CHANGE

TRST=300.,
$NLMAR

IBRK=0,
$NLECC

TMHH=140.7, TMLH=140.7, TMSIS=140.7,
$NLMACE
Cl1(1)=140.7,140.7,1.0,7*%0.0,
N=2,

NS(1)=1,1,1,7%0,
$NLBOIL

AB(1)=0.0308,15%0.0,

ABRK=0.0,

TB(1)=140.7,15*1.0E6,
TMAFW=1.0E6,
TSCT(1)=0.0,135.0,170.0,1.0E10,
YBRK=105,



APPENDIX C

MARCH INPUT FOR CORE-MELTDOWN CASES

This appendix contains all of the MARCH input information
used to make the runs for the core-meltdown cases. A full
MARCH input deck is found here for case D.00. For other

cases, any parameter values that differed from those for case
D.00 are listed.

Case D.00
1111828QS82D $QS2D- -SEQUOYAH S$2D, 2 IN., 100% OXIDATION
$ CHANGE

ACBRK=-1.0, CPSTP=500.0, FDRP=-1.0,

HIMX=-1.0, HIOX=-1.0, ID=830601, IFISH=-1,
IFPM=10, IFPV=10, IGASX=10, IHOTX=10,
IPLOT=0, 1S8=6, JS=0, LST7=1, MEL=10,
NCRST=1, NCT7=1, PFAIL=-1.0, PRST=1000.0,
TFX=-1.0, TMX=-1.0, TRST=90., WALLX=-1.0,

$END

SEQUOYAH- -S2D, 2 IN., 100% OXIDATION

$NLMAR

DTINIT=0.02, H2HI=0.08, H2L0=0.0, HIOXY=0.05,

HIG=0.55, H2UP=0.041, H2HZ=0.06, H2DN=0.09,
H2VO=352.8, H2VX=11650.., H2DIST(1)=90.0,110.0,

IBLDF=0, IBLDI=0, IBLDP=0,

IBRK=1, IBURN=1, IBURNL=-2,

ICBRK=1, ICE=1, ICKV=0, IECC=2,
IFPSM=2, IFPSV=2,

IPDEF =0 IPDTL=7, IPLOT=0,

ISPRA=1, ITRAN=1, 1U=0, 1XPL=0,
NINTER=20, NPAIR=0, TAP=1.0512E6,TIME=0.0,
VOLC=1.191Eé,

$END
$NLINTL

EW(1)=20%0.0,

T(1)=20%0.0,

W(l)=20%0.0,

$END

STEEL CONCRETE

UC DOME UCCONCRETEUC STEEL UP STEEL LC STEEL LCCONCRETE
DE STEEL DECONCRETEICE STEEL
$NLSLAB

DEN(1)=489.0,150.0,
DTDX(1)=15*0.0,
HC(1)=0.115,0.192,
HIF(1)=15%0.0,



IPRINT=0,
IVL(I)-‘.ZQ‘.112¢6.00
IVR(1)=4%*2,4%1,2,6%0,
MAT1(1)=1,2,3*1,2,1.2,
MAT2(1)=1,2,1,2*1,2,1,
NMAT=2,

1,6%0,
2,1,.6%0,

NNO1(1)=3,10,3,2,5,10,4,10,3,6*0,

NNO2(1)=15*0,
NOD(1)=1,14,19,24,.48,
NSLAB=9,

SAREA(1)=18967.,25116.,21511.,4823.,32309.,45777.,19740.,

35059.,285948.,6%0.0,

TC(1)=26.0,0.8,3*0.0,

TEMP(1)=18%85.0,29*100.0,3%*20.0,150%0.0,

X(1)=.0, -0209, .0417,
.0, +151, .302,
1.056, 1.207,
.0, .023, .0459,
.0, .00522,
.0, .057, .113,
s 172, .344,
1.204, 1.376,
.0, .034, .068,
.0, .163, .327,
1.143, 1.307,
.0, .00633,
$END
$NLECC
ACMO=2.480E5,CSPRC=0.143,
NP=0,
P(1)=6*0.0, PACMO=454.7,
PHH=2500.0, PLH=131.0,
RWSTM=2.9007E6,

STP(1)=6*1.0Eé6,
STPHH=1.0E6,
TACM=100.0,

m-1.0860

T™(1)=6%0.0,
TRWST=100.0, TUHI=100.0,
WEC(1)=6%0.0,

TMLH=1.0E6,

1

1.

-795, .906,

. 453,
. 358,

.604,

.170,
.516,
549,
.102,
.490,
.470,
.01268,

.226,

.688, .860,

.817, .980,

.653,

DTSUB=-100.0,ECCRC=0.343,

PS1S=1513.0, PUHIO=1064.7,

STPLH=1.0E6, STPSIS=1.0E6,

T™S1S=1.0E6,

UHI10=6.200E4,

WHH1=-641.0, WLH1=-6850.0,WS1S1=-859.0,

WTCAV=100.0,
$END

$NLECX
EQR=3.74E7,
EWSR=4.12E4,
$END

$NLCSX
SQR=2.526E8,
SWSR=9.64E4,
$END

ETP1R=137.0, ETS1R=95.0,

STP1R=190.0, STS1R=85.0,

EWPR=2.47E4,

SWPR=6.60E4,

1.032,



$NLCOOL

CQR=0.0, CTPR=0.0, CTSR=0.0,

CVAP=0.0, CWPR=0.0, CWSR=0.0,

JCOOL=0, NCOOL=0,

PCOOL=0.0, POFF=0.0, QRCOOL=0.0, TCOOL=0.0,
$END

$NLMACE

AREA(1)=4256.0,7350.0,6%*0.0,

AVBRK=0.0,

BK(1,1)=0.0, BK(1,2)=30.5,BK(2,1)=10.5,BK(2,2)=0.0,
CVBRK=0.0,

C1(1)=17.7,17.7,1.0,7%0.0,
€2(1)=9500.0,8.0E4,8%0.0,

C3(1)=100.0,2.00,8%0.0,

C4(1)=400.0,0.0,8%0.0,

DCF=100.0, DCFICE=100.0,

DTO=0.05, DTPNT=10.0, DTS=5.0E3,

FALL=0.7, FSPRA=0.0, HMAX=280.0,
HUM(1)=2%0.30,6%*0.0,

IBETA=0, ICECUB=2, IDRY=1,

IVENT=0, IWET=2,

N=3,

NC(1)=2,1,2,7*%0, NCAV=1,

NCUB=2, NRPV1=1, NRPV2=1, NRPV3=0,
"5(1)3202'107'00

NSMP=1, NSMP2=1,

BT(1)=1,.8.9,7%0,

PO=14.7, PVNT=0.0, STPECC=1.0E6,STPSPR=1.0E6,

TEMPO(1)=100.0,85.0,6%0.0,

TICE=32.0, TPOOL=0.0, TSTM=105.0,

TVNT1=0.0, TVNT2=0.0, TWTR=190.0, TWTR2=98.6,
VC(1)=3.830E5,8.084E5,6*0.0,
VCAV=15000.0,VDRY=0.0, VFLR=51000.0,VTORUS=0.0,
WICE=2.45E6, WPOOL=0.0,

WVMAKS=5.221ES, WVMAX=0.0,

$END
$NLBOIL

AB(1)=16%0.0,

ABRK=2.182E-2,ACOR=51.1,
AH(1)=196.0,72.0,2.060E%,160.0,2.036E3,326.0,
ANSK=0.0,

AR(1)=51.1,4.13,44.7,0.0,-2.00,-10.0,

ATOT=101.20,
CM(1)=669.0,1.044F.3,4.180E5,887.0,1.470E4,8.768BE3,
CLAD=1.923E-3,CSRV=151.7,

D=3.117E-2, DC=11.06,
DD(1)=0.580,2.29,6.460E-2,5.770E-2,0.123,0.438,
DF=2.688E-2, DH=3.863E-2, DPART=1.640E-2,
DTK=1.0E3, DTPN=5.0, DTPNTB=10.0,
DUO2=2.688E-2,




F(1)=0.230,0.540,0.770,0.960,1.11,1.22,1.29,1.33,1.32,1.28,
1.24,1.21,1.10,1.

7.1.189,1.22.1.22,1.17,1.09,0.98,

0.85,0.68,0.49,0.27,

FCOL=0.728,

FDCR=1.0, FDROP=0.728, FM=0.0, FR=0.0,
FULSG=3.676ES5,

FZMCR=1.0, FZOCR=1.0, FZ0581=0.0, F12=0.445,
H=12.0, HO=104.0, HW=300.0,

ICON=-1, IFP=2, IGRID1=1, IGRID2=0,
IHC=0, IHEAD=-1, IHR=1,

IMWA=3, IMZ=100,

ISAT=0, ISG=3, ISRV=1, ISTM=0,
KRPS=0, MELMOD=1, MWORNL=0,

NDTM=1.0E5, NDZ=24, NDZDRP=2,

NNT=55777, NR=50952,

PF(1)=1.18,1.

PSET=2500.0, PSG=1185.0, PVSL=2250.0,

QPUMP1=0.0, QPUMP2=0.0, QZERO=1.16417E1lO0,
RHOCU=58.6, Rl=1, R2=10,
TAFW=100.0, TALF1=1.0E10, TALF2=1.0E1l0,

TB(1)=16*1.0E6,
TCAV=1100.0, TDK=0.0,
TFEOO=618.0, TFUS=5320.0,

TFAIL=1832.0,

TGOO0=580.0,
TMAFW=1.0, TMELT=4130.0,
TMLEG(1)=3*1.0E6,

TMSGl=1.0Eé6,
TMYBK=1.0E6,
TPN=20.0,
TSB(1)=4%0.25,

TSCT(1)=0.0,3*1.0E10,
TT(1)=613.0,610.0,494.0,580.0,580.0,580.0,
VF(1)=10%0.10,

VOLP=12145.0, VOLS=356.0,

WAFW=13000., WATBH=4.781E4,

WCST=3.30E6, WDED=30489.0,
WFE2=5.52E4, WMUP1=0.0,
WTRSG=3.676E5,X00=3.28E-6,

TPM=1.0,

WMUP2=0.0,

YB=0.0, YBRK=16.2, YBRK2=1.0E3,
YLEG=16.2, YLEG2=1.0E3, YT=0.0,

$END
$NLRAD

ECROS=0.70, ELONG=0.214, ESTRU=0.60, EWAT=0
IAXC=0, ICONV=0, IRAD=0,
WBAR=4770.0,

$END
$NLHEAD

COND=5.0, DBH=14.4, E1=0.8, E2=0.5,
FOPEN=0.0,

THICK=0.436, TMLT=4130.0, TVSL=500.0,
WFEC=1.080E4 ,WGRID=1.280ES5, WHEAD=7.760E4,
WUO02=222739.0,WZRC=50913.0,

$END

16,1.17,1.15,1.12,1.05,0.99,0.85,0.74,0.57,

TMSG2=1.0E6, TMUPl=1.0E6, TMUP2=1.0E6,

TPUMPl=1.0E6, TPUMP2=1.0E6, TRPS=0.0,

95,
PITCH=.04133,




$NLHOT

CON=5.0, DP=0.197, FLRMC=0.0, THOT=101,
MWR=0, NSTOP=200, TPOOLH=125.0,WTR=0.0,
$END

$NLINTR

CAYC=1.50E-2, CPC=1.45,

DENSC=2.35, DPRIN=7200.0, DT=0.5C,
EPSI(1)=0.50,0.50,8*0.0,

FC1=0.460, FC2=0.140, FC3=0.360, FC4=4.0E-2,
FIOPEN=1.00,

HIM=1.0E-2, HIO=1.0E-2, |IGAS=1, IWRC=1,
NEPS=2, R=6.0E3, RBR=0.135, R0=259.0,
TAUL=0.50, TAUS=5.0,

TEPS(1)=0.0,3.6E7,8%0.0,

TIC=302.5, TF=3.601E4, TPRIN=0.0,

WALL=1.0E§, 2F=1000.0,

$END

Case E.

$ CHANGE
TRST=100.,
$NLBOIL
DPART=0.15,
FDCR=-0.4,
IMWA=1,

Case J.00

$CHANGE

MEL=-1,
TRST=250.,
$NLMAR

IECC=-2,
ISPRA=-1,
$NLECC

TMHH=0.0, TMLH=0.0, T™S15=0.0,
$NLBOIL
ABRK=1.9635E-1,
$NLHOT
NSTOP=1000,

Case K.00

$CHANGE
MEL=-1,
TRST=250.,

$NLMAR
IECC=-2,
ISPRA=-1,



$NLECC
TMHH=0.0,
$NLBOIL

ABRK=1.9635E-1,

DPART=C.15,
FDCR=-0.4,
IMWA=1,
$NLHOT
NSTOP=1000,

Case N.OO

$CHANGE
CPSTP=599.0,
TRST=180.,
$NLMAR
H2H1=0.12,
IBRK=0,
ISPRA=0,
$NLMACE
Cl(1)=10%*0.
C2(1)=10%*0.
C3(1)=10*0.
C4(1)=10%0.
N=0,
NC(1)=10*0,
NS(1)=10*0,
NT(1)=10*0,
$NLBOIL
ABRK=0.0,
TMAFW=1.0E6,
$NLHOT
NSTOP=1000,

Case 0.00

$CHANGE
TRST=250.,
$NLMAR
H2H1=0.12,
IBRK=0,
ISPRA=0,
$NLMACE
C1(1)=10%0.
C2(1)=10%0.
C3(1)=10*0.
C4a(1)=10%0.
N=0,
NC(1)=10*0,
NS(1)=10*0,
NT(1)=10*0,

00O

o000

TMLH=0.0,

T™™S15=0.0,



$NLBOIL
ABRK=0.0,
DPART=0.15,
FDCR=-0.4,
Im’ln
TMAFW=1.0E6,

$NLHOT
NSTOP=1000,

Case P.00

$CHANGE
CPSTP=599.0,
TRST=180.,
$NLMAR
H2HI=0.12,
IBRK=0,
ISPRA=0,
$NLMACE
Cl(1)=10*0.0,
C2(1)=10%*0.0,
C3(1)=10*0.0,
C4(1)=10*0.0,
N=0,
NC(1)=10%*0,
NS(1)=10*0,
NT(1)=10*0,
$NLBOIL
ABRK=0.0,
FDCR=0.5,
TMAFW=1.0E6,
$NLHOT
NSTOP=1000,



APPENDIX D
HECTR INPUT DESCRIPTION

The Sequoyah compartment and flow junction arrangement is
shown in Figure D-1. Tables D-1 to D-7 describe the input
used for most of the HECTR calculations. The input was for-
mulated based on information in References 1 and 2. This
input description applies specifically to case A.00 but is
generally valid for the other cases as well. A listing of
the input for Base A.00 is included in Table D-8 for those
who desire more details.




!
)
2 2
1
8
s 8 4
2
s 6 " 6
13
33 =10 4 o 3
~
e s Fan
5 S
//

el Compartment Descriptors
1- Compartment Numbar 1. Dome
1t - Flow Junction Numter 2. Upper Plenum
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Figure D-1. HECTR Ice-Condenser Containment Model



Table D-1

Compartment Input Data (Excluding Ice Condenser)

Initial Conditions
Flame
Propa- Partial Pressures
Relative gation (kPa)
Volume Elevation Length Temp.
Compartment (m?) (m) (m) () H,0 N, 0, H,
1 18 435 29 17.5 303 0.345 81.475 2}. 0.
Dome
2 1 330 29 9.0 273.5 0.620 81.2 21. 0.
Upper
Plenum
3 685 10 3.% 273.5 0.620 81.2 21. 0.
Lower
Plenum
- 8 184 0 12.0 311 0.620 81.2 2). 0.
lLower
Compartment
S 2 662 0 6.0 311 0.620 81.2 1. 0.
Dead-Ended

Region




Table D-2

Surface Input Data (Excluding Ice Condenser)

sur- Compart
face ment Description

1 Steel Dome
Concrete .414
Steel .013
Thin-wWalled Component .061935 .003175%
Thick-Walled Component .061935 .01693
Transducer .0208 .0064
Steel 0.013

Thin-Walled Component .061935 D.003175

Thick-Walled Component 061935 .01693

Transdurer .0208 0.0064
Steel Walls 0.013

lce Condenser Support .0081
Structure

Concrete Floor 3110

Steel 3000

Concrete 1569

sSump 3153

Thin-Walled Component 0.0619135 D.003175%
Thick-Walled Component 0.061935 01693
Transducer 0.0208 0.0064
Steel 1834 031

Concrece 3257 ).448




Table D-3

Flow Junction Input Data

L/A Ratio for
Flow Inectial Term
Junction~* Coefficient (m~1%)

0.2

0.007
Calculated
Calculated

Calculated

*See Figure A-1.

**Junction 2 is removed when the sprays are initiated or when
the sump volume exceeds 750 m3.




Table D-4

Ice-Condenser Door Input Data

Junction*
9 10

Maximum Area (m?) 91.3 78.0
Differential Pressure 0.2634 0.0

to Open (kPa)
Differential Pressure 37.91 0.14207

for Full Open (kFa)
Maximum Open Angle (°) 89 55
Flow Coefficient 0.2 0.089
LL/A Ratio for Inertial 0.049 0.0055

Term (m~ ')
*See Figure D-1.

Table D-5
Fan Input Data
Fan 1 Fan 2

Connected Compartments 1 =+ 5 4 -+ 5
Setpoint Actuation 121.59 121.59

Pressure (kPa)
Delay Time (s8) 600 600
Maximum Flow Rate (m?/s) 54.7 1.17
Shutoff Head (kPa) 1.3237 1.327




rable D-6
Ice-Condenser Input Data

Total Ice Mass™ 1 X 106

« LA

kg

Ice Surface Area .48 x 10* m°’
Ice Volume .0 x 10" m’
Total Height 14.53 m
Wall Area 2058 m"
Wall Mass 2.0 x 10° kg
Basket Area 9920 m’
Basket Mass 1.47 x

Drain Temperature

Initial Gas V me

Ice Temperature

Initial Gas and Surface Temperature

Initial Partial Pressures

H 0.620 kPa
81.2 kPa
21.5 kPa

C.0 kPa

*The ice condenser is divided into four identical compart
ments. Values in the table are for the complete ice con
denser.




Table D-7

Spray Input Data

Flow Rate

Number of Drop Sizes

Frequency of 1lst Drop Size

Frequency of 2nd Drop Size

Diameter of 1lst Drop
Diameter of 2nd Drop
Pressure Setpoint
Delay Time

Fall Height

Injection Temperature*

0.599 m”/s
2

0.95

0.05

309 um

810 um
121.59 kPa
30 s

16 m

311 K

*Once the sprays are switched to the recirculation mode, the
temperature is calculated in HECTR based on the sump tempera-
ture and heat exchanger values.




Table D-8

Input Listing for HECTR Case A.00

SEQUOYAH CASE A.00$

HECTR VERSION 0.1
8 % IGNITION

TIME STEPS MAX
FLOW 0.5
HEAT TRANS 0.5

SOURCE TERMS - MARCH APPROX 75% CLAD REACTION

FANS AUTO
SPRAYS AUTO
350000. ! FAILURE PRESSURE (36 PSIG)

5 4 ! NUMBER OF COMPARTMENTS EXCLUDING ICE REGION,

'
.

SUMP VOLUME

FOR EACH COMPARTMENT: THE VOLUME, ELEVATION,

LENGTH,
THE SPRAYS GO DIRECTLY TO THE SUMP.

UPPER COMPARTMENTS
18435,

29,

17.5

3

1

UPPER PLENUMS

1330.

29.

9.0

LOWER PLENUMS

685.

10.

3.9

3

0

LOWER COMPARTMENTS
8184.

0.

12.0

6

0

DEAD ENDED RECIONSS
2662.

0.

6.0

2

FLAME PROPAGATION

s
:
! NUMBER OF SURFACES, AND AN INTEGER SPECIFYING WHETHER OR NOT
'
'




Table D-8

Input Listing for HECTR Case A.00

(continued)

THERMAL CONDUCTIVITY, SPECIFIC HEAT, EMISSIVITY,

UPPER COMPARTMENT SURFACES

DOMES$
1 1. 1762. 1. .0127 8.0 1.288-5 47.25 1. .9 1

0.00

UPPER COMPARTMENT CONCRETES

1 1. 2333. 1. .414 5. 5.8B-7 1.454 1. .9 1

0. 00

ER COMPARTMENT STEEL$

2000. 1. .013 1. 1.28E-5 47.25 1. .9 1

0

THIN WALLED COMPONENTS$

.061935 1. .003175 .1016 7.4E-5 182. 1. .89 1
0

THICK WALLED COMPONENTS

.061935 1. .01693 .1016 7.48-5 182. 1. .89 1
0

TRANSDUCERS

.0208 1. .0064 .1625 1.428B-5 52. 1. .91

0

P e s e e e s e e e O

eh g
D - I

~a
N - )

-0
. oo

.
O e

UPPER PLENUM SURFACES

e e O COCO NG O

UPPER PLENUM STEEL$

11. 1000. 1. .013 5. 1.288-5 47.25 1. .9 1

0

THIN WALLED COMPONENT$S

.061935 1. .003175 .1016 7.48-5 182. 1. .89 1
0

THICK WALLED COMPONENTS

.06193% 1. .01693 .1016 7.48-5 182. 1. .89 1
0

TRANSDUCERS

,0208 1. .0064 .1625 1.42B-5 52. 1. .91

0

H H. - . .
?o. ?Qr?o

"?"‘CO"‘CQF‘CO
O

D-10

FOR EACH SURFACE: TYPE OF SURFACE (1-SLAB,2-LUMPED MASS,3-POOL),
MASS OF SURFACE, AREA OF SURFACE, FRACTION OF AREA FOR RADIATION
CALCULATIONS, THICKNESS, CHARACTERISTIC LENGTH, THERMAL DIFFUSIVITY,

INTEGER INDICATING

WHETHER OR NOT THE CONDENSATE GOES DIRECTLY TO THE SUMP, AND NODE
INFORMATION (0'S INDICATE THE NODING WILL BE DONE INTERNALLY). NOTE
THAT SOME OF THE NUMBERS SET TO 1. ARE NOT JSED FOR THAT SURFACE TYPE.



Table D-8

Input Listing for HECTR Case A.00
(continued)

! LOWER PLENUM SURFACES

L

LOWER PLENUM WALLSS

11. 380, 1. 013 3. 1.208-5 47.25 1. .91
0. 00

ice-condenser SUPPORT STRUCTURES

1 1. 2660. 1. .008]1 .2 1.208-5 47.25 1. .9 1
0. 00

LOWER PLENUM FLOORS

1 3, 319, 1. %1 & S5.08-7 1.454 1. .9 1
0. 00

:

! LOWER COMPARTMENT SURFACES

'

LOWER COMPARTMENT STEELS

1 1. 3000. 1. .069 2. 1.28K-5 47.25 1. .91

0. 00

LOWER COMPARTMENT CONCRETES}

3569. 1. .472 4. 5.8E-7 1.454 1. .91

0

SURFACES

8. 1. 3. 6. ): 1. 1. 94 )

THIN WALLED COMPONENTS

.061235 1. .003175 .1016 7.48-5 182. 1. .89 1
0

THICK WALLED COMIPONENTS

.061935 1. .01693 .1016 7.4E-5 182. 1. .89 1
0

TRANSDUCER$

.0208 1. .0064 ,1625 1.42B-5 52. 1.

0

1.
0
UMP
1.
Ce
1.
0
.C.
0
C.

—
o

DEAD ENDED COMPARTM™MENT SURFACES

1
0.
S
3
L
1
0.
L
1
0.
L.
1
0.
:
'

'

DEAD ENDED STEEL$

1 1. 1834, 1. .031 4. 1.286E-5 47.25 1. .91
0. 00

DEAD ENDED CONCRET!:$

1 1. 3257. 1. .448 4. 5.88-7 1.454 1. .9 1

0. 00

!

! FPLOW JUNCTION DATA: COMPARTMENT ID'S, FLOW AREA, L)SS CORFFICIENT. L/A
! RATIO, AND TYPE OF CONNECTION (1-WAY OR 2-WAY). COMPARTMENT ID OF 0

]
]

INDICATES THE ICE-CONDENSER. JUNCTIONS WITHIN THE ICE-CONDENSER ARE SET
UP INTERNALLY.




Table D-8

Input Listing for HECTR Case A.00
{continued)

WNBNOMM-

COMPARTMENT RELATIONS: 1 FOR I ABOVE J, 0 FOR I BESIDE J, -1 FOR I
BELOW J, 3 FOR I NOT CONNECTED TO J. UPPER RIGHT HALF OF MATRIX IS
INPUT.

W ww
W -~
—

ice-condenser INPUT

LOWER AND UPPER PLENUM COMPARTMENTS

(8]

:

2
4
3
0
5
0
4
$
$

'

)

'

!

1
3
1
0
!
'
'
!
3
:

ICE DESCRIPTION: TOTAL MASS, AREA, TEMPERATURE, LENGTH,
! EMISSIVITY,VOLUME.
1.11B6 2.48E4 273.5 14.53 .94 2.0E3
! WALL AND STRUCTURES IN ice-condenser (EXCLUDING BASKETS): MASS, AREA,
! SPECIFIC HEAT, EMISSIVITY
2.0B5 2058. 485.7 .9
! MASS OF BASKETS, AREA OF BASKETS, DRAIN TEMPERATURE.
1.47B5 9.92E3 310.
! ELEVATION OF BOTTOM FOURTH OF ICE, FLOW AREi\, LOSS COEFFICIENT FOR
! EACH ICE JUNCTION, TOTAL FREE GAS VOLUME
13. 167. .2 2444.
i
! FAN DATA
! TEMP. AND PRESS. SETPOINTS, DELAY TIME.
10000. 121590. 600.
! COMPARTMENT ID'S, FLOW RATE, SHUTOFF HEAD (PA), EFFICIENCY.
(- INDICATES USE OF HEAD CURVE)
1 5 -54.7 1327.3575 1.
4 S -1.17 1327.3575 1.
$
'




Table D-8

Input Listing for HECTR Case A.00
(continued)

! RADIATIVE BEAM LENGTHS - UPPER RIGHT HALF OF MATRIX IS INPUT.
! ICE SURFACES ARE NOT INCLUDED HERE. (THEY ARE DONE INTERNALLY)
'
17.5 23. 20. 17.5 17.5 17.5 12. 12. 12. 12. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0.
10. 15. 20. 20. 20. 0. 0. 0. . 0.0.0.0.0.0.0.0.0. 0.
10. 17.5 17.5 17.5 10. 10. 10. 10. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
.« s 13 . 0. 0.

12. 0. 0.
. 0. 0.

o
.

(=~ -
"l
000
(=~ -
o000

N e
OO0 00000 O

OCoWwWwooOoOoOooOoooOo oo
L o B e B o Qo B e o

ocooOvVVwwoooooow
Oo0owwoooooo o

WooouvUwvwowurmoooowro o
oOoo0ouvVVwUwoouUooowm
e & & & 5 B 9 &K ¢ &

0.
0.
5.
0.
0.
0.
8.
9.
0.
3,
3.
0.
0.
0.
0.
3.
3.

! VIEW FACTORS: UPPER RIGHT HALF OF MATRIX IS INPUT
! ICE SURFACES ARE NOT INCLUDED HERE.
'
.45 .3 .19993847 1.5818E-5 1.5818E-5 5.312E-6 .05 1.05458-5
1.05458-5 3.54148-6 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
.6 .17341236 5.3098-6 5.3098-6 1.7838-6 0. 0. 0. 0. 0.

0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
.5965434 9.290258-6 9.290258-6 3.12E-6 .025 1.5484E-6 1.5484E-6
5.28-7 0. 0. 0. 0. 0. 0. 0. 0. 0. 0. 0.
0. 0. 0. .0500087 0.
0. 0.
0

0.0 . 0.
.0500087 0. 0. 0. O
0.0
2

.0500248 0. 0. 0. .

0. 0. 0. 0. 0.
0. 0. 0. 0. 0.
0. 0. 0.
.8617993 4.025775E-5 4.025775E-5




Table D-8

Input Listing for HECTR Case A.00
(continued)

.4411473 .5 .0588333 B8.258E-6 £.258E-6 2.773E-6 0. 0.
.53125134 .048446687 6.9414E-6 5.9414E-6 2.331E-6 0. 0.
0. 3.50907E-5 3.50907E-5 1.17858&-5 0. 0.

0. 0. 0. 0. 0.

0. 0. 0. 0.

0. 0. 0.

.36 .64

.6396193

'

! SPRAY INPUT

! NUMBER OF COMPARTMENTS WITH SPRAYS, AND ID OF THOSE COMPARTMENTS.

SPRAY TEMP DURING INJECTION PHASE, FLOW RATE (M**3/S), NUMBER OF
DROP SIZES, FREQUENCY AND DIAMETER (MICRONS) FOR EACH DROP SIZE.
15

.599

.35 309.
.05 810.

COMPARTMENT ID AND SFRAY FALL HEIGHT FOR THAT COMPARTMENT.
16.

A AOONO W = ve

! TEMPERATURE AND PRESSURE SETPOINTS AND DELAY TIME FOR SPRAYS.
! HIGH TEMPERATURE INDICATES THAT NUMBER WON'T BE USED.
10007. 121590. 30.

! INJECTION TIME, RATED SPRAY FLOW RATE (KG/S), HEAT EXCHANGER RATED

! BFFECTIVENESS (W/K), SECONDARY SIDE INLET TEMP, RATED SECONDARY
! SIDE FLOW RATE (KG/S).

1915. 587. 3.748B6 301.5 7.55E2

! SIMULATION TIME

12000.

'
COMP}RTMENT INITIAL CONDITIONS: TEMP; PARTIAL PRESSURES OF STEAM,
NITRCGEN, OXYGEN, HYDROGEN; CONVECTIVE VELOCITY.

UPPER COMPARTMENT

303.

345. 81175. 21500. 0.
3

! UPPER PLENUM

273.5

620. 81200. 21500. O.
o3

D-14




Table D-8

Input Listing for HECTR Case A.00
(continued)

! LOWER PLENUM

273.5

620. 81200. 21500.

o

! LOWER COMPARTMENT

331,

520. 81200. 21500.

ol

! DEAD ENDED COMPARTMENT
311.

620. 81200. 21500. 0.
o8

! ice-condenser INITIAL CONDITIONS
273.5

620. 81200. 21500. 0.
! CLASIX source terms

'4 0.

0. 4965.]1 -2.63E5
12172. 4796.4 -2.6367ES
12478. 1129.23 -2.3893E5
'3180. 1347.78 -2.3655E5
13804. 876.7 -2.3615E5
'4428. 538.81 -2.3215E5
14752. 1219.12 -2.397E5
'15700. 488.96 -2.4072ES
16012. 354.25 -2.4065E5
'16960. 132.26 -2.4002E5
17062. 118.79 -2.3994E5
17206. 102.22 -2.3936E5
'$

$

'4 0.

0. 0. -297.

13480. 0. -257.

13804. 9.293 -144.
14116. 58.5 24784.
'4428. 166.5 11669,
14752. 240.8 11287.
15700. 96.75 8671.
'16330. 50.18 7783.
16648. 36. 7440.

'16960. 26.33 7177.
'8070. 8.258 7177.

'$

$




Table D-8

Input Listing for HECTR Case W\.00
(continued)

! INITIAL SURFACE TEMPERATIRES
! UPPER COMPARTMENT

303. 303. 303. 303. 303. 303.
! UPPER PLENUM

273.5 273.5 273.5 273.5

! LOWER PLENUM

273.5 273.5 273.5

! LOWER COMPARTMENT

311. 311. 311. 311. 311. 311.
! DEAD ENDED COMPAXTMENT
311. 31l.

'

! NAMELIST INPUT

'

XHMNIG=.08

! SET IGNITION LIMITS TO 1. IN LOWER PLENUM AND ice-condenser (NO
! IGNITERS)

XHMNIG( 3)=1.

XHMNIG( 6)=1.

XHMNIG( 7)=1.

XHMNIG( 8)=1.

XHMNIG( 9)=1.

! PROPAGATION TIME IN L.C. BQUAL .1 TIMES THE BURN TIME. KPROP = .°
! ELSWHERE.

KPROP ( 4)=0.1

! MAX HEAT TRANSFER TIME STEP.

DTMPMX=10.0

DTHTMX=0.5

SPRAYS=AUTO

FANS =AUTO

MRCHSC=4

$

References for Appendix D

1. Letter from D. M. Mills, Tennessee Valley Authoriiy, to
E. Adensam, Director of Nuclear Reactor Regqulation,
USNRC, December 1, 1981.

2. Sequoyah Nuclear Plant, Final Safety Analysis Report,
Tennessee Valley Authority.
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