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ABSTRACT

This report evaluates both the positive and negative consequences of adding
water to a degraded reactor core during a severe accident. The evaluation discusses
the earliest possible stage at which an accident can be terminated and how plant
personnel can best respond 10 undesired resalts. Specifically discussed are (a) the
potential for plant personnel to add water for a range of severe accidents, (b) the
time available for plant personnel to act, (¢) possible plant responses to water added
during the vanous stages of core degradation, (d) plant instrumentation available to
understand the core condition and (¢) the expected r2sponse of the instrumentation
during the various stages of severe accidents.

FIN BS995-Consequences of Water Addition to a Degraded Core
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EXECUTIVE SUMMARY

Preventing severe accidents or mitigating their
consequences may require implementation of
strategies that add water to the reactor core. How-
ever, the consequences of adding water may be
difficult to detect during the advanced stages of
core deyradation using current plant instrumenta-
ton. Under certain degraded core conditions,
adding water may have negative consequences,
such as enhanced hydrogen production or
induced changes in core geometry, that comph-
cate the removing of core energy and atlow core
damage to progress. We have evaluated the con-
sequences of adding water 1o a degraded core to
ensure that (a) undesirabie consequences are
understond so thetr effects can be minimized and
the accident can be terminated at the carliest pos-
sible stage. and (b) plant personnel can be better
prepared to deal with undesired plant responses.

We place emphasis on the severe accident
behavior of a pressurized water reactor (PWR),
However, the major events in the progression of
core damage during a severe accident in a boiling
water reactor (BWR) are expected to be similar to
those for a PWR. Where appropriate, we discuss
important differences in behavior between PWRs
and BWRs, The capability of existing PWR plant
instrumentation to follow core damage progres
sion should also be applicable to BWRs with
proper recognition given to the differences in
BWR instrument types and locations.

We first evaluated the capability of systems to
add water and prevent core damage during the
carly stages of potential severe accidents. As part
of the evaluation, we reviewed acaident
sequences from Severe Accident Risks: An

wogment F Five US Nuclear Power Plants
P UREG-1150), Results from this review indi-
cate that 8O percent or more of core damage fre
quency originates from sequences where core
uncovery could be prevented if additional and
innovative recovery actions are implemented.
Time frames necessary 1o implement these
actions highly depend on the accident sequence
and on plant-specific conditions. If the time avail-
able for intiating water addition is relatively

short (for example less than 1 hour) the likeli-
hood for suceess is low, However, the duration of
many accident sequences arc much longer, some
exceeding 17 hours. For these sequences, the
likehhood of successtul operator intervention is
high.

The progression of core damage during severe
accidents can be described in terms of the follow-
ing stages:

I, From core uncovery to fuel rod ballooning
2. Ballooning and rupture of fuel rod cladding

3. Early rapid oxidation of zircaloy cladding
by steam

4. Late rapid oxidation of zircaloy cladding by
steam

5. Formation of a debris bed in the lower
regions of the reactor core or at the lower
core support plate from relocated molien
zircaloy and hquefied fuel

6. Relocation of core materialg to the lower
plenum of the reactor vessel.

Concurrent with the formation of a cohesive
debris bed near the bottom of the core, a particu-
late debris bed may also form from fuel pellets or
oxidized cladding that relocate to the top of the
cohesive bed. The five stages of core damage pro-
gression are characterized by temperatures rang-
ing from approximately 1100 K (hallooning of
the fuel rod cladding) up to 3100 K (melting of
the U0, fuel).

The effects of adding water during the early
core damage stages were evaluated in two ways.
Furst, relatively simple models were developed to
estimate the effects of the water on core energy
removal, Second, we used the SCDAP/
RELAPS/MOD3 computer code, which has phe-
nomenologically based models for severe
accident behavior to simulate the effects of
adding water during a station blackout (TMLB")
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é Table ES-1. (continued).
g Potennal acaident management Potential long-term acoident
O Core damage stage Potential positive conseguences Potential negative conseguences stralegies (G prevent progression to MANAZEMENt SIrategics to miigate
B {temperature range;) of water addition of water addition next damage slage accident conseguences
Z Early rapad zircaloy HPIS injection rates will likely Steamn and hydrogen generated Use HPIS if RCS pressure 15 low Ensure long-term borated ECC
— oxdation (1500 K o prevent advance to the laie rapid would cause pressurizasion of the  enough for nomnal HPIS flows or water supphies (refill BWST from
= 1800 K) oxidation stage (temperatures RCS. Significant amounts of use LPIS if pressure s low, external sourves, et !
>1800 K} The uncertamty shat hydrogen may be produced. The Restart RCS < If initia! RCS hove
inyection will be successful in cifoctiveness of adding water will o conhing. | pressure for nominal HPIS flows.
stoppmg core damage s much be difficult to determine because use steam gencrator feed and
larger than durmg the prévious (‘E'I”swillappmachdwirhmtﬂ. hieed to reduce RCS pressure so
stuge. Relocation of control materiat thas HPIS flow is af beast aominal.
My pe or use RCS feed and bleed
Depressurize the RCS using the
PORVs o instiate the accurmula-
tors or the LPIS of HPIS is not
avanable.
Late rapud zircaloy Simple celculations indicate very Injection rates must be high Inject 3t very high ECC rawes, if Imject ECT at the maximum rates
oxidation (1800 K 1o igh inear full accumulator; rates  because core heatup 15 proceed- possibie. If very high rates are not possible.
- 2100 K nnypwvcmmcadvmm mg rapadiy. Dch; times {result- mlﬂe.ﬂxeﬂecuwcms of If pressure is high. depressurize
= stages where debris beds are ing from filling piping, down- adding water 10 prevent progress to the RCS using the PORVs 1o
formed. Code calculations predict  comer, and lower plenam) would the next core damage stage 1s not increase HPIS wnd initisse e
HPIS rates will prevent advance - become more imporntant for assured. accumulators of the LPIS.
1o the next core damage siage but  adding water. Hydrogen and ECC
there & a large degree of uncer- steam generation would cause 5‘"‘""“"‘!*‘-"“‘*’“"“'?
jainty in the results because a rapid system pressurization. The water supplies (refill BWST from
debris bed is predicted to form. effectiveness of adding water extornal sources, eic.)
Although it is predicted to cool, would be difficult {0 determine Imitiate vessel cavity floadmg if it
modeling may have contributed because many CETs would not be 1s projected 1o be effective for the
10 excessive heat transfer. operating praperiy plant conditions.
Particulate debnis There s potential that adding There is the potentiai that adding The effectiveness of adding water Inject ECC at the maximum rates
bed formation water could cool and prevent water will not cool the debris m preventing progress (o the next possibie.
{(>2100 ¥ depend- advance G the next core damage Steam generation could be high. core damage stage 1s not assured, Ensure long-term borated ECC
mng on conditions) r Thucisdsompu;:isl Mmm&@:ﬂm water supplies (refill BWST from
waler injected during pocosity, power level. and tem- external sources, etc )
stage would cool debnis during perature. Hydrogen generation Inits ! sone if it
tater stages if it relocates 1o the could be high, depending on the SR “Mmyﬂo."d”*
lower plenum. amount of unoxidized zircaloy, i projected 1o be effective for the
its location, porosity, and temper- plmwadums
ature. Water ijection may cause Initiate hydrogen control
CETs 10 give low temperature MEASUres.
mssmcmmmmm Initiate fission product control
remain high. measures.
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compared to the hvdrogen that would be pro-
duced if the core damage progress is unmitigated
Because temperature measurements would
hecome unrehable during this stage, confirmation

of core recovery would require examination of

the long-term trends of many instruments. Hydro-
gen detection monitors could identify this stage
but there would hkely be a substantial delay
between the nme hyvdrogen generation begins and
when the hydrogen is detected,

Relocation of core matenals first occurs when
the stainless steel cladding of the control rods
fals. In addition to mohen stainless steel, relocat-
ing materials would include control material
{generally Ag-In-Cd or B4C). Zircaloy from the
fuel assembly guider tubes may also be liquified
by the molien control materials during this stage,
It unborated water is added to the core after the
control matenals have relocated, there is a possi-
bility of re-cniticality of the reactor However, itis
beyond the scope of this report to address the
recriticality issue.

If a cohesive debris bed is formed i the core
region from the relocation of core materials,
removal of energy from the degraded core cannot
be assured even if unlimited amounts of water are
added 1o the vessel, The SCDAP/RELAPS/
MOD?3 calculation with HPIS initiated at 1800 K
predicts the intact fuel rods will quench but pre-
dicts formation of a small cohesive debris bed.
The calculation indicates the debris bed cools
slowly, but the cooling is likely influenced by the
modeling of the bed. which includes some poros-
ity. The capability of water to remove energy
from a cohesive debris bed depends on the bed's
size and the power density, the porosity, and the
thermal conductivity of the materials composing
the bed. The power density and the thermal con-
ductivities depend on the design and operating
parameters of the reactor. Although the code pre-
dicts coohing of the debris bed, the success of
adding water s uncertain for this and more
advanced core damage stages because the debris
bed characteristics and configuration are uncer-
tain. As a result, alternate accident management
strategies, such as water ingection into the reactor
vessel cavity, should be considered when CETs
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exceed 1800 K or significant quantities of hyvdro-
gen are detected. Implementation of alternate
strategies would need to be pursued until there
wete long-term indication of core recovery.

A cohesive debris bed or a more advanced
stage of core degradation would be very difficult
to detect using instrumentation currently installed
mn nuclear power plants, Temperature measure-
ments would not be accurate and would not have
signatures unigue to these damage stages. Inter-
preting the response of RCS pressure 1o adding
water after the formation of a cohesive debris bed
could be counterintintive, Core materials could be
in several configurations simultancously: a cohe-
sive bed, a particulate bed, and loose debris. A
large cohesive debris bed and particulate bed
would result in small amounts of material in the
form of loose debns. If adding water to the core
produces a rapid pressure rise, it is likely that the
cohesive and the particulate beds would be small
and core energy would be easily removed by the
incoming water. If there is only a small RCS pres-
sure rise during water addition, the debris bed is
likely to be large, and energy cannot be efficiently
removed from its intenior. Because it cannot be
casily cooled, the interior of a large cohesive
debris bed is likely to melt portions of the crust,
causing it to thin. The thinned crust will eventu-
ally fail, and molten material will relocate to the
reactor vessel lower plenum.

The possibility of steam explosions at the time
of relocation of molten matenal is not evaluated in
this work. This complex issue is currently being
evaluated by separate programs within the NRC.

Results in this report can be used to identify
and integrate effective strategies for accident
management and to identify hmits on the capa-
bility of instrumentation in determining when
strategies should be implemented. However,
plant-specific information would be necessary for
the development of an accident management plan
for a nuclear power piant. The special characteris-
tics of the specific nuclear power plant should be
considered when developing its core damage pro-
gression stages. For example, the pressure range
over which the HPIS flow is maximized 1s very
important, The individual plant instrument

e el e e e

LN eI e =



.;'ﬁj““_, mw%wmu%wdwa hmumdmcmmmwﬂhm
‘,.wf mmmmummm within the plant.

y!
- s

i L S
¥

i ™ - -
1 r'.".“ ] il F et iy )\\hm T .1.‘ i

L "E



e AR R ki kel i AR T i . e e R N T N N T P TR T pimeEm— -ﬁ

j |
3
:
3 !
P |
4 [
1 '.
)
; ACKNOWLEDGMENTS |
\. l
L The authors eapress appreciation to Dr. Frank Odar, the NRC Project Manager, |
1 and to those within the NRC who have offered ideas and suggestions for improving ;
E this report. We thank R J. Witt of the University of Wisconsin for his insights in the '
: subject of low-pressure sequences and instrumentation signatures. We thank D. A. :
2 Brownson, C. A. Dobbe, and L, D. Schlenker for reviewing the report and offering ‘
- helpful suggestions. i
|
H
\
i
I
. |
._ 2
i |
| |
' :
| 's
| |
| |
; |
i \
' xvii NUREG/CR-6158 |

g e i e oy e e e T B e T s i T e N ey e o L e P S U Vel |



TEaES

implications for Accident Management
of Adding Water to a Degrading Reactor Core

1. INTRODUCTION

Sigmficant capabilities for the management of
accidents currently exist at nuclear power genera
tton plants in the United States, which are gener
ally directed toward preventing core damage,
preventng contwnment failure, and minimizing
public health risks. Although some capabilities
exist for mitigating the effects of severe acci
dents, the effectiveness of these capabilities to
reduce misk for a broad range of credible severe
accrdents has not been fully demonstrated. As &
result, the staff of the Nuclear Regulatory Com
mission (NRC) have concluded that the risk
associated with severe core damage can be further
reduced by extending current accident manage
ment practices,

Preventing severe acodents or mitigating their
consequences will require implementation of
Strategies o add water 1o the reactor core, How-
ever, tor advanced stages of core degradation,
there 1% no guarantee that adding water will
immediately terminate the progress of core dam
age. Under certain degraded core conditions,
adding wuter may have negative consequences,
such as enhancing hydrogen production or induc
ing changes in core geometry that complicate
core energy removal and recovery,

Our primary objective of evaluating the conse-
quences of adding water to a degraded core 18 1o
identity and examine the potential benetits and
undesirable consequences, so that (a) the benefits
can be enhanced and the effects of the undesirable
consequences can be minimized, (b) the accident
can be terminated at the earliest possible stage,
and (¢) plant personnel can be better prepared to
deal with plant responses that appear contrary (o
desired outcomes when water is added. We have
accomplished this (;hwcnvc by evaluating the
potential for plant personnel to add water for a
range of severe accidents, the tme available for

the plant personnel 1o act, the plant instrumenta
tion available 1o identify the core status and the
expected response of this instrumentation duning
the various stages of core degradaiion, and the
possible core and plant responses during water
addition for severe accidents,

Much has been learmned since the TMI-2 acci-
dent in understanding core damage progression
during severe accidents. Researchers have ana-
lyzed the TMI-2 plant responses to the accident,
examined the damaged TMI-2 core, performed
in-pile severe fuel damage experiments both in
the U.S. and overseas laboratories, performed
separate-effects experiments that address various
specific aspects of the core degradation process,
and developed and applied computer codes to the
analysis of severe accidents. This research has
resulted in a fairly consistent scenario of unmiti-
gated core degradation, which includes (a) fuel
rod ballooning and rupture, (b) rapid oxidation of
the zucaloy clad by steam, (¢) failure of control
rods, (d) formation of a cohesive debrs bed from
maolten core materials relocated to the lower
clevations of the reactor core, and (¢) reiocation
of core materials 1o the reactor vessel lower
plenum.

In this report, we emphasize the severe acci-
dent behavior of a pressurized water reactor
(PWR). However, the magor events in the core
damage progression sequence for a boiling water
reactor (BWR ) are expected to be similar to those
for a PWR. We discuss important differences in
behuvior between PWRs and BWKs where
appropriate. Discussion of the capability of
instrumentation to follow core degradation
should also be applicable to BWRSs if one recog-
nizes the differences in BWR instrument types
and location
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2. BENEFITS OF WATER ADDITION, RECOVERY STRATEGIES,
AND TIMING OF RECOVERY

The capability to add water during core degra-
dation will depend on the availability of both
safety and nonsafety-grade injection systems and
the ability of the plant operators to recognize
which systems are available and to initiate their
use. Action by the operators may also be
necessary during some accident sequences to
maodify the conditions in the RCS to allow avail-
able systems to be used more effectively. To aid in
understanding the availability of safety-grade
systems during core damage sequences, we have
evaluated several nuclear power plants to
(a) identity postulated sequences where water
added into the primary will reduce the core dam-
age fregquency (CDF), (b) esumate the time at
which the core uncavers for the identified acci-
dent sequences, and (¢) review factors that may
prevent the addition of water.

To examine the availability of safety-grade
imjection systems at typical nuclear power plants,
we examined the sequences for the five plants
studied in the NUREG- 1150 program.' Postu-
lated sequences were identified where adding
water into the primary system would reduce the
core damage frequency (CDF) as determined in
the NUREG- 1150 and supporting documentation
such as NUREG/CR-4550 {Reference 3). These
accident sequences were then examined to deter-
mine which injection systems are available for
adding water. Injection system fatlure mecha-
nisms and times were identified and the core
uncovery time was estimated, The contributions
to the core damage frequency were then deter-
mined for the various injection system failure
mechanisms. Plant conditions that may prevent
sufficient water addition were aiso reviewed. A
more detailed description of the overall method-
ology used in this study follows.

We obtained the dominant accident sequences
and their descriptions from the NUREG/CR-4550
analyses of the Surry plant (a three-loop PWR
with a subatmoespheric containment), Zion (a
four-loop PWR with a large dry containment),
Sequoyah (a four-loop PWR with an ice con-
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denser containment), Peach Bottom |a boiling
water reactor/4 (BWR/M) with a Mark | contain-
ment ], and Grand Gulf (a BWR/6 with a Mark 111
containment). 3456 Eor all plants examined
except Grand Gulf, the core damage frequency
information for the sequences were obtained from
ihe respective NUREG/CR-4550 analyses, The
Grand Gulf NUREG/CR-4550 analysis was
unigue among the five plants in that some of the
accident sequences were split among different
plant damage states (PDSs), However, the con-
tribution of each accident sequence (o each PDS
was not presented in the NUREG/CR-4550.
Therefore, an alternative method for Grand Gulf
was necessary. Appendix A describes this alterna-
tive method in more detail,

The contribution to the core damage frequency
of each injection system failure mechanism, iden-
tified in the previous step, was determined using
two substeps. First, each sequence was placed in
one of three hins, based on the following charac-
teristic fatlure mechanisms. (a) the source or
cause of the injection failure, (b) which injection
system failed, and (¢) the time that the system
tailed. Second, similar characteristic combina-
tions were softed to obtain the contribution of
each failure mechanism 1o the total CDF. Table 1
summarizes the three characteristic descriptions
used for all five plants.

I the following sections, we briefly discuss
the results for the five NUREG- 1150 plants.
Appendix A presents a more detailed description
of the approach and results. All reductions in
CDF should be considered as the maximum pos-
sible, since implementation of accident manage-
ment strategres would be necessary to realize
these reductions, The likelthood of successfully
implementing accident management strategies
depends strongly on the capabilities of the per-
sonnel and the time they have available. Time
available for implementation of less than 1 hour
would result in a very low likelihood of success-
fully diagnosing the conditions and initiating the
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Table 1.  Description of injection system failure mechanism characteristics

Attribute-
mnemonic Description
Characteristic 1—injection system failure mechanism
POWER Injection system does not operate because of total or partial power failure,
RECIRC Injection system operates initially, fails in the recirculation mode.
FAIL Injection system tails owing to hardware failure.
ATWS Injection system fails owing to ATWS induced events.
OPERATOR Injection system lails owing to operator error,
COW/ISW Injection system fails owing to loss of component cooling water/service water.
SAFETY Injection system does not operate owing to safety mjection actuation failure,
Characteristic 2—Failed injection system
HM High-pressure injection system is failed,
Pl Low-pressure injection system is failed.
Characteristic 3Time of failure
INIT Injection system tails at moment of request or soon after,
RECIRC Injection system fails in the recirculation mode.
LATE Injection system operates for some time, then fails.

appropriate steategies. For times greater than ¢ CDF could be reduced up 1o 67% if addi-
I hour, likelthood increases significantly as time tional onsite ac power sources with the
increases. Table 2 summarizes the potential for capability to power the injection pumps
reducing CDF for each plant, assuming that all were provided
strategies would be successfully implemented,

o CDF could be reduced up to 10% if the reac-
2.1 The Surry Plant Results tor coolant system were depressurized so

that available low-pressure injection sys-
Applying the methodology to the Surry plant tems could be used

shows that about 83% of the CDF is due to
sequences in which core uncovery might be pre- e ("DF could be reduced up to 4% if water

vented if additional and innovative recovery
actions were implemented. This percentage can
be broken down as follows:

were available for long-term injection, for
example, additional stored water sources or
the capability to refill the refueling water

NUREG/CR-6158
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Table 2. Summary of potential reductions in core damage frequency resulting from implementation of
accident management strategies.

Additional ac Additional Elininate
or de power RCS long-term recirculation
available depressunzation water source fatlures
Plant (%) (%) (%) (%)
Surrey 67 10 )
Zion 4 15 o
Sequovah 26 5 4 46
Peach Botom 54 - hr -
Cirand Gulf 9sh 1.5 - -

a.  Could be incrensed o 46% if vessel depressunzation is combined with additional ac power sources.

b, Includes reductions from powenng systems other than injection systems.

storage tank (RWST) over an indefinite likelihood of successfully implementing accident
perod of ime management strategies.

e  CDF could be reduced up to 2% if addi- For those sequences that might be prevented if
tional reactor scram procedures and devices the reactor vessel were depressurized so that
were implemented. available low-pressure injection systems could be

used, the high-pressure injection system is failed

The remaining 7% of the CDF 1s the result of at the imtiation of the accident. For 21% of these

sequences involving injection system failures for sequences, the time (o core uncovery ranges from

which no feasible recovery action could be imple- approximately 15 to 50 minutes, which is a rela-
mented (o prevent the onset of core damage. tively short time for accomplishing accident man-

These sequences include interfac ng system foss- agement actions necessary to successfully

of-coolant accidents (V sequences), large and depressurize the RCS. For about 26% of the

medium  break loss-of-coolant accidents sequences, the tune of core uncovery ranges from

(LOCASs), and anticipated transients without approximately 50 minutes to 17 hours, which

scram (ATWS) events. should enable personnel to successfully cope with

the accident. For the remainder (approximately
Of those sequences that might be prevented ir 53%) of these sequences, the time at which the
additional onsite ac power sources were provided, core uncovers is not specified in NUREG-1150,
the injection systems are not available following

accident initiation. For approximately 27% For those sequences that might be prevented if

(based upon CDF) of these sequences, the core additional stored water sources were provided or

uncovers in approximately 1 hour and accident if refilling of the RWST could be continued for an

management action would not likely be success- indefinite period of time, the high-pressure sys-
ful in this ime. For the remaining 73%, the time tem fails in the recirculation mode. The time of
of core uncovery ranges from approximately 2 to core uncovery is greater than 10 hours for all of

7 hours, which could sigmficantly increase the these sequences, which should allow personnel
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sufficient time to implement accident manage-
ment strategies.

The high-pressure injection systems fail
immediately for those sequences that might be
prevented if additional reactor scram procedures
and devices were implemented. The ume to core
uncovery for these sequences is not specified in
the avatlable documentation.

2.2 Zion Results

Al Zion, 95.6% of the CDF is due to PDSs in
which core uncovery might be prevented if addi-
tional and innovative recovery actions were
implemented. The breakdown of these PDS are as
follows:

e The CDF could be reduced up to 4% if addi-
tional onsite ac power sources with the
capability to power the mjection pumps
were provided

B The CDF could be reduced up to 3.5% if

water were available for long-term injec-
tion, for example, additional stored water
sources of the capability to refill and mam-
tain water in the RWST for an indefinite
period of time

e  The CDF could be reduced up to 86% if
pump seal LOCAs, loss-of -compenent
cooling, or loss-of-service-water supplies
could be prevented

e The CDF could be reduced up to 2% if addi-
tional reactor scram procedures and devices
were available.

Only 4.4% of the CDF is due to plant damage
states (PDSs) involving injection system failures
in which no feasible recovery action could be
implemented. These PDSs involve V sequences,
and large and medium break LOCAs.

The approximate failure tmes for injection
vystems at Zion are included in the following
paragraph. However, estimates of the time to core

Benefits of Water Addition

uncovery were not available for most of the PDSs
and are consequently omitted.

For those PDSs that might be prevented it
pump seal LOCAs, loss-of-component cooling,
and loss of service water could be prevented, the
injection systems fail immediately, For those
PDSs that might be prevented if additional onsite
ac power sources were provided, approximately
50% (based on CDF) involve initial failures of the
high-pressure injection systems. The remaining
50% involve failures of the high-pressure injec-
tion systems in the recirculation mode. Of those
PDSs that might be prevented if additional stored
water sources or if refilling of the RWST could be
continued for an indefinite period of time, all
involve failures of the high-pressure injection
system i the recirculation mode. Finally, of those
PDSs that might be prevented if additional reactor
scram procedures and devices were available, all
involve initial failures of the high-pressure injec-
Hon systems,

2.3 The Sequoyah Piant
Results

At Sequoyah, 80% of the CDF is due to
sequences in which core uncovery might be pre-
vented if additional and innovative recovery
actions were implemented. The breakdown of the
CDF is as follows:

o  The CDF could be reduced up to 46% if fail-
ures of the high- and low-pressure recircula-
tion systems could be eliminated

*  The CDF could be reduced up to 26% if
additional onsite ac power sources with the
capability to power the injection pumps
were provided

e The CDF could be reduced up to 5% if the
reactor coolant system were depressurized
so that available low-pressure injection sys-
tems could be used

¢ The CDF could be reduced and up to 4%, if
water was avatlable for long term injection,
for example, additional stored water sources
or the capability to refill and maintain water

NUREG/CR-6158
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in the RWST for an indefimite period of
fime,

The remaning 20% of the CDF is due 1o
sequences imvolving injection system fadlures in
which no feasible recovery action could be imple-
mented. The sequences include a V sequence,
large and medium break LOCAs, and ATWS
events

For those sequences that might be prevented if
fatlures of the high and low pressure recirculation
systems were climinated, the injection system
farlures occur in the recirculation mode. For 76%
(based upon CDF) of these sequences, the tme 1o
care uncovery is estimated as being greater than
17 hours which 1s adeguate time for a wide range
of accident management actions. For the remain-
ing 24%, the range of time 1o core uncovery is
estimated as being from 45 mimutes to 17 hours.

For those sequences that might be prevented if
additional onsite ac power sources were provided,
all involve mitial fatlures of the high preéssare
mjection system. For 68% of the sequences, the
time 1o core uncovery is approxmmately 1 hour,
This amount of time s short tor successfully
implementing the needed accident management
actions. For the remaming 32%, the time of core
uncovery ranges from approximately two to
7 howurs, Acoident management actions (o mnitiate
additional power sources likely could be accom
plished in this time if there was sufficient
advanced preparation,

Of those sequences that might be prevented if
the reactor coolant system was depressurized so
that avaiiable low pressure mjection systems
could be utilized, w1l involve imtial failures of the
high pressure injection system. The tme 1o core
uncovery for these sequences is not specified.

Of those sequences that nught be prevented if
additional stored water sources or if refilling of
the RWST could be continued for an indefintte
period of time, all involve fatlure of the high
pressure injection system in the recirculation
mode. The time to core uncovery for these
sequences 18 not specified.

NUREG/CR-615K%

2.4 The Peach Bottom Plant
Results

At Peach Bottom, ¥2% of the CDF is due 1o
sequences in which core uncovery might be pre.
vented iF additional and inpovative recovery
actions were implemenied. The breakdown of the
CDF is as follows:

o The CDF could be reduced up to 42% if a
combination of additional reactor vessel
depressurization mechamsms and addi-
tional onsite ac power supplies to the low-
pressure  injection  systems  were
implemented

*  The CDF could be reduced up to 5% if only
additional onsite 4c power sources with the
capability to power the injection pumps were
provided (no coincident depressurization)

o The CDF could be reduced up to 35% if a
combination of addinonal reactor scram and
reactor depressurization mechanisms were
implemented.

The remaiming 18% of the CDF is due to
sequences involving injection system failures in
which nu feasible recovery action could be imple-
mented, The sequeaces include large- and
medium-break LOCAs, and very short-term
ATWS events,

For those sequences that might be prevented if
4 combination of additional reactor vessel depres-
surtzation mechanisms and additional onsite a¢
power supplies (o the low-pressure injection sys-
tems were implemented, the gh pressure core
injection (HPCT) and reactor core isolation cool-
ing (RCICH systems fail in approximately
10 hours owing to loss-of-room cooling or bat-
tery depletton. For these sequences, the core
uncovers in about 1010 13 hours. This time
frame should be adeguate for implementation of
accident management strategies.

For those sequences that might be prevenied if
only additional onsite ac power sources were pro-
vided (no comncident depressurization), the HPCI
and RCIC systems fail at the start of the sequence,
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3. THE PROGRESSIVE STAGES OF CORE DAMAGE AND THE
EFFECTS OF INJECTING WATER AT THE VARIOUS STAGES

The response of a plant during a severe accident
will depend to some degree on the plant design, the
accident imtigtor, the mitigation actions initiated
by the plant personnel or hardware, and the perfor-
mance of the personnel and hardware, However,
results from a variety of severe fuel damage
experiments and the TMI-2 acaident show that the
progression of unmitigated core damage can be
characterized by a sequence of distinet stages.”
Although some details of the tming or the phe-
nomena for these stages may be altered by system
conditions, such as hugh versus low pressure, the
general progression 1s very similar among plants.

Following 15 a description of the core damage
stages for severe accident sequences that remain at
high pressure during the entire core damage
peniod. For these stages, core uncovery s caused
by the boil-off ot water from the core region,
which causes a relatively slow depletion of the
core water mventory. This type of core uncovery
15 typical of sequences where loss of water from
the system is slow, for example, small-break loss-
of-coolant accidents or station blackout
sequences. It would also be typical of sequences
where mass is depleted rapidly during the early
stages of the accident but is replaced by injection
systems, such as the accumulators in a pressutized
water reactor. We describe the core damage states
for mgh-pressure sequences. then the differences
in the core damage states caused by low-pressure
sequences. Appendix B presents more detailed
ifformation on the core damage stages.,

3.1 High-Pressure Sequence

Figure | shows the expected sequence of core
damage stages typical of high-pressure boil-off
accident conditions, This sequence can apply to
both PWRs and BWRs. However, to simplify the
discussion we describe the sequence mainly in
terms of the expected behavior of PWRs; only
where differences in behavior are expected 1o be
significant do we discuss the behavior of BWRs.
The sequence starts with core uncovery and ends
in either the termination of the damage
progression fur 4 particular state or melt through
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of the lower head of the reactor vessel. The stages
of core damage progression can be characterized
by a temperature scale: from a temperature that is
within the operating range of the plant coolant
(560 K), to a temperature above the melting point
of U0, (3100 K). The potential consequences of
adding water at each major stage of core damage
are also shown in the sequence.

At the time of core uncovery for a sequence
involving high-pressure botloff, steam occupies
the volume of the primary system above the top of
the reactor core, while a two-phase mixture of
steam and liquid water occupies the volume
helow. The temperature of the fuel rods stays near
the saturation temperature of the water. As long as
the tuel rods are in a two-phase fluid environ-
ment, even up to very high void fractions, heatup
of the fuel rods will not be significant.®

I water fails to enter the core following initia-
tion of core uncovery, the water in the core will be
boiled off gradually, and the upper part of the fuel
rods will be exposed to a steam environment and
they will heat up. Above a temperature of approxi-
mately 1100 K., the zircaloy cladding can fail
because of loss of mechanical strength, either
from ballooning (localized radial expansion) and
bursting®“ 191} when the internal pressure of the
rods exceeds the system pressure, or from collaps-
ing when the pressure inside the rods is below the
system pressure. Figure 2 depicts the damage state
of the core with ballooned and burst cladding of
fuel rods.

Collapse of cladding onto fuel pellets does not
affect subsequent cooling of the core as water is
added, but ballocning of cladding may block a
substantial pertion of the flow area of the core and
restrict the flow of water. The blocked region may
continue to heat up to the next stage of core

a. M H. Schankula et al., “Recent Post-lrradiation
Exammation Results from Battelle FLHT-2 and
FLHT-4 Test Assemblies.” presentation at the Severe
Accident Research Program Partners Review Meet-
ing. Idaho Falls, Idaho, April 1-14, 1989,
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Progressive Stages of Core Damage

+— Ballooned
fuel rods
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Figure 2. Fuel rod ballooning and failure around 1100 K in the central part of the core,

degradation. However, complete blockage of the
core is unlikely. At this stage, sufficient water to
thecore can terminate further core heatup. We
estimate the required rate of water flow through
the core in Section 5.

The nexi stage of core degradation, beginning at
approximately 1500 K. 1s the rapid oxidation of
the zircaloy cladding of the fuel rods by sieam. In
the process, hydrogen s produced and & substan-
tial amount of heat is released. For small increases
in temperature, the oxidation rate increases expo-
nentially. Since the oxidation of the zircaloy clad-
ding by steam is exothermic, the oxidation is
autocatalytic in character. The rate of oxidation
mcreases with temperature, which 1s increased by
the energy release from the oxidation, so the pro-
cess feeds on itself. At approximately 1500 K., the

13

rate of energy release from the oxidation of the
cladding exceeds that from decay heat. At higher
temperaturss, it can be several orders of magni-
tude higher than the power from decay heat, unless
the oxidation rate is limited by the supply of
zircaloy or steam.

During the rapid oxidation stage in the absence
of emergency coolant injection, the flow of steam
through the core may be insufficient 1o supply all
the steam that can be consumed in the oxidation
of the zircaloy in the core, In small-scale experi-
ments that simulate the boiloff of water inventory
in the core, such as the PBF Severe Fuel Damage
(SFD) experiments,'2!3 the steam supply
through the experimental fuel bundle completely
converts to hydrogen when the bundle tempera-
ture exceeds approximately 1500 K. Although the
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temperature of the fuel rods i the upper part ot
the bundle is over 1500 K, rapid oxidation does
not take place because of the lack of steam in the
upper part of the bundle is “steam starved.” A
simlar restnction of oxidation in the upper part of
the core from steam starvation is expected in a
PWR expenencing a high-pressure bonl-off,

IF water is added to the core during the ramd
oxidation stage, steam will be rapidly generated
because of the high rate of heat transter from the
fuel rods to the incoming water, but the rate of
hvdrogen generation will depend on the lempera-
ture response of the core. In the lower region of
the core where fuel rods are quenched, hydrogen
generation will stop. However, i the upper pan
ol the core where the oxidation of zircaloy may
have been steam starved before water is added,
the addition of water to the vore would provide
the steam necessary for oxadation, It the sudden
revival of oxidation in the upper part of the core
generates energy al a rate higher than the rate of
hear transter to the water, the temperature of the
rods will escalate. This could happen when the
temperature of the rods s high, when the oxude
layer on the surface of the cladding is thin, or
when the water causes the oxide shell to break up,
exposing unoxidized zircaloy, All of these condi-
tions contribute to high oxidation rates. '

H water is added 1o the core at a sufficiently
runid rate during the carly phase of oxidation
whei: the core temperature is less than 1500 K,
the core can be quenched and core damage prog-
ress will cease. However, if the addition of water
is slow or imermittent, or if the core is not com-
pletely covered with water, the core will heat up
to the next stage of degradation. We estimate the
required rate of water flow through the core 1o
stop further core damage in Section 5.

When the temperature in the core reaches about
1700 K. the stamnless steel cladding of the control
rods melts. The control material, Ag-In-Cd in the
case of most PWRs, will already be molten at this
time (the melting point is approvimately 1100 K)
and will be released upon fatlure of the control
rod cladding. In the case of BWRs, the control
blades may fail at a shghily lower temperature
(approximately 1600 K) owing to the interaction
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of the control material (B4C) with the stamnless
steel cladding.'™ After its release from the rods,
the control material flows to the lower part of the
core where the temperature is low, and it solidi-
fies in the space between the fuel rods. The solidi-
fied control material may become part of a lower
crust in the subsequent development of a cohesive
debris bed in the core,'® or it may eventually refo-
cate to the lower plenum if the temperatures in the
lower core region become high.

Besides producing steam and hydrogen, adding
water 1o the core after loss of the control matenal
in the upper part of the core may also lead o recrit-
wality 1f the mcoming water contains little or no
boron (o absorb neutrons. To determing the spe-
cific conditions that would lead to recriticality,
one would need analyze the combined thermal-
hydraulic response, core damage states, and neu-
tronie behavior,

With the onset of rapid oxidation of zircaloy,
the temperature in the core can escalate to the
meltmg point of zircaloy (approximately 2150 K)
in a few minutes. The melting of the zircaloy
cladding usually does not immediately lead to a
downward flow of the zircaloy if 1t 18 constrained
by a protective layer of zircontum dioxide from
carbier oxidation of the zircaloy. If the molen zir-
caloy stays in place, it will start to dissolve some
UO; fuel.'” Upon cladding breach, the molten
zircaloy and some dissolved U, flow downward
and freeze in the cooler, lower region of the core.
Tagether with the solidified control material from
carhier downflows, the relocated zircaloy and
U0, form the lower crust of a developing cohe-
stve debris bed. Because of limited heat losses,
the molten material relocated (o the top of the
crust eventually stops freezing. Figure 3 presents
the conceptual state of the core at this stage,

The next stage of development of the lower
crust is its radial growth from the center toward
the periphery of the core. Because of decreasing
temperatures near the periphery (from slower
heatup because of decreasing power densities and
enhanced steam cooling), relocating materials
freeze at higher elevations toward the periphery
of the core. Thus. the lower crust is expected to
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Progressive Stages ci Core Damage

Oxidized intact
rods

+— High-temperature
' fuel rod remnants
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Figure 3.

take the shape of a crucible. The materia’
ported by the crust will be a pool of molten «. .
rial and submerged rod stubs in the process of
melting. As the submerged rod stubs melt away,
mechanical support of rod stubs above the molten
pool is lost, and further slumping of the rod stubs
into the pool ocgurs, Some fuel rod remnants are
expected to be submerged in the pool as long as
some rod remnants stand above the pool. Figure 4
iltustrates the state of the core at this stage of core
damage progression,

If water 1s added to the core before complete
slumping of fuel rod remnants into the molten
pool occurs, the top surface of the molien pool
may freeze 1o form an upper crust (Figure 5) and
the fuel rod remnants above that surface may be

_— Solidified crust near
the liquid level

ZA O WT 128308

Formation of the lower crust from relocated control material.

shattered to form a particulate bed, as is believed
to have happened during the TMI-2 coolant pump
transient.!7-1® If the temperature of the peripheral
fuel rods 1s stil! below the temperature for rapid
oxidation of zircaloy by steam. they will be
guenched by the incoming water.'” Since the
average temperature of the core at this stage of
core heatup is fairly high, copious production of
steam is expected. As a result, the pressure of pri-
mary system will rise. The generation of hydro-
gen will also increase as water is added to the
core. It 1s estimated that, in the TMI-2 accident,
one-third of the hydrogen generated during the
entire accident was produced within a few mn-
utes after water was delivered to the core at
174 min into the accident by a reactor coolant

NUREG/CR-6158
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pump. 021 Similarly, high rates of hydrogen gen-
eration were also observed in the PBF SFD-ST>?
and the LOFT LP-FP-2?" tests when the test
bundies were being reflooded afier liquetaction
of the cladding and fuel occurred

It no water 15 added to the core during the
growth of the cohesive debris bed, the entire upper
part of the core will eventually sink into the molten
pool in the center of the core. Before its complete
immersion into the molten pool, the upper part of
the core may retain a rod-like geometry, or, alter-
natively, it may disintegrate into small particies
even without the addition of water. The possibility
of the {atter scenano has been demonstrated in the
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Growth of a cohesive debris bed in the central part of the core,

PBESFD | -4 experiment. A particulate debris bed
was formed in the upper part of the SFD 1-4 test
bundle, though the bundle was never reflooded by
water. ! The formation of a particulate debris bed
in this experiment was due to the shattering of irca-
diated fuel pellets after the cladding had relocated
1o the lower pant of the core,

If the particulate bed is shallow or composed of
relatively large particles, the continued adding of
water will quench the particulate bed. In the
process, steam and hydrogen will be generated.
However, because of limited water ingress into
the particulate debris bed, the steam and hydro-
gen generation rate will be quite low and
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Figure 5.

independent of the rate of water added 1o the core,
as long as water covers the debris bed, Because
control material wouid have relocated (o the
lower part of the core at the tiime of particulate
debris bed formanon, recriticality may be a con
cern if unborated water penetrates the debris bed

If the particulate bed of shattered tuel pellets in
the upper part of the core is suthiciently deep or s
composed of sufficiently small particles, water
can be prevented from penetrating the bed. This s
usually referred to as dryout of the particulate
bed. The dryout of particulate beds have been stu-
died extensively, both theoretically and exper

imemally. 4 %% (The conditions for dryout are
discussed in Appendix B). After dryout, cooling

of the particulate bed by natural convection ol

Progressive Stages of Core Damage

|+ Small void

— Fragmented
fuel rods

_—~ Possibie upper
crust

_— Partially moiten
ZrO, /UQ, between
fuel rods

—— Gontrol, structurail,
and cladding material
solidified between
fuel rods
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Formation of a particulate debris bed on top of the cohesive bed.

steamn inside the bed is generally iefficient and
gradual heatup of the bed will eventually lead to
melting of the particles,” which will add to the
growth of the cohesive debris bed

If the cohesive bed is radially thin and small,
adding water may gradually cool the bed and the
progress of core damage may be stopped. How-
ever, a thin and small cohesive bed could mean
that a large fraction of core material remains out-
side of the cohesive bed and may have formed a
deep particulate bed that is bevond the dryout
limit. Such a particulate bed resting on the cohe-
sive bed shields water from the upper surface of
the cohesive bed and prevents it from being

cooled
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Progressive Stages of Core Damage

} _— Enlarged void
;
— Upper debris
bed
t — Upper crust
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I
; o Lower crust
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Lower plenum
debris
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é Figure 7. Crust failure and relocation of core matenial to the lower plenum,

In the TMI-2 accident, the progress of core
damage was essentially terminated with the
relocation of approximately 20 metric tons of core
material into the lower plenum of the vessel. The
material partially broke up to form a paruculate
bed and was quenched by the water in the lower
plenum. The increase in pressure of the primary
system at the rime of relocation (224 min into the
accident) indicates that both hydrogen and steam
were produced for a short period of time after the
relocation, There is no evidence that the reactor
ever became critical agamn. For postalated acci-
dent scenanos in general, however, relocation of
core materials io the lower plenum is not limited
to 20 metric tons, Calculations show that, tor suffi-

ciently large amounts of core material in consoli-
dated form, the presence of water in the lower
plenum cannot prevent the heatup of the mate-
rial. *2:%% {n addition, the inner surface of the vessel
may be ablated by the relocating core material,
and the vessel is likely to fail from creep rupture
of the vessel lower head . The failure mode of the
reactor pressure vessel and the subsequent acci-
dent progression to the exterior of the vessel 1s not
part of the scope of the present report.

3.2 Low-Pressure Sequence

The sequence of core damage stages in a low-
pressure environment is typical of large or

NUREG/CR-6158
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Progressive Stages of Core Damage

intermediate loss-of-coolant accidents or other
sequences where the system depressuarizes
quickly. Core uncovery that results in substantial
core damage will likely still be typical of a slow
boil-off because the accumulator safety injection
system should keep the core relatively cool until
the inventory is depleted or until the system pres-
sure is sufficiently high to permanently terminate
injection. Many of the phenomena are similar in
the high- and low-system-pressure environments,
so only differences between the two need be dis-
cussed. These differences include cladding bal-
looning behavior, control rod rupture, snd steam
explosions. One difference not explicit in these
states but important in later calculations is that the
total injechion capacity for the low pressure case
mcludes both the high- and low-system-pressure
emergency core coolant injection systems.

3.2.1 Cladding Rallooning. The scenarios for
ballooning and bursting of fuel rod cladding s
different for accidents at high and low system
pressures, In the high-system-pressure enviion-
ment, the differential pressure between the fuel-
clauding gap and the system 15 small, so the
cladding undergoes substantial ballooning before
it ruptures at an elevated temperature (about
1250 K or higher). In a low-system-pressure
environment, the differential pressure is high, so
the cladding experiences hittle ballooning before
it violently bursts. Neghgible circumferential
expansion of the ¢cladding prior to bursting is
expected, so flow restriction is not an issue.

While ballooning in a low-system-pressure envi-
ronment is not expected to produce significant
flow restrictions, as in the high system pressure
case, bursting at low system pressure presents a
different kind of problem. In the high-system-
pressure environment, bursting of the cladding i«
not expected to move the fuel pellets because of
low differential pressure between the inside and
the outside of the fuel rods, With a low system
pressure, bursting 18 violent because at the instant
of bursting the gas inside the fuel rods, which is at
a much higher pressure than the system, causes
the pellet adjacent to the bursting site to slam
toward the opening. Since fuel pellets are highly
fragmented after a brief period of reactor opera-
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tion, the pellets near the bursting site will be
expelled from th- fuel rod at the instant of burst-
ing of the cladding. However, the remainder of
the pellets in the rod are likely to be unaffected.
Approximately two of the three hundred pellets
stacked in the fuel rod may be immediately
expelled, setthng on the lower core support plate
as relatively cool shards and fragments of frac-
tured fuel. This does not constitute fuel relocation
in the TMI-2 sense, but the displaced mass 1s still
significant. Two-thirds of one percent of the core
corresponds to a fuel mass of several hundred
kilograms.

3.2.2 Control Rod Failure. When contral rods
fail, the ime to failure and the distribution of con-
trol materials in the low-system-pressure envi-
ronment will be quite different than in the
high-pressure case. When the controi rod clad-
ding fails n a high-system-pressure environment,
the control materials slump to the bottom of the
core. In a low-system-pressure environment, con-
trol rod failure occurs much sooner after reactor
scram. Were the cladding to fail, the control mate-
rials, driven by the cadmium pressure, would
spray from the ruptured rods onto adjacent rods.
It the molten control material sticks to the fuel
rods, the timing of material relocation and the
spatial distribution of relocated and refrozen
material may be altered, which can affect the
tormation of the lower crust for latter core dam-
age states.

3.2.3 Steam Explosions. When molien core
materials come in contact with water at system
pressures lower than about 5 MPa, steam explo-
sions are more likely than at higher pressures, The
mechanics of steam explosions can be partitioned
into four stages: (a) quiescent mixing of fuel and
coolant, (b) triggering of the explosion, (¢) escala-
tion and propagation of the explosion, and (d)
vapor expansion and work production ™ It is the
mechanics of triggering that makes steam explo-
stons improbable under high-pressure conditions
and a major concern uncer low-pressure condi-
tions. In the fuel-coolant interaction prior (o trig-
gering a steam explosion, a vapor film exists
between molten fuei and the coolant. This film is
susceptible to hydrodynamic instabilities, which
may be initiated by a number of different external
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sources. The result of the instabilities is local film
collapse, which permits coolant jets 1o impinge on
the melten surface. Coolant then penetrates into
the molten mass and, as the coolant turns 10 vapor
and expands, it induces breakup of the melt, Under
high < om pressures, however, the vapor film js
substanally more resistant to collapse. Although
no expenments have been conducted at a pressure
of about § MPa, an extrapolation of the results of
small-scale experiments suggests that an external
pulse of about 14 MPa would be required 1o trig-
ger an explosion at this pressure, At pressure of 8
few atmospheres, on the other hand, pressure

R e P . ¢ Py

Progressive Stages of Core Damage

pulses of a few atmospheres may be sufficient to
trigger an explosion. External perturbatiors to
system pressures of this order may occur from a
number of different sources so that, at low pres-
sures, steam explosion becomes an issue when-
ever coolant and molten core materials come into
contact, With respect to the sequence of core dam-
age states, the issue of steam explosion appears
when molten control materials are released from
the control rods, when the zircaloy melts and lig-
ucfies the fuel, and when molten materials are
released from the cohesive debris bed toward
lower elevations in the reactor vessel,
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Instrument Response

self-powered neutron detectors (SPNDs), plant
radiation measurements, hydrogen measure-
ments, containment pressure, and containment
temperature,

Ex-vessel source range monitors are used dur-
ing plant <tartup o measure power by detecting
neutrons. Dunng the TMI-2 accident, the source
range detectors exhibited an increased signal out-
put when the core uncovered and when the core
relocated to the lower plenum ¢ Although these
ex-core detectors may be useful for substantiating
information from instrumentation installed in the
RCS, caution should be used in relying on them
as the pnmary source of information. Because the
detectors are located outside the vessel, it s not
possible to determine whether changes in their
signals result from changes in water level or core
configuration in the core region, changes in witer
fevel i the downcomer region, or simultaneous
changes in both regions. Use of the source range
detectors to understand degraded core conditions
for a plant would require a study of such plant-
specific details as location of the detectors, their
range, their sensitivity 10 a wide range of core and
downcomer water levels and core material dis-
tributions, and correlation of their outputs for var-
1ous detector locations,

SPNDs are fisston source chambers used in
reactors to obtain estimates of thermal neutren
flux. Although the detectors are intended to pro-
vide measurements during full-power operation,
they can be used during accidents to detect
changes m neutron fluxes at signal levels a few
times above hackground noise when the most
sensitive range is selected.?’ % A means to dis-
play the SPND output (curremt) would likely be
needed to adequately identity the small changes
wdicative of changes in vessel water level and
relocation of core material,

SPNDs in PWRs are generally configured in
one of two ways. In some plants the SPNDs are
built into instrument thimbles at fixed axial loca-
tions and are instatled at various radial locations
in the core so they can be used to provide both
radial and axial neatron flux profiles. In other
plants the SPNDs are part of a svstem that allows
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e T et e B e e e e i e

Rl ey T L e T | —————

them to be stored outside of the reactor vessel and
inserted axially into specially designed core
instrument thimbles located throughout the core.
There is, therefore, the possibility that these mov-
able SPND could be inserted into the core during
a severe accident 1o monitor degraded core condi-
tions in local regions and map the extent of core
damage. However, because the specially
designed core instrument thimbles form part of
the pressure boundary for the RCS, their failure
when the movable SPND system is in use would
provide a direct path for fluid, fission products,
and possibly core material to escape into the con-
tainment. The capability of this system to operate
under severe accident conditions and the possible
negative consequences from the use of the system
would require further evaluation before it is con-
sidered an acceptable tool for appraising the
condition of a degraded core, Further evaluation
would require additional plant-specific informa-
tion and is beyond the scope of this report.

Radiation monitors or radiation measurements
using sampling systems could be used 1o indicate
when appreciable fission products have been
released from the fuel. These systems would need
10 have sufficient sensitivity that accident man-
agement personnel could distinguish between fis-
sion products present in the coolant under normal
operating conditions and the additional fission
products released during core degradation. Radi-
ation monitors on RCS letdown systems and sam-
pling systems for the RCS coolant could provide
important information if the RCS leak rates are
small. For large RCS leak rates, more global radi-
ation measurements would likely provide early
indications of core damage.

Hydrogen monitors or measurements of hydro-
gen concentration from sampling systems could
be used to estimate the time when core tempera-
tures were high enough to initiate cladding oxida-
tion. Time delays in transporting the hydrogen to
the detectors and in obtaining samples and analy-
ses would need to be included in the time
estimates.

Containment pressure and temperature would
provide information that could help distinguish
some of the latter stages of core degradation.
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Table 3. (contmued)

Core damage stage
{temperature range)

Temperswre instruments

RCS pressure instruments

Level instruments

Other instruments

Early and late rapid vircaioy
oxidation (1506 K 1w 2100 X

Debnis bed formation (52100
K depending on conditions)

Lower head attack by molten
core debris (1700 K for
metals, >2700 K for ceramics)

CETs: should follow early
trensds i fuel rod temperature.
Upper temperature range may
he exceeded lateér (1644 K

RTDs: woukl show superheat
batt would lag core
temperatures and may réach
upper range himit

CETs: faiiure would occur in
high-temperature regions.
CETs vutput may seem
reasonable after falure as
false pmctions nay form.

RTDs: temperatures would
Iikely exceed their upper
ange.

CETs: falure would occur in
high-temperature regrons.
However. the output of the
CETs may seem reasonable as
false juncrions could form.

RTDs: temperatures wouid
ikely exceed their upper
range.

A large RUS pressure increase
may ocour wb  cladding
oxidation is rapid and RCS
leaks are smail, It may be
diffscult to distinguish this
mcrease from other accident
progression pressure changes.
Necessary 1o mdicate which
ECT sysiems may be
effectvely used.

Pressure changes will depend
on the amount of cooling. 1t
debris beds are not coolable,
pressute changes could be
small. May observe 2 large
pressure increase when the
core relocates. It may be
difficult w distinguish from
other accident-related pressure

Pressure would not be
effective i indicating lower
heaa attack. A sharp reduction
mmmdareadmg

pressure
would mdicate RCS boundary
fatiure. It would be difficolt 10
distinguish vessel and
ex-vessei fariures.

Heated TC will indicate core
5 uncovered but not how far
core damage has progressed.
Upper range may be
exveeded. Junction relocation
may occur.

Vessel DP: wiil indicate
approximate level in eore or
lower plenum Metaliic
relocation may block pressure
tap dunng latter portions of
this stage.

Level mstruments wouid
bkely be fatled but their
failure may not be obvious.,

Level mstruments would
likely be Fatled but their
failure may rot be obvious.

Source range monitor and
SPNDs: may track changes in
core level with proper
ingerpretation.

Radustion monttors: shouid
mdicate radiation release but
there may be a large nme
delay. depending on
metrument locaton and
accident conditions.

Hydrogen momitors: hydrogen
may be detected indicating

mgh cOre lemperateres,

Radiatron monitors: should
mdicate radiation release but
there may be a large tome
delay. depending on
mstrument location and
accident conditions.

Hydrogen monitors: hydrogen
from zircaloy oxidation would
tikely be measured but would
not help distinguish this

Radiation monuters: should
mdicate radition refease s
thers may be a large time
delay, depending on
nstrument location and
accident conditions.
Hydrogen monitors: hydrogen

from rircaley oxidabon would
!Myheummdm\vodd

not help distnguish this
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Instrument Response

422 Core Uncovery to Ballooning of
Fuel Rod Cladding.

Temperature. (CETs would depart sigmificantly
from system saturation temperature and may
approach 11020 K for some core conditions.
Strong rachal temperature differences will likely
he dicated by the CETS. Hot Leg RTDs should
be higher than saturation temperatures but signifi-
cantly lower than core lemperatures, A measure-
ment of decreasing superheat by CETs and RTDs
would signify energy removal from the core but
should only be considered as indicative of core
recovery when a continuing, long-term decrease
is measured.  Entramment of fluid from the core
or drmming of pressurizer iqud may produce a
short-term decrease in superheat while core tem-
peratures remain high. CET- and RTD -measured
temperatures would continue 1o rise i water addi-
tion was ineffective

Pressure. Pressure response would not dis-
tinguish this core damage stage from the previous
one. It could be used 1o estimate when fuel rod
ballconing conditions are reached if it 15 com-
bined with a rehable indication of core tempera-
ture. A continued measurement of pressure would
be important in the selection of ECC systems with
the capability to deliver needed quantities of
water. A sharp increase in RCS pressure follow-
ing water addition should indicate effective core
energy removal, but no RCS pressure increase
would be experienced for large breaks. Contain-
ment pressure trends would be ditficult to use in
identifying this core damage stage

Level. Core level would be below the range of
heated junction thermocouple-based systems.,
Differential pressure-based level measurements
would indicate core and lower plenum levels if
the transient is slow and the primary coolant

pumps are ot running, Long-term trends of

mcreasing level would indicate effective water
addition during this core damage stage.

Other Measurements. Source range moni-
tor and SPND outputs should correlate with ves-
sel water level changes. Use of special signal
condittoning and display equipment for the
source range monitor and SPND signals may be
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necessary to ensure that changes in vessel water
level will be observeu. Accident management
personnel may need training to properly interpret
level changes from the signal trends.

423 Fuel Rod Cladding Bullooning

and Rupture

Temperature. CETs should follow the trends
of core temperature, though entrained liquid may
still be present ar some radial locations and could
cool the assoctated CETSs. As a resuii, there may
be large radial vaniations in indicated tem-
peratures. RTDs will respond more slowly to ris-
g core temperatures.  Although their
lemperatures should be much lower than the
CETs, it is hikely that their upper range (672 K)
will be exceeded. Effective water addition would
be imdicated by a long-term decrease in both CET
and RTD temperatures.

Pressure. Pressure response could not be used
to distinguish this core damage stage from the pre-
vious one. A continued measurement of pressure
would be important in the selection of ECC sys-
tems with the capability to deliver needed quanti-
ties of water. A sharp increase in RCS pressure
following water addition should indicate effective
core energy removal, but no RCS pressure
mncrease would be experienced for large breaks.
Containment pressure trends would be difficult to
use in identifying this core damage siage.

Level. Core level would be below the range of
heated junction thermocouple-based systems.
Differential pressure-based level measurements
would indicate core and lower plenum levels if
the transient is slow and the primary coolant
pumps are not running. Long-term trends of
increasing level would indicate effective water
addition during this core damage stage.

Other Measurements. Source range moni-
tor and SPND outputs should correlate with ves-
sel water level changes, There may be a need for
special signal conditioning, displays. and opera-
tor tramning to ensure that the signals are properly
interpreted. Plant radiation monitors would
measure increased radiation levels following
cladding rupture. The measured increase could be

e g ot



delayed significantly from the actual rupture
time, depending on the accident type and condi-
tions and the monitor location. Radiation mont-
tors would not provide reliable indications of the
effectiveness of water addition.

424 Early and Late Rapid Zircaloy
Oxidation

Temperature. CET-measured temperatures
should be high and should indicate a rapidly
mereasing temperature. If lemperature history is
piotted, a change in the rate of temperature
increase may be ohvious as oxidation begins,
Errors in CET-measured temperatures will
increase when core temperatures exceed 1450 K.
Errors may be either positive or negative, depend-
ing on the routing of the CETs into the vesse!
(from the bottom through the lower plenum and
core or from the top through the apper plenum)
and on the magnitude of the temperature. The
upper range (1644 K) of some CETs may be
exceeded. There is potential for the CETs to pro-
vide inaccurate trend information (indicating near
cofnistant temperatures when core temperatures
are rapidly increasing ). RTDs may indicate a
much higher rate of temperature increase. The
RTD-measured temperatures would likely exceed
their upper limit. The effects on core temperature
of adding water could be difficult to determine
because in the short term there 1s potential for
increased oxidation, which would increase fuel
rod temperatures,

Pressure. Il the system is closed or has a
smali break, the pressure should increase rapidly.
Since there are other conditions that can cause a
rapid pressure increase, this measurement would
need to be correlated with other measurements.
Pressure alone would not distinguish this core
damage stage, but continued measurement of
pressure would be important in selecting ECC
systems with the capability to deliver needed
quantities of water

Level. Core level would be below the range of
heated junction thermocoupie-based systems.
There 15 the possibility that some heated thermo-
couples would form false junctions during this
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phase. This condition could result in erroneous
readings if the core is cooled. Differential
pressure-based level measurements may indicate
core and lower plenum levels if the transient is
slow and the primary coolant pumps are not run-
ning. However, metals may begin to relocate dur-
ing the latter part of this core damage stage. This
metal could cover or otherwise interfere with the
pressure tap in the lower vessel, which would
cause level errors. Level would not help to distin-
guish this core state from the previous one.

Other Measurements. Source range moni-
tor and SPND outputs should correlate with ves-
sel water level changes if the level is still in the
core region. The need for special conditioning
and training lor these measurements would apply.
Plant radsation monitors would continue to mea-
sure increased radiation levels. The measured
increase could be delayed significantly from the
actual rupture time, depending on the accident
type and conditions and the monitor location,
Radiation monitors would not provide reliable
ndications of the effectiveness of adding water.
Measurement of hydrogen by monitors or sam-
pling stations would indicate that this core dam-
age stage was occurring. There may be a time
delay, depending on RCS leak rates, leak loca-
tion, and measurement method and location,

4.2.5 Debris Bed Formation

Temperature. CET temperature readings
could have significant errors in both magnitude
and wend. RTD measurements would not distin-
guish this core state from the previous state and
would likely be outside their operating range. It is
unlikely that the effects of adding water will be
accurately indicated. Long-term temperature
reductions measured by the CETs may not indi-
cate adequate core cooling since false thermocou-
ple junctions may have formed outside of the
hottest regions (for plants where the CETs are
routed through the core),

Pressure. A sharp increase in pressure would
ltkely occur as core material relocates to the
lower plenum if water is present. The magnitude
of the pressure increase would depend on the
material and system conditions not measured and
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5. CHARACTERIZATION OF THE EFFECTS OF ADDING WATER
AT DIFFERENT CORE DAMAGE STAGES

We performed two types of calculations to
characterize the eftects of adding water at various
stages of core damage. Inmially, we developed a
simple model that approximated the energy trans-
fer processes and mass balances for adding water
during the initial stages of core degradation. We
used this model o estimaie the amount of water
that would be necessary W prevent progression
from one core damage state 1o the next. We then
used a SCDAP/RELAPS/MOD3 model of a PWR
to examine the eftects of adding water at several
core damage stages. Results from both of these
calculations follow,

5.1 Simple Model Results

in this section, we present results from simpli-
fied bounding calculations to estimate the mini-
mum rate of water addition that could prevent the
core degradation from progressing (o a higher
state. We also estimate the time required and the
total amount of water injected through the core 1o
rermove its energy. The calculations include those
for a core at the following initial temperatures:
ta) 1000 K (predamage state), (b) 1200 K (the
ballooning state), (¢) 1500 K (the early rapid
oxidation state ), and (d) 2000 K (late rapid oxida-
tion state ). When debris beds are formed in the
core, hecause of the degradation of heat transfer
resulting from drastic decreases in heat transfer
arcas. the rate of water being added becomes sec-
ondary o the ability of water 1o remove energy
from the debris bed. We have estimated the criti-
cal limits of heat removal for the debris beds as a
function of their charactenistics, which we present

in Appendix B,

5.1.1 Calculation Parameters. The simple
calculations for determimning the amoumnt of water
necessary to prevent progress (o the next core
damage state use nominal parameter values cal-
culated from information contained in Standard
Satety Analysis Reports tor a Westinghouse four-
loop reactor™ and a B&W 205 reactor.* Values
of nominal parameters are within approximately
10% of the specific values of large PWRs.

General Electric’'s BWR/6 reactor design®! is
used as a model BWR whenever it 1s necessary to
differentiate between BWRs and PWRs.

Sources of energy in the core after reactor
scram can be examined based on the nominal
parameter values, These sources include the
decay heat. the release of energy from oxidation
o mircaloy in the core, and the energy stored in
core matenials, which is a function of average
core tlemperature, We evaluated the relative mag-
nitudes of these energy sources during severe
accidents based on nominal PWR values, Appen-
dix B, Section B-3, summarizes the detaiis from
this evaluation. To stmplity the analysis, we con-
sider only UOs and zircaloy in the carly stages of
core degradation; Zr0O> is added to the analysis as
the zircaloy is oxidized by steam.

Table 4 presents the nominal values of PWR
parameters used o the evaluation of parameters
and for the bounding analyses performed in the
remainder of this section. Note that zircaloy com-
prises approximaiely 19% of the total core mess.
The fuel mass in a BWR* is much higher than
that in a PWR (157,000 kg for a BWR versus
100,000 kg for a PWR) and, more significantly,
the zircaloy i a BWR as a fraction of total core
mass is also higher (30% for a BWR versus 19%
for a PWR} because of the presence of zircaloy
channe! boxes around the fuel assemblies,

Decay heat from radioactive materials is the
predominant energy source in a reactor after
scram. Over a short time interval, the oxidation of
zircaloy by steam can also be a significant energy
source, In the first hour after scram in a small-
break LOCA, most of the stored heat in the fuel
during reactor operation (relative 1o coolant satu-
ration temperatures ), residual fission heat, and
decay heat would be transferred to the coolant.
The core temperature would be near the satura-
ton temperature of the coolant. Therefore, energy
release during the first hour of a small-break
LOCA may be ignored in calculating the stored
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Table 4. Nominal PWR parameters.
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energy of core materials, For this reason, we com-
pute the decay energy release only for times after

precedimg me interval
(% of full power)

Rated pr wer (MW) 1505 the first hour after scram. Table § presents the
results. The assumptions used in the computa-
U mass (k) 100000 tions are that (a) the reactor has operated continu-
ously for one year at full power after a fresh
Zircaloy mass (Kg) 23000 foading of fuel, and (b) the conversion fraction of
U-238 to an actimide for each fission of U-235 is
Cladding thickness (inm) (165 (0.9, The 1979 ANSI Standard*? 15 used as the
decay heat model. The decay heat data shown in
Fuel rod outside divmeter 075 Table S can be used to estimate the time required
(mm to dry out the core after core uncovery,
Number of fuel rods S3000 5.1.2 Calculation Approach. The objective of
adding water to degraded cores 1s 1o arrest core
Core height (m) .66 damage progress and stabilize the core so that
recovery from heatup of the core can be achieved.
Volume of fuel rods (m*) 14.5 To prevent further heatup of the core, the rate of
adding water must be such that the rate of heat
Core regaon tree volume 176 transter from the core to the water must be greater
(m*) than the rate of heat generation within the core.
Heat transter from core materials to the incoming
Core bypass and inlet 21.6 water includes vaporization of the water and
annulus volume (m') superheating the steam 1o nearly the peak temper-
ature of the core materials. In the subsequent for
Primary system volume 350 mulation, it is assumed that injected water flows
(m') to the core through the downcomer and the lower
Table 5. Energy from decay heat of a nominal PWR,
Time after scram
(h}
I 2 3 ) 5 6 7 8
Cumulative energy 0 13 252 154 448 536 619 69K
(i)
Energy addinon in . 137 115 102 94 K& ®3 79
preceding time interval
(tMD)
Average power in - i il 28 26 24 23 22
preceding time interval
(MW
Average power in - 109 0.0% 0K 0.75 0.7 0.66 0.63
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calculations for specific loss-of-conlant scenanos
Are NECEessary.

5.1.4 Water Addition During Rapid Oxida-
tion Stage We performed two caleulations (o
determine the minimuam reguired rates ol water
addition to a degraded core during the rapid
oxidation stage, one at an inmtal temperature of
1500 K (early rapid oxidation stage), the other at
an initial temperature of 2000 K (lae rapid oxida-
ton stagej. For the early rapid oxudation stage,
the determining criterion is that the core be pre
vented from heating up to 1800 K, a temperature
slightly below the transition lemperature from the
slower Catheart-Pawel oxidation kinetics to the
more rapid Urbanic-Heidrick kinetics,* For the
late oxidation stage, the determining citerion s
that the core be prevented from heating up to the
melting poiat of zircaloy, or 2100 K, Above
21060 K., large debris beds may form in the core
from material relocation

The height of the high-temperature portion of
the core 18 again assumed to be 2.75 m, and all the
fue! rods are assumied to have ballooned, contrib
uting to a flow hlockage of 409 as indicated by
code caleulations. ' The minimum required rates
of water addition are calculated to be 148 kg/s. or
2350 gpm, for an initial temperature of 1500 K,
and 1230 kg/s, or 19.500 gpm, for an inttial tem
perature of 2000 K. These required rates are
clearly much above the water addition capacity of
the high pressure injection system, but they are
within the injection capacity of the accumulators
if the system pressure is lowered 10 (0.7 MPa
below the accumulator set-pomnt (approximately
4.2 MPa). If the cold legs of the primary cooling
system are filled with water, operation of the
reactorn coolant pumps can also pro cide the neces-
siary flow through the core.

For an initial core temperature of 1500 K, the
tme required to complewely guench the core is cal-
culated to be 64.6 ., and the total amount of water
added 1o the core during quench is 9540 kg, For an
initial core temperature of 2000 K, the time
required to completely quench the core is calcu-
lated to be 7.6 s and the total amount of water
added during the quench 1s 9350 kg, Note that for
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a core at high temperature, the time required to
cool the core is much shorter than for a core at low
temperature, otherwise the core would progress to
8 higher stage (higher temperature) of degrada-
tion. This is because of the rapid escalation of tem-
perature caused by the rapidly increasing
oxication rate as the temperature increases.
Becaase of heat transfer to superheated steam, the
total amount of water required o cool the core is
not very sensitive to the imitial core temperature.

If the rates of water added 10 the core are higher
than those calculated above, the additional hydro-
gen production daring the briet penods of tem-
perature escalation be fore the complete cooldown
of the core 15 calculated to be limited to 55 kg dur-
ing the early oxidation stage, and 1o 20 kg during
the late oxidation stage.

52 SCDAP/RELAPS5/MOD3
Calculation Resuits

The following describes our water addition cal-
culations performed using the SCDAP/RELAPS/
MOD3" computer code.

5.2.1 Approach. We used the SCDAP/
RELAPS/MOD3" (series 87) computer code (o
calculate the transient response of the Surry plant
during a TMLB' station blackout scenario. The
plant model has the capability of calculating the
potential effects of KCP seal leakage, countercur-
rent natural circulation in the hot legs, and creep
rupture failure of the ex-vessel piping resulting
from: high-temperature and high-pressure condi-
tions. We selected the Surry plant for this analysis
hecause the model had already been developed
and TMLB' calculations suitable to ininalize cal-
culations for the present analysis had been
performed.t Appendix C describes the Surry
plant model in detail.

The station blackout calculations assumed the
accident was initiated by the loss of all onsite and
offsite ac power. Comcident with the TMLB" ini-
tiation voas the initiation of reactor coolant pump
(RCP) seal leaks of 21 gpm. which represent the

b, Co M Allison et al. (Fds.). SCDAPIRELAPS/
MOD3 Code Manual, 10 be published as a NUREG.
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maximum leakage with which the plant would be
allowed 1o operate, The seal leakage increased to
250 gpm when the higquid at the pump reached sat-
uvation temperature, simulating partial failure of
the pump seals. The loss of electrical power
resulted in a reactor scram and coastdown of the
reactor coolant and main feedwater pumps. The
main feedwater and turbine siop valves closed.
causing the steam generator pressure 1o increase
to the relief valve set point. Inittaily, the steam
generators were thesprincipal means of removing
encrgy from the RCS when the pump seal leaks,
resulting in a much smaller amount of energy
removal. The secondary water inventory
decreased as heat transferred by natural circula-
tion from the primary to the secondary system
vaporized the secondary side water. Once the
steam generator secondary side inventory had
botled away, the heat removal capability of the
steam generators was significantly diminished,
As a result, the core decay heat exceeded the
energy dissipated through the hquid flow ot of
the scal leaks, and the heat transferred to the
vapor in the steam generator secondaries. The
temperatures and pressures in the RCS imcreased
until the pressure reached the PORV set point,
The RCS pressure remained high until the void-
ing in the cold legs uncovered the RCP seal leaks,
At thus time, the vapor discharge out the seal leaks
in combination with heat transfer to the vessel
and ex-vessel strugtures exceeded decay power,
resulting 10 gradual RCS depressurization. Dur-
ing this depressurization, the core uncovered and
heated up to relatively high temperatures. Water
addition was imitiated during the core heatup
phase.

We performed four calculations with SCDAP/
RELAPS/MOD3 to evaluate the effects of adding
water. These calculations differ from previous

¢ O, A Dobbe and D. L. Knudson, “SCDAP/
RELAPS/MOD3 Analysis of a Surry TMLB’
Sequence for FIN AGKRL" Volumes | and 2. AF
FOR.000, EG&EG Tdaho. Inc.. Idaho, 1992
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station blackout calculations? because they
assume that the vperator 1s successful in restoring
power to the high-pressure injection system
(HPIS). Restoration was assumed when the core
reached temperatures that correspond to the
threshold of several early core damage stages.

We used simple models of the HPIS and its
control logic in this analysis. The control logic for
the HPIS contains a pump curve that controls the
flow rate based on the pressure of the plant. We
developed a head-versus-flow curve from
information n the Surry Final Safety Analysis
Report. Two out of three HPLS pumps were
assumed to be operating with flow into the three
cold legs. The shutoff head for the pumps was
modeled as 17.9 MPa and the total flow into each
of the three loops with no back pressure on the
pumps was modeled as 25.1) Kg/s. The coolant
from the HPIS was modeled as entering the cold
leg just upstream of the vessel cold leg nozzle.

In Caleulation 1, the HPIS was initiated when
the maximum core cladding surface temperature
reached 1500 K. We chose this temperature
because it corresponded to the initial temperature
of the rapid oxidation stage. This temperature
occurred at 208 minutes after the station blackout
began. Interaction between the relatively cold
HPIS fluid and the hot cladding resulted in shat-
tering of some of the oxide shell that had formed
on the fuel rods. The SCDAP oxide shattering
maodels used for this caleulation are based on
best-estimate assumptions derived from applica-
ble experimental data*S The primary reason for
allowing oxide shattering is to account for the
effect of cooling on the brittle zirconium oxide
formed on the exterior of the fuel rods. This cool-
ing shatiers the oxide which exposes fresh
zircaloy 10 RCS steam and allows oxidation to
continue at a rapid rate when it previously would
have substantially slowed. Criteria in the model

d K. S Quick and D. L. Knudson, “SCDAP/
REILAPS/MOD3 Analysis of RCS Water Addition
via HPl Duning a TMLB' Scenario in the Surry Power
Station,” Analysis Notebook, EG&G Idaho, Inc.,
1993,
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that must be met for,oxide shattering to take place
are

1. A beta phase thickness of less than or equal
to 0.1 mm

L]

A cooling rate greater than 2 K/s for four
canseculive time sieps within the tempera-
ture range of 1150 K to 1560 K.

Calculation 2 was identical to the first calcula-
tion, with the exception that the PORVs were
latched open after the fuel rods had quenched. As
will be explained in the following section, we ran
this calculation because the tuel rods began heat-
ing up again after the initial quench. We antici-
pated that opening the PORVs would remove
additional energy, which would reduce the RCS
pressure and keep the HPI flow rates at a higher
level. Because the amount of coolant entering the
system in this scenario would be much greater, the
core would be much more likely to stay covered
with water.

Calculation 3 was identical to the first calcula-
tion, with the exception that the HPIS was ini-
ated when the maximum core surface temperature
reached 1800 K, rather than 1500 K. As will be
explained in the following subsection, the first
two calculations indicate that adequate energy
could be removed from the core to stop core dam-
age progression it HP1 water were added if the
core temperatures had not exceeded 1500 K. This
calculation was run to determine whether core
damage progression could be stopped if the core
was at a higher temperature when the HFI water
began entering the system,

There are uncertainties as to the capability of the
zircaloy shattering models to predict the energy
generated from oxidation because this model was
developed recently and has not undergone signifi-
cant testing against experimental data. As a result
of these uncertainties, we performed an additional
calculation at a lower temperature where oxidation
and shattering of the cladding were not as strong
an influence on the calculated temperatures. Cal-
culation 4 was identical to the first calculation,
with the exception that the HPIS was initiated
when the maximum core surface temperature
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reached 1200 K, rather than 1500 K. We chose this
temperatwe because it represents an earlier stage
of core damage than occurred in Calculation 1.

The foliowing section describes and explains
the four calculations. Table 6 summarizes the dif-
ferent parameters between the four calculations,
The calculations generally would not run to later
times than are presented because of problems with
condensation and the effect of noncondensible
gases.

5.2.2 Results. Our discussion of results from
the four calculations concentrates on the time
frame of the station blackout transient that fol-
lows HPIS initiation. As a result, the parameters
used to llustrate the system behavior for the cal-
culations will only show the transient response
beyond the approximate time when the HPIS is
initiated. We briefly discussed the portion of the
transient that took place prior to HPI initiation in
the previous section; Reference 46 discusses the
TMLB’ sequence in detail.

Calculation 1, HPIS Actuation at 1500 K.
The HPIS was inttiated when the maximum core
surface temperature reached 1500 K, which was
208 minutes after the station blackout transient
began. Examination of the calculation’s results
show that zircaloy oxidation began about 24 min-
utes prior to this time (about 184 minutes after the
sequence began). During this 24-minute period,
about 30 kg of hydrogen was produced, and the
rate of oxidation was continually increasing.

Table 6. Summary of the differeni parameters
between the four calculations.

Calculation
Parameter 1 2 3 4
HPIS initiated at 1500 K X X — -
HPIS initiated at 1800 K — - X -
HPIS mitiated at 1200 K e ¢
PORV latched open - X e
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About five minutes after HPIS injection was
initiated, there was sufficient cooling of the high-
temperature portions of some fuel rods that the
modeling conditions were met for oxide shatter-
ing. Sufficient water reached the core that the
rods were cooled and oxide shattering only
occurred tor a brief period. By 215 minutes, all
in-core oxadation had ceased, and by 220 minutes
the cladding was quenched. This rapid reduction
of core temperatures prevented core damage from
progressing 10 the next core damage stage, where
oxidation would become more rapid. The large
guantities of steam produced during core quench-
ing caused the RCS pressure to rise. This pressure
rise resulted m a reduction of HPIS flow, and the
core liguid level began to decrease by 225 min-
utes. The collapsed liquid level in the core
dropped to about 1.5 meters above the bottom of
the core (about 40% o1 the core height) at
260 minutes before increasing iiP1 flow rates
began to add water to the core cegion and raise the
core level again. The calculation was halted
shortly after 275 minutes, as the system was
reaching a state where the energy being removed
from the core was approximately equivalent to
the energy being removed from the system, pri-
martly through the pump seal leaks

Figure 8 shows the cladding surface tempera-
tures along the center (high power) fuel channel
tor Calculation 1. Quenching of the lower eleva
tions of the hot channel begin shortly after injec-
tion is initated at 208 minutes, and the upper
elevations are quenched by about 217 minutes.
The entire core was quenched by about 220 min-
utes, At about 240 minutes, the temperature of the
upper elevations of the core begin to increase
again and ~cach 100 K at 270 minutes. A slight
reduction ‘1 0 miperature at the upper elevations
tollows.

The claddmg temperature response closely fol-
lows the collapsed liguid level in the core, as
shown in Figure 9. Water enters the core follow-
ing HPIS mjection and causes the collapsed level
to slowly rise until it approaches the top of the
core regton at about 220 minutes. The sharp drop
and recovery in level between about 222 and
226 minutes eppears 1o be the result of rapid con-
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densation in the cold legs during this time period.
Following recovery at about 226 minutes, the col-
lapsed level slowly drops until it is below the core
midplane at 265 minutes. The increase in level
after this time results in the temperature decreases
observed in Figure 8.

Changes in the collapsed core liquid level can
be related directly to interactions between the sys-
tem pressure and the HPIS flow rates. Figure 10
shows the system pressure for the period tollow-
ing 200 minutes. At HPIS initiation (208 minutes),
the pressure has decreased to about 11 MPa as a
result of flow through the pump seal leaks and
energy transfer to the steam generators and the
system structure. Following HPI initiation, the
pressure rises in response fo the steam being pro-
duced by the HPIS fluid flashing as 1t cools the
fuel rods. The pressure remains relatively constant
from about 215 minutes until about 220 minutes
as the core guenches. Fellowing core quench, the
pressure declines slowly and then drops rapidly
between about 222 and 226 minutes. This rapid
drop in pressure corresponds to high rates of con-
densation taking place in all cold legs. At about
226 minutes, all pump seals are calculated to be
covered, and water is flowing from the system
rather than steam. Since the flow of water through
the leaks removes less energy than steam, the pres-
sure begins increasing again until 240 minutes,
where it has reached 13.7 MPa. As the top of the
core uncovers, energy transfer from the fuel rods
to the system decreases. This reduction in energy
transfer to the system results in a reduction in pres-
sure during the period between 240 and 270 min-
utes. From 270 minutes until the calculation was
stopped, the pressure increases slowly and appears
to be approaching a quasi-steady value.

Figure 11 shows the HPIS mass flow rates for
one coolant loop. Initially, the HPIS mass flow
rates increase from Oto 17.5 kg/s over about a two-
minute penod. Because of the initial pressure rise
described above, the HPIS flow rates begin
decreasing by 211 minutes and drop to about
12 kg/s by 215 minutes. As a result of the pres-
sure decline between 215 and 226 minutes, the
HP1 flow rates increase back to about 17.5 kg/s.
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Figure 11. HPIS mass flow rate for Loop A in Calculation L.
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The pressure increase between 226 and 240 min-
utes results in the reauction of HPIS flow rates to
13 kg/s by 240 minutes. Between 240 and
270 minutes, the mass flow rates increase
because of a pressure decline over this period.
Beyond 270 minutes, the HPI mass flow rates
flatten out as the system approaches equilibrium,

Figure 12 shows the mass of hydrogen created
as a result of oxidation of the zircaloy cladding.
From 200 to 215 minutes, the hydrogen rass
increases at a steady rate, while limited oxidation
takes place in the upper levels of the core. By
215 minutes, the core has been cooled below the
temperature critenion for oxidation. The total
mass of hydrogen generated for this caleulation is
approximately 67 kg.

Results from Calculation 1 show that HPIS
imjection rates have the capability to initially
remove the stored energy from the fuel rods if the
HPIS is mitiated before the maxunum core tem-
perature exceeds 1500 K. It also shows that a
second uncovery of the core and heut-up of the
upper portions of the fuel rods s possible.

R R P N TR S S ——

Whether the core level recovers and the upper por-
tions of the fuel rods remain coel in the long term
depends on the size of the breaks and the charac-
teristics of the HPIS pumps. If the breaks are not
large enough to remove the core decay heat, the
pressure will rise and reduce the amount of water
injected. A quasi-steady condition will be reached
where the upper portion of the core will uncover
until the energy remaoval from the break is equiva-
lent to the energy being removed from the portion
of the core that 1s cooled. We investigated in Cal-
culaiton 2 a possible accident management strat-
egy to prevent core damage when the break is too
small to remove core decay heat.

Calculation 2, HPIS Actuation at 1500 K,
PORV Opened Fellowing Initial Core
Quench. A management strategy (o remove
additional energy from the system could be effec-
tive for sequences where the break size is not large
enough to remove core decay heat, Feeding and
bleeding the secondary side of the steam genera-
tors, or opening the pressurizer PORVs would be
the hikely means of removing the energy. Opening
the pressurizer PORVs was selected for
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Figure 12. Hydrogen mass generated through oxidation in Calculation 1.
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evaluation because recovery of feedwater was
believed to be more unlikely for the TMLB'
sequence. With the HPIS operational, this repre-
sents a primary feed and bleed strategy.

Calcuiation 2 duplicated the imtial portion of
Calculation 1 up 10 the time of the second core
heat up. The PORVs are latched open at
22575 minutes, which corresponds to the time
of minimum pressure (following HPIS injection)
for Calculation 1. This action prevents the pres-
sure from increasing, which allows the HPIS to
continue injecting at high mass flow rates, With a
large amount of coolant entering the system, the
second heat-up observed in Calculation 1 s pre-
vented. The calculation was halted at 250 minutes
because it was apparent that the core damage pro-
gression had been stopped.

A comparison of the system pressures for Cal-
culations | and 2 is shown in Figure 13, Opening
the PORVs rapidly reduces the pressure to the sat-
uration pressure of the hotter portions of the RCS.
The pressure stabilizes about 2 MPa lower than
the minimum pressure predicted for Calcula-
tion 1. The lower pressures for Calculation 2 pro-
duce much higher HPIS mass flow rates, as

Effects of Adding Water

shown in Figure 14. The additional mass injected
causes the core collapsed liquid level (Figure 15)
to inttially decrease owing to steam condensation,
and then to increase after about 226 minutes as
the injection rapidly adds water to the system. At
the time the calculation was stopped the core was
about seventy percent full, with the level increas-
ing as the HPIS flow rates remained high.

Figure 16 shows the cladding surface tempera-
tures along the center fuel channel. Since the open
PORV will maintain the RCS pressure at a rela-
tively low value, HPIS injection rates remain
high, and the core will remain covered, resulting
in low core temperatures,

Results from Caleulation 2 indicate that use of
primary system feed and bleed after the initial
core recovery will prevent core damage from
progressing to a more severe core damage state.
Without this capability or some other means of
removing decay heat from the system, there is a
range of break sizes and HPIS flow characteris-
tics where a second heatup could occur, which
would result in additional core damage at upper
levels of the core.
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Figure 13. A comparison of system pressures for Caleulations 1 and 2.
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Rapid condensation in the cold legs causes a
shight reduction in level at about 235 minutes. By
240 minutes, the level begins a steady decline,
and the level decreases to about 40% of the total
core level at 270 minutes, then it begins to
increase just before the calculation was stopped.

i s R & e D T T R

Effects of Adding Water

densation in the cold legs should also occur at
about 235 minutes, which causes a rapid decrease
in the pressure, At about 237 minutes flow from
the pump seal leaks transition from steam to lig-
uid, which decreases the amount of energy being
removed from the system. After this time, the
pressure begins to rise, and the general trends are

' similar to those discussed for Calculation 1,
! Figure 19 shows the system pressure for this
, caleulation, Following HPIS initiation, the pres- HPIS mass flow rates were strongly influenced
' sure initially decreased to 10 MPa as a result of by the pressure swings discussed above, Fig-
condensation in the cold leg. As the HPIS-injected ure 20 shows that the generai trends in flow for
water begins to cool the core, the energy removed Calculation 3 are similar to Calculation 1, but the
: from the fuel rods vaporizes the water, and energy flow rate magnitudes show wider swings because
added from oxidation combines to rapidly the pressure changes are larger. Both the pressure
mncrease the pressure from 10 MPato 16 MPa, The and HPIS flows for both calculations approach a
magrmitude of the pressure rise is about 2 MPa quasi-steady value at the end of the calculations.
larger than Calculation 1 because there is
additional stored energy and because the oxidation Figure 21 compares the hydrogen generated for
rates are higher. At 219 minutes, the pressure lev- Calculations 1 and 3. Well over twice as much
els off for a brief period before showing a steady hydrogen is generated when HPIS injection is
decline between 227 and 237 minutes, where it delayed until the peak cladding temperature
reaches a low of 11.5 MPa. Several factors con- reaches 1800 K. Although core damage progres-
tribute to this pressure dechine. First, the HPIS sion was stopped in both calculations, the larger
injection reduces the fuel rod temperatures to amounts of hydrogen from Calculation 2 would
below 1100 K, so cladding oxidation would no require additional accident management mea-
longer be important (see Figure 17). Rapd con- sures (o ensure that detonation or deflagration do
' 180 ——r—r—r—r—p—r—r—r P Yy
1 —=-— Calculation 1 9
== Calculation 3
160 -
;:f 4
2
% 140 -
| 2 4
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3
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Figure 19. Comparison of system pressures for Caleulations 1 and 3,
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not threaten contamment integrity or damage crit-
ical equipment.

Ths calculation, unlike Calculations | and 2,
predicts the formation of a cohesive debris bed in
the core. Although this debris bed is calculated 1o
cool, there 1s uncertainty in the capability of the
water 10 cool a debris bed this thick, based on the
modeling assumptions used i the Surry model.
Although the calculation predicts that the debris
bed vools, there 18 sufficient uncertainty in the
debris bed heat transfer that imjection of water
when the core reaches 1800 K should be consid-
ered as having a low probability of successtully
preventing core dumage progression. The second
core uncovery and heat up for this calculation
could be mitgated using the same feed and bleed
accident management strategy demonstrated in
Calculation 2.

Calculation 4, HPIS Actuation at 1200 K.
The calculations performed for HPIS injection st
1500 K 10 1800 K have uncertainties associated
with the capability of the oxidation models and the
debris bed models to accurately predict the energy

15000 . A\l T Al T ¥

[ S —————

e e e e e
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Effects of Adding Water

removal from the vore. To increase assurance that
the HPIS injection would stop core damage pro-
gression, we performed a fourth caleulation that
assumed the HPIS was initiated at a maximum
core surtace temperature of 1200 K. This tempera-
ture corresponds to a time 198 minutes after the
station blackout transient begins. This is approxi-
mately 14 minutes after cladding oxidation
begins, During this 14-minute period, only 10 kg
of hydrogen has been produced, and the oxidation
rates are small at the time of HPIS initiation.

Figure 22 shows the cladding surface tempera-
tures along the center fuel channel. Shortly after
HPIS injection is nitiated, the fuel rod cladding
temperatures all decrease rapidly to saturation,
ant. the entire core is quenched by 208 minutes.
Figure 23 shows the collapsed liquid level in the
crre and, as expected, the level nses rapidly untl
the core is reflooded at 208 minutes, The core
level approaches a quasi-steady value before the
calculation stops. The level could eventually
decrease and a second heatup would take place,
depending on the size of the break and the charac-
teristics of the HPIS system.

b L T . L v ¥
= (1.367 — 0.733 m above the core iniet i
s 1 467 ~ 1.833 m above the core inlet
G2 567 - 2 933 m above the core inlet
1300.0 - e
1
® 1100.0 -
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. 4
700.0 -
~8—8—8-—a .
500.0 A 4 e e | i i ¥ LI, % L " i i i
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Time (min)
Figure 22. Cladding surface temperatures along the center fuel channel for Calculation 4.
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Figure 24 shows the system pressures for Cal-
culation 4. The period of ime shown in the plot is
from 190 minutes to 215 minutes, where the cal-
culanion was stopped. At HP1 initiation (198 min-
utes ), the pressure shows a slight decrease caused
by condensation, followed by a rapid increase as
HPIS fluid is flashed in the core. The HPIS walter
cools the core rapidly, and the pressure increase
lasts for only one minute, until the energy being
transferred from the fuel rods is rehieved through
the pump seal leaks, After the initial increase, the
pressure decreases for the remainder of the
calculation

Figure 25 shows the HPIS mass flow rates,
which because of the inverse relationship with
pressure, shows steadily increasing rates from
199 minutes 1o the end of the calculation, The
flow rates slow from 12.5 kg/s to 10 kg/s shortly
after initiation as a result of the brief pressure nse
described above. After this period, the increasing
mass flow rales go to 15 kg/s by the end of the
calculation.

The results from this calculation show that the

system has a high probability of recovering if
access to the HPIS is gained when core stored

NUREG/CR-6158
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energy is lower, and the energy added by cladding
oxidation is small. The amount of hydrogen gen-
erated 15 small, so major accident management
measures to deal with the hvdrogen would not be
necessary. It is still possible, however, that the
PORVs would need to be opened so that energy
can be removed from the system and the HPIS
can operate near full capacity.

5.2.3 Conclusions. Results from the SCDAP/
RELAPS/MOD3 computer code indicate that
HPIS injection will initially prevent progress to
higher stages of core damage if the HPIS is initi-
ated when peak core temperatures range from
1200 K to 1800 K. However, as the temperatures
get higher, there is greater uncertainty in the out-
come of water injection. Above 1500 K, debris
beds are calculated to be formed and there are
large uncertainties in the capability to provide
long-term energy removal. Depending on the size
of the break and the characteristics of the HPI
pumps, there is also the possibility of a second
heat up for the TMLB' sequence. An accident
management strategy involving use of the PORVs
to initiate RCS bleed and continued injection with
the HPIS to feed the RCS was demonstrated to be
successful,
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6. CONCLUSIONS AND RECOMMENDATIONS

An evialuation of the capabihity of adding water
o prevent core damage was completed for the
five plants examined in Severe Accident Risks:
An Assessment of Five U.S. Nuclear Power
Plants (draft) (NUREG-1150). Results indicate
that 80 percent or more of the core damage fre-
quency is due 1o sequences where core uncovery
may be prevented if additional and innovative
recovery actions are implemented, Time frames
necessary to implement these actons depend very
much on the plant and the accident sequence. If
timzs available for initiation are relatively short,
(for example, less than | hour) the likelihood for
success would be low. Some of the times are
much longer, exceeding 17 hours, For these
sequences, the hikehhood of successtul operator
intervention would be high,

The unmitigated core damage sequoence
presented in this study consisis of the followirg
stages: (1) core uncovery to fuel rod ballooning,
(b} ballooming and rupture of fuel rod cladding,
() early rapid oxidation of zirciloy cladding by
steam, (d) late rapid oxidation of zircaloy clad-
ding by steam, (¢) formation of a debris region
from relocated molten zircaloy and hguefied fuel
in lower regions of the reactor core or at the lower
core support plate, and (1) the relocation of core
debris to the lower plenum of the reactor vessel,
Concurrent with the formation of a cohesive
debris bed near the bottom of the core, & particu-
fate debris bed may also form on top of the cohe-
sive debris bed from fuel pellets or oxidized
cladding. These five stages of core damage are
charactenized by temperatures ranging from
1100 K (hatlooning of the fuel rod cladding) to
J100 K (melting of the UO, fuel). Table 7 lists the
core damage states and their temperatare ranges
and describes the possible positive consequences
of adding water, the potential negative conse-
quences, potential accident management strate-
gies to prevent progressing to the next core
damage stage, and potential long-term accident
management strategies o mitigate accident conse -
quences,

Not all of the accident management strategies
discussed in Table 7 were evaluaied in this report,

Many were selected from reviews of strategy
evaluations sponsored by the Nuclear Regulatory
Commission or performed by the nuclear indus-
try. The results show that accident management
strategies for the early core damage stages con-
centrate on ensunng there is adequate waler injec-
ton and RCS heat removal, During the latter
stages of core degradation, strategies are added (o
prevent vessel failure and to control hydrogen and
fssion products, Strategies to prevent contain-
ment failure are not ncluded in this study,

Results from Table 7 indicate that core damage
progression can be stopped and the core can be
recovered (core material returned to near satura-
tion temperature) if the high-pressure injection
system operates at full capacity prior to the fuel
rod hallooning stage. The inventory depletion that
precedes core uncovery can be determined using
the RVLMS, and initial heatup of the fuel rods
would be measured by core exit thermocouples or
hot-leg RTD readings in excess of fluid saturation
temperature. Injection by the HPIS would stop
the core damage progression. A possible negative
consequence of adding water would be pressur-
ization of the RCS, which would reduce HPIS
wiater flow into the system. Other adverse effects
would likely be insignificant.

The calculated results at all core damage stages
show that the capability to maintain long-term
core energy removal depends on the amount of
energy being transferred from the core to the
water or steam, the amount of energy being
removed from the RCS, and the characteristics of
the safety injection system. If the injection system
head 18 low or the flow strongly depends on pres-
sure and the energy transferred from the core to
the water exceeds the energy being removed from
the RCS, the reactor core may reach a stable
conditton where a portion of the core remains
uncovered for a long period of time. Even if core
damage 1s imtially stopped by injection, the core
may uncover again, and core damage could pro-
ceed unless the energy removal from the RCS is
equal 1o or exceeds the core decay heat.
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Conclusions and Recommendations

If the core temperatures are greater than
1500 K (the rapid oxidation stage ), the simple
calculstions indicate the HPIS flow rate would be
below the water addition capacity that would pre-
vent core damage from progressing to a higher
stage. However, the SCDAP/RELAPS/ MOD3
results indicate that HPIS mjection is adequate to
prevent progression to the next core damage stage
when it is injecting at its nominal rate. It should
be possible to identify the onset of rapid cxidation
from the CETs, However, this stage lasts only a
short tume, so actions to add water would need 1o
be implemented very quickly, Methods for
depressunzing the RCS, for example. opening the
power-operated relief valves (PORVs), were
tound 1o be effective in removing decay heat
when the break is relatively small,

Additional hydrogen wili be produced when
walter is injected during the rapid oxidation stage,
but the amount is not significant compared with
the hydrogen that would be produced if the core
damage progression is unmitigated. Because tem-
perature measurements would become unreliable
dunng this stage, confinnation of core recovery
would require examination of the long-term
trends of many instruments, Hydrogen detection
monitors could identify this stage. but there
would likely be a substantial delay between the
time when hydrogen generation begins and when
the hydrogen is detected,

Relocation of core materials first occurs when
the stainless steel ¢ladding of the control rods
fails. Besides molten suainless steel, the relocat-
ing materigls would also include control material
(generally Ag-In-Cd or B4C). Some zircaloy may
also be liguitied by the molten control materials
il thas stage. If unborated water 15 added 1o the
core after the control matertals have relocated,
there 18 the possibility of re-criticality of the reac-
tor. However, the recniticality 1ssue is beyond the
scope of this repert,

If & cohesive debris bed is formed in the core
region trom the relocation of core materials
(stainless steel, control materials, zircaloy, fuel,
and their eutectics), energy removal from the
degraded core cannot be assured, even if unlim-

NUREG/CR-6158

ited amounts of water are added 1o the vessel.
Code calculations with HPIS instiated at 1800 K
predict that the intact fuel rods would quench but
formation of a smali debris bed is predicted. The
calculation indicates that this debris bed cools
slowly, but this cooling is likely influenced by the
maodeling of the bed, which includes some poros-
ity of the bed. The capability of water to remove
energy from a cohesive debris bed depends on the
bed’s size, the power density of the bed, the
porosity, and the thermal conductivity of the
materials composing the bed. The power density
and the thermal conductivities depend on the
design and operating parsmeters of the reactor.
Although the code predicts cooling of this debris
bed. the success of adding water is uncertain for
this and more advanced core damage stages
because the debris bed characteristics are uncer-
tain. As a result. alternate accident management
strategies, such as adding water to the reactor
vessel cavity, should be considered when CETs
exceed 1500 to 1800 K or sigmficant quantities of
frydrogen are detected. Implementation of these
alternate strategies would need 1o be pursued
unti! there were long-term indications of core
recovery,

Detection of the formation of cohesive debris
beds and more advanced stages of core degrada-
tion would be very difficult using instrumentation
currently installed in nuclear power plants. Tem-
perature measurements would not be accurate and
would not have signatures unique to these core
damage stages. Interpreting the response of sys-
lerm pressure 10 water addition after the formation
of a cohesive debris bed could be counterintui-
tive, Core materials would be in several configu-
rations simultaneously: a cohesive bed, a
partic o lute bed, and loose debris, Larger cohesive
debr i« bods and particulate beds would result in
smaller amounts of materials in the form of loose
debris. If adding water to the core produces a
rapid pressure rise, it 1s more likely that the cohe-
sive and the particulate beds are small, and energy
can be casily removed from them by the incoming
water, If there is only a small system pressure rise

i e e
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duning water addition, the debris beds are more
likely to be large, and energy cannot be efficiently
removed from thewr intenors. Because they can-
not be easily cooled, the interiors of large debns
beds are likely to melt and eventually relocate 10
the reactor vessel lnower plenum.

55 NUREG/CR-615¥

Conciusions and Recommendations

The possibility of steam explosions at the time
of relocation of molten matenals to the lower pie-
num is a negative effect that has not been eva-
luated in this work. This complex issue is
currently being evaluated by separate programs
within the NRC.
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Appendix A
if a combination of additional reactor scram and reactor depressurization
mechanisms were implemented.

For those sequences that might be prevented if a combination of
additional reactor vessel depressurization mechanisms and additional onsite ac
power supplies to the low pressure injection systems were implemented, the
high pressure core injection (HPCI) and reactor core isolation cocling (RCIC)
systems fail in approximately ten hours due to loss of room cooling or battery
depletion. For these seguences, the core uncovers in approximately 10 to 13
hours. This time frame should be adequate for implementation of accident
management strategies.

For those seguences that might be prevented if only additioral onsite ac
power sources were provided, the HPCI and RCIC sysiems fail at the start of
the sequence. For these sequences the time to core uncovery is approximately
one hour. Impiementation of accident management strategies in this short time
period could have a low likelihood of success unless they were well planned
and executed.

for those sequen~es that might be prevented if a combination of
additional reactor scram and reactor depressurization mechanisms were
implemented, the HPCI and RCIC systems fail in less than one half hour due to
high suppression pool temperature. The control rod drive (CRD) injection
system is operating, but cannot mitigate the sequence. For these sequences,
the time to core uncovery is not specified.

Grand Gulf

At Grand Gulf, all of the CDF is due to sequences in which core
uncovery might be prevented if additional and innovative recovery actions were
implemented. The CDF could be reduced up to 95%, if additional onsite ac and
dc power sources were provided; up to 1.5%, if additional reactor vessel
depressurization mechanisms were implemented; up to 1.5%, if additional pump
rov cooling was provided; and up to 1.6%, if a combination of all of the
recovery actions were implemented.

A-11 NUREG/CR-6158
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For those sequences that might be prevented i{ additional onsite ac and
dc power sources were provided, 99% of the sequences (based upon CDF) involve
initial failures of the HPl systems. The time %o core uncovery for these
sequences i1s approximately one hour. The remaining 1% involve late failures
of the operator to activate the firewater system., The time to core uncovery
for these sequences is approximately twelve hours.

For those sequences that might be prevented if additional reactor vessel
depressurization mechanisms were implemented, more than 99% involve initial
failure of the high pressure core spray system (HPCS). For these sequences,
the CRD and RCIC systems are operating, but are not sufficient to make up the
coolant Toss. The time to core uncovery is approximately one hour.

The sequence that might e prevented if additional pump room cooling was
provided involves late fatlure of the HPCS due ton pump room heatup. The CRD
and RCIC systems are operating, but are not sufficient to make up the coolant
loss. The time to core uncovery is estimated as more than 12 hours.

Finally, the sequence that might be prevented if a combination of all of
the recovery actions were implemented involves a late failure of the firewater
system. The time of core uncovery is estimated as more than 12 hours.

The majority of the Grand Gulf sequences proceed to core damage in about

one hour. Therefore, accident management actions would need to be well
planned and executed to .« s<sfully prevent core damage.

NUREG/CR-615R A-12
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2. INTRODUCTION

Understanding the potential consequences of water addition to a degraded
core during a severe core accident is important for the development of
effective accident management strategies. While the need to add water to cool
the damaged core {s not at issue, the effects of water addition on the system
must be understood to ensure proper strategies can be develcped. This issue
arises primarily because 1) water contacting hich tempera‘ure corium can
generate pressures which may, for example, threaten the primary system
boundary or require immediate operator action to mitigate, 2) unborated water
entering the core may lead to recriticality, and 3) steam generation
accompanying water addition may lead to rapid oxidation of zircaloy cladding
and significant hydrogen generation rates which may require specific operator
action. Obviously, to correctly assess these effects and thereby optimize
management strategies requires a knowledge of the characteristics of the
damaged core states in terms of configuration and coolability during the
accident sequences.

Results presented in the NUREG-1150 program identify potentially
important system failures. Identification of the dominant accident sequences
and plant damage states (PDSs) conveys the most probable sequences to accident
managers and system modelers. With detailed information about the dominant
accident sequences, accidents can be more effectively modeled. Knowledge of
sequence progression and timing can enable accident managers to focus on
vuinerable systems and develop innovative accident mitigation procedures.

This report is part of a program to assess the potential effects of
water addition to the vessel during a severe accident. The objectives of this
project are 1) to identify postulated sequences where water addition into the
primary will reduce the core damage frequency as determined for the five
plants studied in the NUREG-1150 program, 2) to estimate the time at which the
core uncovers for identified accident sequences, and 3) to review factors that
may prevaent addition of water.

NUREG/CR-6158
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This report presents an examination of the five plants studied in and
the results obtained from the NUREG-1150 program.' The accident sequences
defined there are examined in terms of what injection systems are or are not
available for the addition of water. Injection system failure mechanisms are
identified and the time of failure and the time at which the core uncovers are
estimated. The contributions to the core damage frequency are determined for
the various injection system failure mechanisms. Results from this
erxamination can be used to identify the sequences and systems that should be
modeled for other tasks in this program to evaluate the potential consequences
of water addition to a degraded core.

Descriptions and important system design features of the five plants
analyzed are described in Section 3. The methodology used to obtain the
information is discussed in Section 4. Section 5 presents, for each plant,
the dominant accident sequences, the injection system failure mechanisms, the
estimated time of failure, the estimated time at which the core uncovers for
each sequence, and the contribution of sach injection system failure mechanism
to the total plant core damage frequency.

NUREG/CR-6158 A-14
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Table 1.  Summary of design features at Surry Unit 1.’

1. High Pressure Injection (HPI)

2. Low Pressure Injection (LPI)

3. Heat Removal Systems

4. Reactivity Control Systems

5. Key Support Systems

o™

=™

Safety injection and recirculation
system with 2 trains and 3 pumps.
Charging system provides normal makeup
flow with safety injection crosstie to
Unit 2.

Low-pressure injection and
recirculation system with 2 trains and
3 pumps. '

Power conversion system.

Auxiliary feedwater system (AFWS) with
3 trains and 3 pumps (2 motor driven
pumps, 1 turbine driven) and crosstie
to Unit 2 AFWS.

Control rods.
Chemical and volume control systems,

dc power provided by 2-hour design
basis station batteries.

Emergency ac power provided by 1
dedicated and 1 swing diesel generator
(both self-cooled).

Component cooling water provides
normal cooling to reactor coolant pump
thermal barriers,

Service water is gravity-fed system
that provides heat removai from
containment following an accident.

NUREG/CR-6158
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Table 2.  Summary of design features at 7ion Unit 1.
1. High Pressure Injection a. Two centrifugal charging pumps.
(HP1) b. Two 1500 psig safety injection (S1) pumps.
c. Charging pumps inject through boron
injection tank.
d. Provides seal injection flow.
e. Requires component cooling water,
2. Low Pressure Injection a. Two residual heat removal (RHR) pumps
(LP1) deliver flow when RCS is below about 170

psig.

b. Heat exchangers downstream of pumps provide
recirculation heat removal.

¢. Recirculation mode takes suction on
containment sump and discharges to the RCS,
HPI suction, and/or containment spray pump
suction,

d. Pumps and heat exchangers require component
cooling water.

3. Auxiliary Feedwater a. Two 50 percent motor driven pumps and one
100 percent turbine driven pump.
b. Pumps take suction from own unit condensate
storage tank (CST) but can be manually
crosstied to the other unit’s CST.

4. Emergency Power System a. Each unit consists of three 4160 VAC class
IE buses, each feeding one 480 VAC class 1E
bus and motor control center.

b. For the 2 units there are 5 diesel
generators, with one being a swing diesel
generator shared by both units.

¢. Three trains of dc power are supplied from
the inverters and 3 unit batteries.

5. Component Cooling Water . Shared system between both units.

. Consists of 5 pumps, 3 heat exchangers, and

2 surge tanks.
¢. Cools RHR heat exchangers, reactor coolant
pump motors and thermal barriers, RHR
pumps, SI pumps, and charging pumps.
d. One of 5 pumps can provide sufficient flow.

o

a. Shared system between both units.

b. Consists of 6 pumps and 2 supply headers.

c. Cools component cooling heat exchangers,
containment fan coolers, diesel generator
coolers, auxiliary feedwater pumps.

d. Two of 6 pumps can supply sufficient flow.

6. Service Water

A-17 NUREG/CR-6158
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able 3. Summary of design features at Sequoyah Unit 1.’

High Pressure Injection (HPI)

. Low Pressure Injection (LPI)

. Heat Removal Systems

. Reactivity Control Systems

. Key Support Systems

o s

o w

Charging system provides feed and
bleed cooling and seal injection flow
to the reactor coolant pump (RCP)
seals, with 2 centrifugal charging
pumps .

Safety injection system provides high
head injection, with 2 trains and 2
pumps .

Low pressure injection/recirculation
system provides emergency coolant
injectien and recirculation following
LOCA, with 2 trains and 2 pumps.

Power conversion system.

Auxiliary feedwater system, with 3
trains and 2 pumps (2 motor driven
pumps, 1 turbine driven pump.)

Control rods.
Chemical and volume control systems.

dc power, with 2-hour station
batteries.

Emergency ac power, with 2 diesel
generators for each unit, each diesel
generator dedicated to a 6.9 kV
emergency bus (these buses can be
crosstied to each other via a shutdown
utility bus.)

Component cooling water provides
cooling water to RCP thermal barriers
and selected ECCS equipment, with 5
pumps and 3 heat exchangers for both
Units 1 and 2.

Service water system, with 8 self
cooled pumps for both Units 1 and 2.

NUREG/CR-6158
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Table 4.

Continued.

4. Heat Removal Systems

5. Reactivity Control Systems

o™

. Residual heat removal/suppression pool

cooling system to remove heat from the
suppression pool during accidents, with 2
trains and 4 pumps.

. Residual heat removal/shutdown cooling

system to remove decay hezt during accidents
in which reactor vessel integrity is
maintained and reactor at low pressure, with
2 trains and 4 pumps.

. Residual heat removal/containment spray

system to suppress pressure and remove decay
heat in the containment during accidents,
with 2 trains and 4 pumps.

. Control rods.
. Standby liquid control system, with 2

parallel positive displacement pumps rated
at 43 gpm, but each with 86 gpm equivalent
because of the enriched boron.

NUREG/CR-6158
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Table 5.  Sum of design features at Grand Gulf Unit 1.’

1. High Pressure Injection
Systems (HP])

2. Low Pressure Injection
Systems (LPI)

High pressure core spray (HPCS) system
provides coolant to the reactor vessel
during accidents in which system pressure
remains high or low, with 1 train and 1
diesel driven pump (DDP).

. Reactor core isolation cooling (RCIC)

system provides coolant to the reactor
vessel during accidents in which system
pressure remains high, with 1 train and 1
turbine driven pump (TOP).

. Control rod drive system provides backup

source of high pressure injection, with 2
pumps/238 gpm (total)/1103 psia.

. Low pressure core spray (LPCS) system

provides coolant to the reactor vessel
during accidents in which vessel pressure
is low, with 1 train and 1 motor driven
pump (MOP).

. Low pressure coolant injection (LPI)

system provides coolant to the reactor
vessel during accidents in which vessel
pressure is low, with 3 trains and 3

pumps .

. Standby service water crosstie system

provides coolant makeup source to the
reactor vessel during accidents in which
normal sources of emergency injection have
failed, with 1 train and 1 pump (for
crosstie. )

. Firewater system is used as a last resort

source of low pressure coolant injection
to the reactor vessel, with 3 trains, 1
MDP, 2 DDP.

. Condensate system used as a backup

injection source,

. Automatic depressurization system

depressurizes the reactor vessel to a
pressure at which the LPI systems can
inject coolant to the reactor vessel, with
8 relief valves/capacity 900,000 1b/hr.
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Table 5. Continued.

3. Heat Removal Systems

4. Reactivity Control Systems

5. Key Support Systems

o

oW

. Residual heat removal (RHR)/suppression

poo? cooling system removes decay heat
from the suppression pool during
accidents, with 2 trains and 2 pumps.

. RHR/shutdown cooling system removes decay

heat during accidents in which reactor
vessel integrity is maintained and reactor
is at low pressure, with 2 trains and 2

pumps .

. RHR/containment spray system suppresses

pressure in the containmenc during
accidents, with 2 trains and 2 pumps.

. Control rods.
. Standby liquid control system, with 2

parallel positive displacement pumps rated
at 43 gpm.

. dc power with 12-hour station batteries.
. Emergency ac power, with 2 diesel

generators and third diesel generator
dedicated to HPCS but with crossties.

. Suppression pool makeup system provides

water from the upper containment pool to
the suppression pool following a LOCA,

. Standby service water provides cooling

water to safety systems and compenents.

NUREG/CR-6158
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4. METHODOLOGY

This section first describes the overall methodology used in examining
accident sequences in terms of the injection system failure mechanisms, the
estimated times of failure, the estimated time at which the core uncovers, and
the contribution of each injection system failure mechanism to the total core
damage frequency (COF). This general description is followed by the details
of the methodology used for each plant. While the overall methodology was
similar for the five plants, some plant specific difference were encountered.
These differences were most commonly due to differences in the types of
injection systems, to the types of failures identified, or to the basic
approach used in the NUREG/CR-4550 analyses.

4.1 OverarLL METHODOLOGY

The overall methodology used is as follows. The dominant accident
sequences and their descriptions were obtained from the NUREG/CR-4550 analyses
of Surry, Zion, Sequoyah, Peach Bottom, and Grand Gulf.?**®*® For all of the
plants examined except Grand Gulf, the COF information for the sequences were
obtained from the respective NUREG/CR-4550 analyses. The Grand Gulf
NUREG/CR-4550 analysis was unique among the five plants in that some of the
accident sequences were split among different plant damage states (PDSs).
However, the contribution of each accident sequence to each POS was not
presented in the NUREG/CR-4550. Therefore, an alternative method for Grand
Gulf was necessary. This alternative method is described later in the Grand
Gulf plant specific methodology.

The contribution to the CDF of each injection system failure mechanism
identified in the step above was derived from the gathered information. This
derivation consisted of two steps. First, each sequence was binned with a
simplified three characteristic failure mechanism description which consisted
of the source or cause of the injection failure mechanism, which injection
system is failed, and at what time the system fails. The second step involved
sorting the similar characteristic combinations to obtain the contribution of

A-23 NUREG/CR-6158



Appendix A

each failure mechanism to the total COF. Table 6 summarizes the three
characteristic descriptions used for all five plants.

4.2 PLANT SPECIFIC METHODOLOGY

Surry

The first plant analyzed was Surry. Twenty eight dominant accident
sequences were identified in the NUREG/CR-4550 analysis (see Reference 2.)
These accident sequences were grouped into seven PDSs, also identified in the
NUREG/CR-4550 analysis. For each sequence, the mean CDF, the contribution of
that sequence to the PDS CDF, and to the total plant CDF were obtained from
Tables 5-3 and 5-4 of Reference 2. The status of the high pressure (HPI) and
Tow pressure injection (LP1) systems and the motor and turbine driven
auxiliary feedwater systems (AFWS) were identified from information presented
in Sections 4.4 anu 5.2 of Reference 2. Finally, for each sequence a brief
description of the reactor coolant system status and predicted range of times
at which the core uncovers were obtained from the same reference. All of this
information was tabulated collectively.

In determining the COF contribution of each injection system failure
mechanism, not all of the characteristic descriptions in Table 6 are
applicable for Surry. For the first characteristic, only the POWER, RECIRC,
FAIL, and ATWS attributes apply; for the second characteristic, both the HPI
and LPI attributes apply:; and for the third characteristic, only the INIT and
RECIRC attributes apply.

Zion

The next plant analyzed was Zion. For this plant, 205 accident
sequences with a CDF greater than 1.0 x 10" per reactor year were identified
in the NUREG/CR-4550 analysis (see Table 5-4, Reference 3.) Because of the
large number of accident sequences for this plant, the material gathered from
the NUREG/CR-4550 was categorized by PDSs rather than by accident sequence.
The number of PDSs identified for this plant was 58. These PDSs were then
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Description of injection system failure mechanism characteristics.

| Attribute-Mnemonic

POWER
RECIRC

FAIL

; ATWS
OPERATOR
COW/SW

SAFETY

Description

Characteristic 1 - Injection system failure mechanism

Injection system does not operate because of total or
partial power failure.

Injection system fails in
recirculation mode.

operates initially,

Injection system fails due to hardware failure,
Injection system fails due to ATWS induced events.
Injection system fails due to operator error.

Injection system fails due to loss of component cooling
water/service water.

Injection system does not operate due to safety injection
actuation failure,

Characteristic 2 - Failed injection system

HP1
LP]

High pressure injection system is failed.

Low pressure injection system is failed.

Characteristic 3 - Time of failure

INIT
RECIRC
LATE

Injection system fails at moment of request or soon after.
Injection system fails in recirculation mode.

Injection system operates for some time, then fails.

A-2S NUREG/CR-6158
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arranged into five plant damage state groups (PDSGs). The five POSGs were
defined in the Zion accident progression event tree analysis.” Similar to
that done for Surry, for each of the 58 PDSs, the CDF, the contribution of
that PDS to the PDSG CDF, and to the total plant COF were obtained from Tables
5.2 and 5-4 of Reference 3. Point estimates of the CDF are reported here
instead of the mean values because only a limited data uncertainty analysis
was performed in the Zion NUREG/CR-4550 analysis. The status of the WPl and
LPl systems and the motor and turbine driven AFW systems were obtained from
Sections 4.4 and 5.1 of Reference 3. Finally, for each sequence, a brief
description of the reactor coolant system status and predicted range of times
at which the core uncovers were obtained from the same reference. All of this
information was tabulated collectively.

The failure mechanism contributions to the total CDF were obtained using
the same method used for Surry. However, some additional characteristic
attributes were used in grouping the injection system failure mechanisms, The
characteristic attributes listed in Table 6 applicable for Zion were for the
first characteristic: POWER, RECIRC, FAIL, ATWS, OPERATOR, CCW/SW, and SAFETY;
for the second charicteristic: HPI and LPI; and for the third characteristic:
INIT and RECIRC.

In jabeling the failure characteristics, two of the PDSs were split into
more than one failure characteristic descriptions, PDS S1IBYYYYY was split
between FAIL-LPI-INIT and OPERATOR-LPI-RECIRC. The PDS COF was split between
the two failure descriptions as 5.3E-07 and 4.96-06, respectively. The split
information for this PDS was obtained from Tables 4.4-21 ard 5-4 of
Reference 3. Similarly, PDS TLCYNNYY was split between ATWS-HPI-INIT and
FATL -HPI-INIT. This PDS CDF was split betweon the two failure descriptions as
5.8E-06 and 2.7E-07, respectively. The split information for this PDS was
obtained from Tables 4. 4-51, 4. 4.6], 4 4 91, 4.4-101, 4.4-131, 4.4-14]1, and
5-4 of the same referonce,
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Sequoyah

The next plant analyzed was Sequoyah. Twenty three dominant accident
sequences were identified in the NUREG/CR-4550 analysis (see Reference 4.)
These accident sequences were grouped into seven PDSs. As was done for the
previous two PMR plants, for each sequence, the mean CDF, the contribution to
the PDS CDF, the contribution te the total plant COF, the status of the HPI
and LPI systems, the status of the AFW systems, the status of the reactor
coolant system, and the predicted range of times at which the core uncovers
were obtained. The accident sequences and mean CDFs were obtained from Table
5-3 of Reference 4. The qualitative descriptions of the injection systems,
feedwater systems, and the RCS status were obtained from Sections 4.4 and 5.2
of the same reference.

The failure mechanism contributions to the total CDF were obtained using
the same method used for the two previous PWR plants analyzed. The
characteristic attributes used in grouping the injection system failure modes
for Sequoyah were for the first characteristic: POWER, RECIRC, FAIL, and ATNWS;
for the second characteristic: HPI1 and LPl; and for the third characteristic:
INIT and RECIRC.

Peach Bottom

The next plant analyzed was Peach Bottom. Eighteen dominant accident
sequences leading to core damage were identified in the NUREG/CR-4550 analysis
(see Reference 5.) These accident sequences were grouped into four super
PDSs. For each sequence, the mean CDF, the contribution to the PDS CDF, the
contribution to the total plant CDF, the status of the HPI and LPI systems,
the status of the reactor coolant system, and the predicted range of times at
which the core uncovers were obtained. The accident saquences and mean CDFs
were obtained from Table 5-7 of Reference 5. The gualitative descriptions of
the injection systems and the RCS status were obtained from Sections 4.4 and
5.2 of the same reference.

The HP1 systems examined include the three systems listed in Table 4:
the high pressure coolant injection (HPCI) system, the reactor core isolation
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cooling (RCIC) system, and the control rod drive (CRD) system. The status of
all three systems are tabulated in the results section.

The LP] systems examined include the three systems listed in Table 4:
the low pressure coolant injection (LPCI) system, the low pressure core spray
(LPCS) system, and the high pressure service water (HPSW) system. The status
of all three systems are tabulated.

The contribution of the injection system failure mechanisms to the total
core damage frequency was obtained using the same method used for the PWR
plants. The characteristic attributes used in grouping the injection system
failure modes for Peach Bottom were for the first characteristic: POWER, FAIL,
ATWS, and OPERATOR; for the second characteristic: HPI and LPI; and for the
third characteristic: INIT and LATE.

Grand Gulf

The final plant analyzed was Grand Gulf. Seven accident sequences
leading to core damage were fdentified in the NUREG/CR-4550 analysis (see
Table 4.10-3 of Reference 6.) These accident sequences were grouped into
twelve PDSs. Of the five plants studied in the NUREG-1150 analysis, this is
the only plant in which individual accident sequence groups were split among
more than one PDS. This was accomplished by splitting the cut sets that make
up each accident sequence group into the appropriate PDSs. Of the seven
accident sequence groups, six were split into two or more PDSs. Only accident
sequence TIB-13 was not split. The accident sequences that were split between
more than one PDS were as follows. The three accident sequences, 11B-16,
T1B-17, and T1B-21, were split among PDS-1, PDS-2, PDS-3, and PDS-7; accident
sequence T1B-4 was split between PDS-4, PDS-5, and PDS-6; accident sequence
TC-74 was split between PDS-9 and PDS-10; and, finally, accident sequence
T2-56 was split between PDS-11 and PDS-12. This atypical approach in the
NUREG/CR-4550 analysis required that an alternative method be used here to
determine the CDF contribution of each accident sequence to each of the PDSs.
This alternative method is outlined later in this section.
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Similar to the other plants studied, the information obtained for this
BWR plant included, for each sequence (split and unsplit), the mean CDF; the
contribution to the PDS COF; the contribution to the total plant CDF; the
status of the HPl and LPI systems; the status of the reactor coolant system;
and the predicted range of times at which the core uncovers.

The HPI systems examined include the three systems listed in Table 5:
the high pressure core spray (HPCS) system, the RCIC system, and the CRD
system. The status of all three systems are tabulated in the results section.

The LPI systems examined include the five systems listed in Table 5: the
LPCI system, the LPCS system, the standby service water (SSW) system, the
condensate system, and the firewater system. The status of all five systems
are tabulated.

The contribution of the split accident sequences to each PDS CDF was not
presented explicitly in the NUREG/CR-4550 and had to be determined. Two
methods were used. The first method utilized information presented in
Appendix D of Reference 6. for some of the accident sequences, a complete
listing of how the accident sequence cut sets were distributed to the various
POSs was provided. Sequences T1B-4, TC-74, and T2-56 were analyzed with this
method. For the remaining accident sequences, this method was not possible
because the number of cut sets was so large that the complete 1ist was not
presented in the NUREG/CR-4550 documentation. For these accident sequences, a
second method was required to determine the contribution to the PDS CDF.

The second approach utilized the integrated Reliability and Risk
Analysis System (IRRAS), Version 2.5, loaded with the latest Grand Gulf data
base.® IRRAS is a microcomputer based probabilistic risk assessment model

a. JRRAS Version 2.5, April 1, 1991, Idaho National Engineering Laboratory, EG&G
Idaho, Inc., ldaho Falls, Idaho.

b. Letter Report entitled Grand Gulf Unit 1 Probabilistic Risk Assessment
Related Data Base, Richard D. Fowler, et. al., EGAG Idaho, Inc., Idaho Falls,
idaho, November 9§, 1990.
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development and analysis tool. Usig IRRAS, the contribution of three
accident sequences to four PDSs CDFs was determined. The three sequences
analyzed using IRRAS were T1B-16, TIB-17, and T1B-21.

In analyzing the split sequences with IRRAS, the sequences were renamed.
Sequence TiB-16 was split into sequences SEQI6-A, SEQ16-B, SEQI6-C, and
SEQ16-D, which were distributed to PDS-1, PDS-2, PDS-3, and PDS-7,
respectively. The splits for sequences T1B-17 and T1B-21 were similarly
defined. The mean CDF for each of the split sequences was determined using
the Latin Hypercube Sampling (LHS) algorithm in IRRAS. A LHS random number
seed of 3571 was arbitrarily selected for a sample size of 2000. It should be
noted that the calculated CDFs are dependent upon the selected random seed and
sample values. However, the fractional contribution of the split sequences to
the total PDS COF is relatively constant over a wide range of seed and sample
values. Therefore, the CDFs for the split sequences were determined by
multiplying the IRRAS calculated fractional contributions for each split
sequence with the PDSs mean CDFs presented in Table 5.3-1 of Reference 6.

The contribution to the total CDF, of the injection system failure
mechanisms identified, was obtained using the same method outlined for the
other plants anaiyzed. The characteristic attributes used in grouping the
injection system failure modes for Grand Gulf were for the first
characteristic: POWER, FAIL, and OPERATOR; for the second characteristic: HPI
and LPI; and for the third characteristic: INIT and LATE.
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remaining four involving loss of power, the time at which the core uncovers
varies from 2.5 to 7 hours from the loss of ac power (SBO-BATT, SBO-BATT2,
SBO-SLOCA, and SBO-SLOCA2.) The only recovery action possible for these
sequences would be to obtain an additional source of backup ac power supply
for the injection systems. Whether a backup power supply could be initiated
in time to prevent core damage, is sequence dependent and would require
specific information on the type of backup supply and the procedures for
initiating it.

Recirculation Fallures

Failure of the injection systems in the recirculation mode occurs in 7
sequences which makeup 15% of the CDF. One of these sequences is the V
sequence or interfacing systems LOCA (4% of the total CDF.) This sequence
results from the high pressure coolant system rupturing the low pressure
system, leading to a LOCA which bypasses containment, thereby preventing
recirculation cooling. No viahle recovery actions exist for this sequence.
Another four of the sequences (4% of the total CDF) involve a steam generator
tube rupture (SGTR), in which the RCS is not depressurized. This leads to
loss of core inventory, depletion of the refueling water storage tank (RWST),
and finally the core uncovers after more than ten hours. Possible recovery
actions for these sequences include continued refilling of the RWST or adding
an additional water source. The remaining two sequences (7% of the total CODF)
involve medium and large break loss of coolant ‘cidents (LOCAs), in which the
Tow pressure recirculation cooling is not established. Time at which the core
uncovers is less than 50 minutes for the medium LOCA and less than 1 minute
for the large LOCA. Because of the very short times involved for these two
sequences, no viable recovery actions are apparent.

Hardware Failures

Failure of the injection systems because of hardware failure occurs in
11 of the sequences (14% of the total CDF.) Of these sequences, eight involve
failure of the HPI and three involve failure of the LPI (10% and 4% of the
total CDF, respectively.) For all of the sequences, the injection system are
failed at the beginning of the sequence. For the HPI system failures, the
time at which the core uncovers ranges from less than 15 minutes to more than
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seventeen hours, depending upon the RCS break size. For the LPI system
failures, the time at which the core uncovers ranges from one to 50 minutes.
Because of these very short times, recovery of the LPI system is not viable.
For those sequences involving failure of the HPl system, one possible recovery
action would be to depressurize the RCS so that the LPI system could be
utilized. However, since failure to depressurize the RCS has been accounted
for in defining these sequences, new innovative depressurization mechanisms
would have to be deduced.

ATWS Event Failures

Finally, two sequences (TKRZ and TKRD,; 4% of the total CDF) involve an
anticipated transient without scram (ATWS) event which induces an
overpressurization which fails the HPl system immediately. Furthermore, in
sequence TKRZ, the RCS boundary is also failed by the initial
overpressurization and the core uncovers in the early time frame. No viable
recovery actions are apparent for this sequence. For the other sequence, the
only feasible recovery actions would be to scram the reactor and then
depressurize the RCS so that either the HPI or the LPI system could operate.
However, since failure to scram the reactor and subsequent failure to
depressurize the RCS has been accounted for in defining this sequence, new
innovative scram and depressurization mechanisms would have to be deduced.
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5.2 Zion REsuLTS

The injection failure mechanism descriptions for the dominant plant
damage states (PDSs) at Zion are presented in Table 10. The simplified three
character failure descriptions are presented in Table 11. These three
character failure descriptions were then sorted to obtain the CDF contribution
for each of the failure mechanisms. Table 12 presents the CDF contribution by
failure mechanism, by which injection system is failed, and by time of
failure.

Component Cooling Water/Service Water Failures

The results presented in Table 12 indicate that the dominant failure
mechanism is due to the loss of component cooling water (CCW) or service water
(SW) which induces a pump seal LOCA (86% of the CDF.) Twenty eight PDSs
contribute to this failure mechanism. Of these PDSs, 26 involve failure of
the HPI and two involve failure of the LPI (86% and 0.02%, respectively.)

Of the 26 in which the HPI system is failed, 23 PDSs have the HPI system
unavailable from the start of the sequen.e and remains so for the duration of
the sequence (85.8% of the total CDF.) In the remaining three PDSs, the HPI
system operates initially, but then fails in the recirculation mode due to
loss of CCW or SW (0.2% of the total CDF.) A1l of these PDSs involve small
break sizes (0.5" < D < 2") either due to pump seal failure, or SGTR with RCS
depressurized and pump seal failure. For this size break. the time at which
the core uncovers is approximately 1.5 hour. One possible recovery action for
these PDSs would include be to recover the CCW/SW in the time available to
prevent injection system failure. In fact, such recovery actions have already
been accounted for in the original NUREG/CR-4550 analysis (see Reference 3,
section 4.6.2.12). Furthermore, since the time of the original analysis, the
Zion licensee has committed to perform additional actions to prevent the loss
of CCW and SW and the resulting reactor coolant pump seal failure (see
Reference 1, page 7-3.) These actions include providing an auxiliary water
supply to each charging pump’s oil cooler via either the SW or fire protection
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systems and to replace existing pump seal O-rings with new heat-resistant
0-rings which wi11 improve seal survivability.

The two PDSs (ANBYYYNN and ANBYYYNY, 0.02% of the total CDF) in which
the CCW failure initially fails the LPI system, involve large LOCAs. The time
at which the core uncovers varies from seconds to minutes. Because of this
very short time, viable recovery actions of the LPI system are not apparent
for these PDSs.

Power Failures

Failure of the injection systems because of loss of power occurs in 11
of the PDSs (4% of the total COF.) Of these PDSs, nine involve failure of the
HPI and two involve failure of the LPI (4% and 0.002% of the total CDF,
respectively.) Of the nine sequences involving HPI failure, three occur
initially from lack of power and six fail in recirculation mode (2% and 2% of
the total CDF, respectively.) These latter six involve a partial power loss
which fails the equipment necessary for switchover to recirculation mode.

The two PDSs, in which the LPI system fails due to loss of power,
involve a medium and large LOCA with the LPl system failed initially (PDSs
SIRIYYYYR and ARIYYYYR, respectively.) The time at which the core uncovers is
less than 50 minutes for the medium LOCA and less than 1 minute for the large
LOCA,

Possible recovery actions for the PDSs invelving loss of power would be
to obtain an additional source of backup ac power supply for the injection
systems and recirculation switchover equipment. Whether a backup power supply
could be initiated in time to prevent core damage, is dependent upon the PDS
and would require specific information on the type of backup supply and the
procedures for initiating it.

Recirculation Failures

Failure of the injection systems due to recirculation system failures
occurs in two PDSs which makeup 0.5% of the total CDF. The first PDS is the V
sequence (0.04% of the total CDF) and is essentially the same as that
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described for Surry. As was discussed for that plant, no viable recovery
actions exist for this PDS. The second PDS, HICYNXYY (0.5% of the total
CDF), involves a SGTR and the RCS is not depressurized. This leads to loss of
core inventory, depletion of the RWST, and finally the core uncovers.

Possible recovery actions for this PDS include continued refilling of the RWST
or adding an additional water source.

Hardware Failures

Failure of the injection systems due to hardware failures occurs in six
PDSs which makeup 1% of the total COF. This tally of the PDSs includes PDSs
S1IBYYYYY and TLCYNNYY which are split between two failure mechanisms as
described in Table 11 and Table 12. Of the six PDSs, three involve failure of
the HPI and three involve failure of the LPI (0.13% and 0.87% of the total
CDF, respectively.) For all of the PDSs, the injection system are failed
initially. The HPI system failures involve transients in which feed and bleed
cooling fails due to unavailability of a charging pump and a ¢ -2ty injection
pump. The sequence remains at high pressure as the RCS boundary remains
intact and is not depressurized. The time at which the core uncovers is not
specified for these PDSs. The LPI system failures involve a medium and two
large break LOCAs. The time at which the core uncovers ranges from one to 50
minutes. Because of these very short times, recovery of the LPIl system is not
viable. For those sequences involving failure of the HPI system, one possibie
recovery action would be to depressurize the RCS so that the LPI system could
be utilized. However, since failure to depressurize the RCS using secondary
side cooling and the auxiliary feedwater system (AFW) has been accounted for
in defining these sequences, new innovative depressurization mechanisms would
have to be deduced.

ATWS Event Failures

Failure of the injection systems due to an ATWS event which induces an
overpressurization which fails the HPI system occurs in four PDSs (2% of the
total CDF.) This tally of the PDSs includes TLCYNNYY which is split between
two failure mechanisms as described in Table 11 and Table 12. For al) of
these PDSs, the only viable recovery actions would be to scram the reactor and
then depressurize the RCS so that either the HPFI or the LPI system could
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operate. However, since failure to scram the reactor and subsequent failure
to depressurize the RCS using secondary side cooling and the AFW system has
been accounted for in defining these sequences, new innovative scram and
depressurization mechanisms would have to be deduced.

Operator Error Failures

Failure of the injection systems due to operator error occurs in seven
PDSs which makeup 6.5% of the total CDF. This tally of the PDSs includes PDS
SIIBYYYYY that is split between two failure mechanisms as described in
Table 11 and Table 12. For all of these PDSs, the failure occurs in the
recir-ulation mode and the dominant contributor is human error at switchover.
Three of these PDSs involve failure of the high pressure recirculation and
four involve the Tow pressure recirculation ( 3% and 3.5% of the total COF,
respectively.) The high pressure recirculation failures involve small break
LOCAs. Possible recovery actions for these PDSs include continued refilling
of the RWST or adding an additional water scurce. The low pressure
recirculation failures involve medium and large break LOCAs. The time at
which the core uncovers is less than 50 minutes for the medium LOCA and less
than 1 minute for the large LOCA. Because of the very short times involved
for these PDSs, no viable recovery actions are apparent.

Safety Injection Actuation Failures

Finally, two PDSs (less than 0.01% of the total COF) involve failure of
the safety injection actuation system to operate which immediately prevents
the HPI system from operating. One PDS involves a small LOCA and the oiher
involves a SGTR in which the RCS is depressurized below the steam generator
safety valve set points. However, in both PDSs, RCS pressure remains to high
to use the LP] system., Feed and bleed cooling is failed and the core
uncovers. The only viable recovery actions would be to either bypass the
failed safety actuation signal or to depressurize the RCS so that the LPI
system could operate. However, since failure to actuate the injection systems
and subsequent failure to depressurize the RCS has been accounted for in
defining this sequence, new innovative safety actuatio. and depressurization
mechanisms would have to be deduced.
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