Conference Title: CSNI Specialist Meeting on International Depressurization

Date & Place: June 15, 1989 -- Garching, Germany

INVESTIGATION OF REACTOR COOLANT SYSTEM DEPRESSURIZATION AS AN
ACCIDENT MANAGEMENT STRATEGY

D. W. Golden
idaho National Engineering Laboratory
EG&G Idaho, Inc,
Idaho Falls, Idaho (United States)

F Odar
United States Nuclear Regulatory Commission
Rockville, eryhn: (United States) -

1. D. Miller
Idaho Nauonal Engineering Laboratory
EG&G Idaho, Inc.
“alls, Idaho (United States)

ABSTRACT

An investigation of intentional depressurization of the reactor coolant system
(RCS) as a means to mitigate direct containment heating (DCH) is presented in this
paper. Primary and secondary feed-and-bleed strategies are considered as basic
options to prevent core d ¢. For a station blackout, where the ac power is lost,
there is no safety injection. For a TMLB' transient, the additional fuilure of the
auxilisry feedwater is assumed. For this transient, a primary or secondary
feed-and-bleed ctrategy using existing systems is not possible because of
unavailability of the safety injection and auxiliary feedwater. The operators can take
action to depressurize the primary system using the pressurizer power-operated relief
valves (PORV), take no action, or find an emergency source of water indepen.ent of
ac power to perform a feed-and-bleed operution. The last option may require some
minor plant system modifications.

Analyses for depressurization of the Surry Nuclear Power Plant are being
performed using the SCDAP/RELAPS code for a hy pothetical TMLB' sequence. Two
cases with different times for the initiation of dspressurization are considered. In the
first case, the depressurization is initiated at the time of stcam generator dry out. This
case is called garly depressurizaticn In the second casc, the depressurization is
initiated at the time of core uncovery. This case is called Jale depressunzation, Both
calculations show that the system can be depressurized to the level that DCH may be
minimized. In the early depressurization, the surge line may also fail, leading to rapid
depressurization of the primary. In the late depressurization, surge line failure is not
predicted.

V12130091 &

FOR TOPRE
1

b &1 5 \ 1.2
EXIINE \ /70 (
P l N



Uncestacities in these calculations are discussed, and different strategics are
evaluated based on enginec: ng judgment. These straiegies, in the order of
preference, are: (a) perform feed-and-bleed operation if the ac power is recovered
wirhin a certain perind of time; (b) establish an emergency source of feedwater
ngependent of the ac power for a feed-and-bleed operation; (¢) depressurize he
mmmary system if an emergency source of feedwater is not available; and (d) take no
action.



I Introduction

~ Inwentional depressurization of the reactor coolant system (RCS) is be'm&
investigated as a potential means of mitigating direct containment heatng (DCH). A
DCH event could occur as the result of the dispersal of molten core materials into the

containment caused by u high-pressure core melt ejection 1), The probability of
occurrence for a DCH event is primarily a function of the driving pressure for the core
melt ejection, the quantity of the molten core ejected, and the composition of the core
melt. By reducing the dniving pressure the degree of direct containment heating, and
thus the challenge to contuinment is reduced. A possible functional relationship is
depicted concepmalg in Figure 1. The bo es between the occumrence and
nonoccurrence of are the lines separating regions A and B from region C. In
regions A and B, either the RCS pressure will provide an insufficient driving force to
disperse the molien corium in the containment or there will be insufficient energy
content within the melt to cause DCH. It should be kept in mind that these
boundaries are not well established and may not even be distinct.

The purpose of the analyses presented in this paper is to evaluate the ability to
mitigate the potential for DCH during a severe core damage accident by intenuonal
depressurization of the RCS. That is, to evaloate the capability to reduce RCS
pressure to a level that minimizes the potential for DCIJ (plucesvplam conditions in
region A of Figure 1) at the time of reactor pressure vessei (RPV) breach. The plant
operators have indications of RCS pressure, but there is little if any plant
instrumentation that will indicate the quantity, composition, and location of molten
corium during a severe accident. The required steps in the evaluation process are 10
(a) identify potential depressurization strategies, (b) evaluate the effectiveness of each
strategy, (¢) identify and evaluate the potential negative effects of each strateg,  ad
(d) determine the net benefit associated with each strategy.

Potential strategies for prevention of DCH are (a) perform a feed-and-bleed
operation if ac power is recovered within a certain period of time, (b) establish an
emergency source of feedwater independent of the ac power for a feed-and-bleed
operation, (c) depressurize the system if an emergency source of feedwater is not
available, and (d) take no action. There has been extensive research conducted by
the U. S. Nuclear Regulatory Comrmission (NRC) regarding the first strategy. Loomuis
and Cozzuol [2] reviewed the research on primary system feed-and-bleed and
concluded that this strategy is a viable technique Yo maintain control of primary
system pressure and temperature. Successful feed-and-bleed requires that the energy
flow out of the system be equal to or greater than decay heat and that the mass flow
out of the system be replaced by the safety injection systemn or chnriing pumps, The
Severe Accident Sequence Analysis (SAS’A)%’mgum anal nuclear plant
transients likely to lead to a severe accident. For a station blackout, all ac power
except that derived from battery-driven inverters is lost. In the station blackout
rransient sequence, safety injection is not available and feed-and-bleed cannot be
established. Analyses of station blackout sequences performed at the Idaho Natonal
Engineering Laboratory [3) under SASA's sponsorship provide a basis to conclude
that if auxiliary feedwater



is available or is recovered from ebout 10 0 28 minutes (8 function of the plant

- analyzed) prior to core uncovery, or if ac power is restored 14 to 38 minutes prior o
core ucsovery (interpreted as no core damage), core damage can be prevented.' Thus,
either a primary or secondary feed-and-bleed operation 1§ expected (0 prevent core
damage if flows are established within & certain time.

For a TMLB' sequence, the loss of auxiliary feedwater is assumed in addition to o
station blackout. Thus, neither primary nor secondary feed-and-bieed are available.
Depressurization of the RCS requires one of the three remaining strategies to
accomplish depressurization, Analyses performed using the SCDAP/RELAPS
integrated severe accident analysis code to evaluate these strategies are the subject of
this paper. The following sections ide u review of the relcvant assessment data
base and analytical methodology (Section II) results of the analyses (Section III), a
discussion of operational uncertainties (Section 1V), and conclusions (Section V).

Il. Assessment Data Base and Analytical Methodology

Extensive research sponsore by the NRC and others on feed-und-bleed has shown
this stme%to be a viable techinique to prevent core uncovery when electric power is
available. The research results also provide a data base to assess the adequacy of code
models that are intended to predict plant thermal-hydraulics during feed-and-bleed.
Es.periments conducted in the Loss of Fluid Test Facility (LOFT), Semiscale, MIST,
OTIS, and ROSA-TV form the assessment data base for analytical tools such as
RELAPS (4,5) and TRAC [6]. Loomis and Cozzou!'s (2] review of feed-and-bleed
included a review of code comparisons for both RELAPS and TRAC to the
experimental data. They concluded that the codes predicted the phenomenology of
feed-and-bleed, but did not match event iming as well.

The analyses presented in this paper consider deﬁmssuriuuon by opening the
PORVs. It is expecied that the flow through the PORVs will be choked (limited to
sonic or critical velocity) until the RCS pressure is nearly equal to the containment
ssure, Therefore, the performance otP the critical low model in SCDAP/RELAPS
is of particular importance. The SCDAP/RELAPS critical flow model calculates the
velocity of sound in @ two-phase, two component mixture based on the equation of
state [7). The critical flow model at low qual.ty has been identified by the
[nternational Code Assessment Pro 30\?) (8) as one of the three main code
deficiencies. The discrepancy was found to be most notable for a small break with
low-quality, saturated flow that occurred over an extended period of time. The
PORV:s are at the top of the pressurizer. At the time the PORVS are assumed 1o be
latched open, it is expected that the pressurizer will rapidly drain or will have already
drained. A saturated, low-quality flow will exist at the PORVs for at most & brief

1.
In both cases described, the analyses are plant-specific. While a broad
interpretation about feed-and-bleed may be generally appropriate, there may b
specific plants that could require much earlier initiaton of feed-and-bleed or
unusual procedures to initiate feed-and-bleed. Also, Combustion Engineering's
System 8O plants, which do not have power-operated relief valves (PORVs), are
incapable of feed-and-bleed or direct pamary system depressunization.




time. Therefore, the uncertainties associated with the critical flow model will not have
a significant effect on the results.

A datum for sequences leading to late-phase core melt progression (formation of a
molten pool in the core region and relocation of molten material to the lower plenum)
is represented by the TMI-2 accident. A detailed description of the TMI-2 accident
and the research findings of the TMI-2 Accident Evaluation Program are provided in
“A Scenario of the -2 Accident” [9). The TMI-2 accident was a small breqik Joss
of coolant aceideat (LOCA) through the stuck-open PORV without adequate safety
injection. (The operators bypassed safety injecuon early wn the accident,)

ventually, the core uncovered and approximately 50% of the core melted. About
20 tonnes of the molien material flowed to the lower plenum. The RPV did not fail,
and the molten material in the reactor vessel was cooled after safety injection was
established by the operators. Since the accident embodies many of the possible events
in & severe accident and is a unique datum for light water reaciors, the -2 Analysis
Exercise is being conducted through the sponsorship of the Committee on the Safety
of Nuclear Instllations (CSNI) i0 benchmark severe accident analysis codes [10].
Users and developers of many of the severe accident analysis codes, including
SCDAP/RELAPS [11] and MELPROG/TRAC (12), are participating in the analysis
exercise,

Up to the time of initial core muelting, most of the codes match the recorded plant
dota, such as RCS pressure, rexsonably well, Preliminary results from the various
codes have a relatively wide spread beyond initial core melting, while generally
following the trend of the recorded RCS pressure. This was particularly evident in the
calculstions of total hydrogen generation. The calculated total hydrogen at 174
minutes (the end time of the first two phases of the analysis exercise) varied from
about 100 to 460 kg. This compares to an estimated release of about 300 kg [13, 14] at
174 minutes. Similar variances occurred for other calculated quantities. [t is noted
that some of the boundary conditions, particularly the high-pressure injection rate,
may have large uncerwinties due to the lack of recorded flow measu ements. Sirice an
effort has been made to compare the codes based on & common set of boundary
conditions, the variations noted are apparently teal. Therefore, it is concluded that
there are potentially large uncertainties in the core damage progression models thar
need (0 be accounted for in an analysis of intenuonal depressurization,

The analytical approach used to mode! late-phase core melt progression herein has
been to bound the uncertainties in the core melt progression parameters that are
believed to affect RCS pressure [15]. The mcmodologllhsho“m in Figure 2 relies on
performing calculations (o target core damage states. The parametric analysis is
started from the first target state, which is core heatup. The second target state is the
formation of & molten pool within the core region. The third state is failure of the
lower head caused by interactions with relocated molten core materials.

It is expected that any calculation that extends from core heatup will eventually
calculate the formation of & moiten pool. The parameters that control the calculated
core damage progression were varied over their range of expected values to minimize
and maximize RCS pressure. On path | (the upper line from core heatup 10 molien
pool formation), the intent is 10 maximize steam interactions and oxidation of the
cladding. This was accomplished first by holding molten metallic cladding in place as
long as possible via SCDAP/RELAPS input parameters affecung the cladding oxide



shell failure. The failure lemperature of the oxide shell, which holds molten metallic
cladding in place, was set to its upper bound, and the minimum oxide shell thickness
required w hold molten metallic g in place was set t its lower bound. This
increases the total claading oxidation and hence the energy generated by oxidation.
The second set of ters required to maximize RCS pressure control the
formation of rubble debris beds composed of fractured, embrittied fuel rods.  Fracture
of oxidized cladding from cooling is caused by the injection of accumulator water
when the RCS is depressurized to below the accumulator tunk pressure. Once the
¢ludding has been oxidized to & maximum beta Zr thickness of 0.0001 m (16], the
cladding will become embrittled upon cooling to a specified temperature, The
embrittiement temperature was varied from a maximum value of 1273 K to a
minimum value of Tsat + 90 K. The maximum value assumes the energy associated
with the ZrO; phase change at 1273 K is sufficient to shatter oxidized cladding. The
minimum value is based on shattering the cladding at & specified temperature above
the saturation temperature. The fragmented cladding has a larger surface-to-volume
ratio, hence the heat transfer rate from the debris to the steam coolant should be
greater and the calculated RCS pressure will be greater than for an intact rod
feonwuy. The parameters for path 2 (bottom line from core heatup to molten pool

ormation) maximize relocation of molten metallic cladding, and minimize rubble
debris formation. This is the opposite of path 1. The vaniations used in the analyses
are summarized in Table L

It is expected that onee the molten pool is formed it will eventually meh through
any supporting crust and at least some of the molten core materials will relocate to the
RPV lower head. Heat transfer from the debris bed formed by this process will beat
up the lower head and could cause it 1o fail by either creep rupture or melting. If the
calculation models 8 maximum heat tranifer 1o the coolant in the lower plenum, the

ssure will be maximized. Further, this will remove some energy from the debris

d that could be transferred to the lower head. Thus, the calculated time to RPV
failure will be increased compared 1o a calculation that minimizes the heat transfer to
the coolant. Path 3 (top line from molten pool to RPV failure) is basex on maximizing
the heat transfer from debris to coolant. Path 4 (bottom line from molten pool to
RPV failure) minimizes the heat ransfer from debris to coolant.

The SCDAP/RELAPS model for relocation transfers relocating molten material to
the lower head over a user-specified time. (A time of 100 s was used in these
calculations based on estimates for the TMI-2 relocation.) At each time step, heat
wansfer from the calculated quantity of relocating material to the coolant is
determined. Heat transfer to the coolant is maximized? if during each time step the
relocating material is cooled to the saturation temperature (quenched). The code
model for path 3 uses this algorithm unless the energy removed during any time step
would require more liquid to be evaporated than exists in the RELAPS lower head
volume. For path 4, no energy is transferred from the relocating debris. Once the
debris bed forms on the lower head, heat transfer to the coolant is controlled by the

2.

The current code version considers heat transfer only (o the coolant in the
lower plenum volume. Thus, heat transfer to any coolant present in the core
region will not be included in the calculation. For this analysis, the only
coolant present at relocation is the coolant in the lower plenum and the core
entrance volumes, and the model limitation is of no real importance.



porosity of the debris bed, with high porosity producing a greater energy exchange.

Once the material is in the lower head volume, the heat ransfer from the debris
bed 10 the coolant and lower head is calculated by a two-dimensional, finite-clement
model. The ity of the debris bed was set 10 0.5 w maximize heat transfer o the
coolant and RCS pressure (path 3). For path 4, the porosity was set to approximately
0 to minimize heat transfer to the coolant and RCS pressare.

Analyses for three depressurization sirategies have been completed or are in the
process of being completed. The first is an analysis of the no-action strategy. The
second strategy is to &pussuxize by htchin}g open the PORVs at steam generator dry
out. This is called ' or the early depressurization strategy,
the analysis cases shown in Table | were performed. The third strategy analyzed is to
depressurize by latching open the PORVs when the core uncovers. This is called late
depressurization, Core uncovery was defined to be when the maxtmum core exit
fluid temperatures reached ~922 K (1200 °F). The late depressurization analysis for
path 1 is currently being Ferlormed and is at the point of initial in-core cladding
E}locan‘on. The results of analyses for these three strategies are presented in Section

IIl. SCOAP/RELAPS Analysis of a Surry Station Blackout,

Surry is a two-unit nuclear power station. The units are Westinghouse 3-loop
nuclear steam supply systems with U-tube steam generators. Surry was chosen for
these analyses since it is one of the reference plants for NUREG-1150 [i]. The three
depressurization strategies considered in this analysis to mitigate DCH in Surry are to
(a) open the PORVs early at steam generator ut; (b) open the PORVs late at the
start of core heatup; or (¢) no operator action. The analysis by Bayless [17] 1o study
hot leg counter current and in-vesse!l natural circulation provides an analysis of the no-
operator action surategy. Bayless performed sen:mviég studies over a wide range of
parameters that control energy transport within the RCS. The results of the sensitivity
studies ct failure of the pressurizer surge line between about 230 and 260 min for
a TMLRB', If the pressurizer surge line were to fail during a station blackout sequence,
then the RCS would be rapidly depressurized to containment pressure and
would then be mitigated. Yet, the prediction of surge line failure remains highly
uncertain due to the uncertainties in core damage progression and the dependence on
hot leg counter current natural circulation to transport the energy to the surge line
entrance.

Chambers [15,18) performed the calculations listed in Table I for the early
depressurization strategy up to the time of molten pool relocation to the lower plenum.
Various events occurring for Paths 1 and 2 are summarized in Table II. Except for the
timing of initial cladding relocation, there is little difference between the two
calculations. The calcufatcd pressurizer level is shown in Figure 3. The pressurizer
drains rapidly and is empty by 180 minutes. The period of time that low quality,
saturated flow is calculated o exist at the POR Vs is short relative to the total transient
tme. Therefore, any discreparcy in tie critical flow model for low- quality, saturated
flow, as mentioned in Section I, is relatively insignificant. The calculated RCS
pressures for paths | and 2 (calculations 6 and 7) are shown in Figure 4. The two



main fearures of this plot are the cyclic behavior of the calculated RCS pressure and
the small difference between the two calculations. The cause of both features is the
phenomenology of the accumulator injection process, When RCS pressure first
reaches the accamulator pressure, liquid is injected into the primary and it enters the
core region. This increases the vapor generation rate. The increased v

generation rate is greater than the volumetric outflow through the PORVs. Thus, RCS
pressure increases and shuts off the accumulator flow. Eventually, the vapor
generation rate decreases and the PORVs are again able to reduce RCS pressure. The
cycles t until the accumulators are empty, The thermal-hydraulics models
exerci the accumulator injection process appear to control the calculated sysiem
response. Thus, the uncertainties considered in the parameter variations are calculated
to have little effect on the calculated RCS pressure. Subjectively, this implies that for
depressurization the details of the thermal-hydraulics of the eccumulator injection
process are more impertant than the uncertainties in core meli progression up to the
time the accumulators empty. .

As shown in Figure 4, the sure oscillations initially are quite small. The small
pressure oscillations indicate that the flow from the accumulators is correspondingly
small. This effect can aiso be seen in core temperatures, The calculated cladding
iemperatures at the top of the core, as shown in Figure 5, rapidly escalate to in excess
of 2000 K. Eventually, the accumulator flow is sufficient to tum around the
temperatures, but only temporarily. By 250 min the upper region of the core is
calculated to reheat.

Figure 6 shows a map of the calculated domain of the molten pool at the time of
relocation to the lower plenum for paths 1 and 2, Path 1 (calculauon 6) with the
maximum fragmentation and minimuta relocation is calculated to produce the larger
molten pooi. Or the other hand, the minimum fragmentation and maximuim
relocation case (calculation 7) results in more fucl and cladding to be relocated
downwurd in the core. With more material lower in the core, there is more material at
lower temperatures; therefore, a smaller molten pool is calculated for the maximum
relocation case. Uncertainties in the core melt progression models are thus concluded
to be important o the calculation of total core raelt and the geometry of the damaged
core.

The path | calculation was continued on path 3 to about 550 min. (9.2 h).
Approximately 70 tonnes of core material were calculated to flow from the molten
pool through the failed lower crust. The flow was assumed to occur over a period of
100 s. The molten core materials were assumed to transfer sufficient energy 1o the
lower plenum coolant to reduce the temperature of the relocating debris to the
saturation temperature. Once the vapor void fraction in the RELAPS lower head
volume was calculated to be approximately one, the energy transfer was terminated.
This resulted in a calculated pressure increase or about 2 MPa, as shown in Figure 7.
The only significant heat transfer was then calculated to be to the lower head. The
calculations predict the debris bed to initially cool as energy is wransferred to the lower
head. Once the lower head starts to heat up, the heat transfer rate decreases and
ulumately the debris bed reheats. The calculations were terminated when it was
noticed that the code was not predicting creep of the lower head due to the fact that
RCS pressure was calculated to be nearly equal to containment pressure. It was found
that the flow-through the PORVs was not choked for significant ime periods even
during much of the accumulator injection, The containment, having been modeled as



a single volume without heat structures, allowed the calculated containmeut pressure
to increase to an unrealistically high value. If the calculation had been continued
without modifications, it is expected that the code would have icted lower head
melithrough at about 600 miin. If the containment volutne and heat structures were
modeled, it i1s expected that the code would have predicted a pressure below 1| MPa
(145 psia). Since this celculation generally provided the n information, it was
decided to run the late depressurization calculation with an improved containment
model. The late depressurizauon case was caiculated in parallel with a 15 volume
MELCOR [19] containment model with heat structures using the PORV flows
calculated by SCDAP/RELAPS. The MELCOR containment pressure was fed back to
the SCDAP/RELAPS calculations as needed and the two codes were thus used in &n
iterative manner,

An additional feature of the early depressurization calculation was the prediction
of surge line failure at 166 (path 1) and 172 (path 2) min. If uncerfainties in
calculation were small, then we could be certain that DCH would be mitigated by
rapid depressurization caused bg the surge line failure. The pressure time history for
this case is shown in Figure 8. Surge line failure in this calculation is significantly
less uncertain then the no-action case, since the analysis does not depend on naiural
circulation to bring hot gasses to the surge line entrance. However, the analysis does
depend on the core heatup sequence and core damage progression to provide the hot
gasses with the correct timing for surge line failure to g?pndiczed. us, the
prediction of surge line failure as a means of RCS depressurization and mitigation of
DCH depends or uncertaintics in core melt progression.

The late depressurization strategy assumes that the operators open the PORVs at
core uncovery as defined by the core exit thermocoupies reading ~922 K (1200 °F).
For the late depressurization calculation, paths | and 3 are being followed with the
same parameter settings as in the early depressurization calculauon (calculation 6).
The calculated pressure for the three strategies is shown in Figure 8. Since the late
depressurization starts after some superheating exists in the RCS, there is no
subcooled blowdown as evidenced in the early depressurization case. The late
depressurization case predicts fewer accumulator cycles,with greater flow in eacl
cycle. As such, the late depressurization calculation shows the uccumulators
emptying slightly ahead of the early depressunization case. This behavior is a direct
result of the lower containment pressure. When the accurmulators had emptied in the
late depressurizetion calculation, MELCOR had calculated the continment pressure
to be about 0.2 MPa (~30 psia).

The character of the calculated system response is quite different for late
depressurization. First, it is noted that the accumulators empty at about the same time
for both early and late depressurization. This suggests that the average accumulator
inflow rate is greater for late depressurization. This difference in calculated response
is significant to the calculation of core heatup and core damage progression.
Comparisons of accumulator flows and 1otal hydrogen generated are shown in Figures
9 and 10. Thetritiai response for early depressurization (Figure 9) indicates that the
vapor generation rate in the core region is sufficient to maintain system pressure at &
level that allows only & slow influx from the accumulators for about the first hour of
accumulator injection. This is calculated to be insufficient to cool the upper regions of
the core. Core heatup continues, and about 220 kg of hydrugen are generated. The
initial response for late depressurization (Figure 10) indicates that condensation is



sufficient 10 lower the pressure sufficiently 10 allow a large influx of accumulator
water. This is followed by a rupid increase in vapor gencration as the mixture level in
the core increases. Cooling is provided over the entire core volume. Therefore, the
hydrogen gencration was calculated 1o cease on the first injection cycle. Core heawp
did not restart untl the accumulators were emptied. This behavior is probably due 10
the difference in RCS void Iraction at the time of PORV opening. The greater void
fraction for late deguuriuﬁon appears to enhance condensation and the effect of
condensation on RCS pressure. The predicted towl hydrogen generation for the carly
and late depressurizations is quite different. The hydrogen generation rates for the two
cases are shown in Figu:es 9 and 10, The calculated cooling is more effective for
the late depressurization case, and core heatup and hydrogen generation are delayed
compared to the early depressurization case. This is also shown in Figure 11 by the
calculated cladding temperature a: the top of the core. The accumulator inflow is able
to maintain calculated temperatures below runaway oxidation. Because of the lower
temperatures, surge line failure has not yet been calculated to occur. Extrapolation of
the surge line heatup rate suggests that the high-temperature transient will end prior to
the surge line reaching the melting poini. Thus, the surge line may not fail in the late
depressurization case. This hypothesis will be confirmed or rejected by continuation
of the calculations.

A comparison of event timing for the three strategies is shown in Table III.
Subjectively, late depressurization provides the most time for the operators to recover
ac power and/or auxiliary feedwaier. Therefore, late depressurization may be
preferred over early depressurization. If the operators take no action to depressurize,
then fallure of the surge line is predicted, and this would depressurize the RCS.

It is noted that there were some difficulties with the code in accomplishing the late
depressurization calculation. The code on two occasions failed due to water property
errors that were not alleviated by reducing the maximum time step. This is usually an
indication that the energy transfer at the interface between SCDAP and RELAPS are
inconsistent. While the offending code model was beu:g sought out, the calculation
was patched. Since the core was in general being cooled even at its top (see Figure
11) by the accumulator flow, the PORVs were closed just prior to the water property
error and held closed o allow the code to reheat the core slightly and stabilize the
calculation. This is conservative with regard 10 the calculation of RCS pressure. The
periods of closed PORVs are clearly indicated by (Figure 8) the repressunzations at
about 250 min and 290 min.}

An indegendem calculation of the station blackout sequence for Surry was
performed (20] using MELPROG/TRAC. The calculation was different from a
TMLB" sequence because a pump seal LOCA was also modeled (TMLB'-§3).
Preliminary evaluations indicate there are similarities and significant differences
between the SCDAP/RELAPS and MELPROG/TRAC calculations. The main
differences relate to the predicted behavior during accumulator injection and

3.

The interface model for rubbie debris heat transfer in the situation where the
temperature is decreasing was found to be inappropriate for 2 high-void-
fraction environment. This resulted in the excess extraction of energy from the
liquid phase on the RELAPS side of the code.



relocation of molten material to the lower plenum. Detailed comparisons of the two

code calculations are planned to help determine the causes for the different results. A

SCDAP/RELAPS calculation of the TMLB'-§3 is being performed by the

m Atomic Energy Research Institute, which will provide a more direct companson
two codes.

The major uncertainties in both sets of analyses relate to event timing, degree of
core melt, quantity of hydrogen gencmed. RCS pressure. The cited uncertainties
are important to the evaluation o fotenml negative aspects of depressurization,
These include the potential for carly release o hydm::n to the containment, along
with inmw generation. There is still a debate regarding the increased
potential for molten fuel-coolant interactions at low pressures. This could cause a
very large increase in pressure at the time of molten pool relocation to the lower
El:num. Further study of the potential negative effects may show depressurization (o

& less desirable strategy than a no-action strategy. "

One remaining strategy is to obtain an emergency source of auxiliary feedwater
from a non-traditional source. For Sutry, the firewater system is connected to the
suction of the auxiliary feedwater pumps. A diesel-driven fire pump [21] capable of
pumping 2500 gallons per minute at a rated discharge head of 100 psi is available at
the plant site. This pump takes suction from one of two tanks, each containing
250,000 gallons of water. Opening a line to provide water to the suction of the
auxiliary feedwater pumps requires the g of three valves. If the valves can be
properly aligned pressure in the steam generator can be reduced to a level that the
pump head 1s sufficient to provide flow to the steam generators, it would be possible
1o prevent core heatup for an extended period of time. This is essentially a secondary
feed (via the fire pump) and bleed (via blowdown into the main condenser and
condenser venting) operation.

IV. Operstional uncertainties.

There are two types of operational uncertainties in the depressurization strategies.
First, will the operators be able to accomplish the tasks required to depressurize the
plant? Second, will the equipment be available, and will it function without failure?

An assessment of the capability of the operators at Surry to successfully initiate
depressurization was performed. The assessment included an evaluation of the
ex sdnﬁm_crgency J:eming Procedures (EOPs), a disclosure of the factors that
effect decision making for the scenario considered, and a humar reliability analysis
(HRA) for the critical actions necessary to accomplish depressurization. The results
of the assessment indicate that implementing depressurization is dependent upon
waining and procedural guidance (preparedness) and the time available to make
decisions and take azfvopﬁnte actions. It was also disclosed that, because of the EOP
structure, depressurizing the RCS to avoid DCH conditions would be a decision made
outside the guidance provided by the EOPs.

Because of the difficulty in establishing the amount of time available to the
operator to perform the critical recovery actions, a broad range of uncertainty
accompanied the probability of iie operator to successfully initiate depressurization.
Through sensitivity analyses, it was determined that the factor which dominates the



probability to perform RCS depressurization is the time available to diagnose the
need to depressurize [22). This is due w concurrent, ongoing activities to recover both
ac power and a mechanism W feedwater to & steam generator. It is also due to
the sharp temperature rise (and a rapidly shrinking time wi w to pexform mitigative
actions) when core exit thermocoupies reach superheated conditions.

If the PORV: fuil closed, then depressurization by tor action cannot be
aooomg:hhod. Uncertainties include reliability of the PORVS, battery life, and air
bottle depletion. The PORVs could stick closed due to component deformation or
melting. Both the batiery that operates the solenoid valve controlling air to the
PORVs and the air bottles dedicated to the PORVs could become depleted during the
accident. The battery life is estimated to be ximately 4 h with load shedding,
and the air bottles have sufficient capacity for % cycles of the PORVs (23], It appears
that both are insufficient to carry out intentional depressurization. While the analyses
indicate the theoretical feasibility of depressunzation, additional béttery life and air
capacity may be required to actually accomplish depressurization in Surry.

V. Summary and Conolusions

Based on these analyses, we conclude thai there are four strategies to mitigate
DCH. The first strategy is to attempt normal plant recovery by regaining ac power
and/or auxiliary feedwater (AFW). If this cannot be done, then an emergency source
of AFW such as use of thc firewater system should be attempted. In both of these
strategies, core damage can be prevented if the heat sink is restored. Timely
restoration of the heat sink may require the operators to ‘Eerfomn the above two tasks
in parallel. This has the poteatial to add confusion and diffuse the recovery effort. If
neither of the first two strategies are accomplished, then the PORVS should be upened
to depressurize the RCS once the core has uncovered. This will depressurize the
system 10 a low level near containment pressure. If the third umewnm be
invoked, then & sequence with no tor action may still mitigate . Thereisa
chance that the surge line :\?ossib y another primuz &uem boundary will fail due to
creep rupture or melting, which would result in depressurization.

The presence of calculations, operational, and phenomenological uncertainties thet

affect haso-conolusions has been identified. Studies of the potential negative
effects such as hydrogen distribution in containment and molten fuel-coolant
interactions are ongoing and required for closure of the intentional depressurization
issue. Efforts are also continuing to reduce the uncentainties through systematic
serutiny of code models and comparative analyses. Further, the analyses presented in
this paper are specific to the Surry Nuclear Power Plant. Conclusions may have to be
modified for other plants.
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Figure 6. Companson of calculated core geometnes for paths | and 2. carly depressunzanon.



‘.o - ¥ v

30} !

10b !
:
0.0 . . : - - ‘
450 475 500 828 56¢C
Time (min)

Figure 7. Calculated RCS pressure for path 3, early depressurization.



—

gonezImssasdep ey — —
gonerunssasdep Appey ——

|

1

(BdI) einsseid SOM




Lopreome¥?l ‘wonezLTssudap
qwﬂ\\ le 3 A3 ‘aunioa sompuEnoe doot v ot pazdusnd pameiauad uadospdy W[ ‘¢ a4
{umas) Sws
oo &5 T g st s
oo + JJ w‘
4
1 OB
0 pue !
e | o
M > z
:
W {si M
ERL: | s
» JouIS Ut
e Hlm .
ot -~ €




II§I<9§§§!¢_§F’;

{umus) @uay

(B) vabospAU 0 |



2500

!
2000} )
k
£ s00b <
1000 b =
sook :
3
00 A - " & 1 4
0.0 100 290 300 400 500

Time (min)

Figure 11. Calculated core temperature at top of core, lute depressurization.



Table | Calculation mutrix used for the sensitiviry studies.

Relocanon Fragmenwaton
Path Percent Qadding  Bew
Calculations (Fig 2) T&n Onidized® | Temperature®  Thicknessd
Pressure boundary sensitivities
1 - Intact surge line ¢ 2500 K 60 ¢
2 - Failed surge lice e 2500 K 60 ¢
Relocation sensitivities -
3 i 2680 K 60 Tsat+200K 0.0001 m
4 2 230K 999 Tsat+200K 0.0001 m
b 2 2400 K 999 Tsat+200K 0.0001 m
Core configuration sensitivities
6 - Maximize rubble bed 1 2680 K 60 1273 K 0.0001 m
7 - Maximize fuel relocation 2 2400 K 999 Tsat+90K 0.000! m

Steamn interaction sensitivities

8 - Maximize steam interactions 3
9 - Minimize steam interactions 4

a  Temperature at which ZrO; shell fails.

®  Percent of Zr oxidation above which relocation will not taks place.
¢ Temperature at which ZrO will shatter in the presence of waier.
4 Thickness of the beta-Zr layer above which ZrO7 will not shatter.

¢ Fn on not calculated. Calculations | and 2 present the sysiem behavior when
the fuel rods remain essentially intact and show the pressure and time sensitivity to
failure of the pressure boundary.



Table i. Comparison of the results for paths | and 2.

Time (min)
Calculaton 6 Calculation 7
Event (Path 1) __(Path 2)
ZOR:: and head vent open 75 73
tart of claddin 114 114
Stant dmlm’::mawn 139 13
Calculated surge line failure 166 172
Fragmentation {}:wchhl 183 213
n-care meallic U-Zr-O relocation 366 149
Accumulators 367 348
Mol a pool 400 378
Molten aterial to lower plenum 452 390



'

. 'Table Wi Comparison of the early, iate, and no operator action straiegies.

Event o L) _(path ) Action.
o e Rom oM
turtof ¢ 114 |

Start of mnc hzoucn 139 218 »245
Calculated surge line failure 166 NC? ~248
annd;%qznching 183 218 >245
In-core metallic U-Zs-O relocation 366 392 ~248
Accumulators emp 367 328

Molten pool f 400 the?

Moiten material to lower plentum 452 the

RPV failure ~600* the

1 Not considered in caloulation.
2. Not calculated 10 ocour.
3. To be caloulated.

4 Est'mated based on heat up rate of lower head.
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