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A total station blackout (SBO) accident sequence, namely
TMLB’, of PWR was found as a dominant accident leading to core
severe damage. It was also found that the sequence could lead
to High Pressure Melt Ejection (HPME) followed by Direct
Containment Heating (DCH), and, in turn, challenge the
containment integrity. An intentional RCS depressurization had
been proposed to prevent or mitigate the effects of DCH during
a station blackout. Moreover, during such sequence, a primary
coolant pump seal might be deteriorated due to loss of cooling.
This particular LOCA is designated as S3-TMLB’. This report
describes the analytical studies for variations of a TMLB’
sequence of PWR four loops plant of Indian Point 3. The analyses
also include S3-TMLB’ with or without RCS depressurization and
a series of sensitivity analyses. Analytical tool used in this
calculation is the MELCOR 1.8.4 code. Seven runs of different

scenario have been performed.
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For the TMLB’ accident, the calculation results predicted
a vessel breach as a result of debris relocation in lower plenum,
while the RCS pressure was kept at PORV set point. Such condition
could allow a HPME. On the other hand, the RCP seal leak during
TMLB’, might give the different effects on accident sequence
depending on the timing of the seals failure. Early failure after
initiation of SBO, i.e. 10 minutes, resulted in an early core
damage. Contrarily, if the seal failure occur later, the core
damage could delay from about 2000 s to more than 1 hr compared
to the TMLB’ sequence. An intentional RCS depressurization by
PORVs latched open during TMLB’ did not show an important effect;
the predicted sequence was similar to TMLB’. But, if the
discharging valves flow area is increased, which is assumed by
SRVs latched open together with PORVs in this study, the core
damage progression could be delayed by about 6000 s. This last
strategy was also applied to S3-TMLB’ accident. However, the
calculation result showed that, compared to the S3-TMLB’ without
intentional RCS depressurization, the accident progression
could be delayed only by 3000 s.

Keywords: Severe Accident, Station Blackout, RCP Seal LOCAs,
Intentional RCS Depressurization, Accident
Mitigation, MELCOR 1.8.4 Code.
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1. INTRODUCTION

Accidents leading to severe core damage have been one
of the major reactor safety issues after the TMI-Z and the
Chernobyl accidents. Since, severe accident research
programs are performed with the objectives are, among
others, to understand physical phenomena and to develop
analytical methods to predict such phenomena. One of the
analytical tools for severe accident analysis is the MELCOR
codel!’. MELCOR 1is being developed at Sandia National
Laboratories (SNL) for the U.S. Nuclear Regulatory
Commission (USNRC) as a second-generation plant risk
assessment tool and the successor to the Source Term Code
Package (STCP)?'. Initially, the MELCOR code was envisioned
as being predominantly parametric with respect to modeling
complicated physical processes. However, over the years as
phenomenological uncertainties have been reduced and user
expectations and demands from MELCOR have increased, the
models in the MELCOR code is gradually being mechanistic,
but the code is still parametric. The MELCOR version
1.8.4% is released to users in July 1997.

Meanwhile, recent PSA level I for PWRs has shown that
an accident initiated from a total station blackout, so-
called TMLB’, is one of the dominant accidents leading to
severe core damage“. Moreover, TMLB’ sequence would result
in a high pressure melt ejection (HPME) of which
consequence may lead to direct containment heating (DCH)
and early failure of the containment building.

In the past, several analytical studies of TMLB’
accident had been performed. As a part of MELCOR 1.8.2
assessment program, Kmetyk et al.” performed a calculation
of Surry station Dblackout. In their study, TMLB’" was
analyzed in conjunction with DCH study. Then, Heames and
smith® conducted Surry station blackout accident study
using integrated MELPROG/TRAC code. The study included the
analysis of the coolant pump seals failure. A similar study
had been performed by Hidaka et al.” for Surry plant using
SCDAP/RELAPS5 code. The analysis was compared with the
experimental studies conducted in ROSA-IV program.
Recently, Hidaka et al.¥ performed another analytical
study with SCDAP/RELAP5 and ART codes to evaluate the
integrity of Steam Generator U-tubes during Surry station
blackout accident.

On the other hand, as a part of severe accident
mitigation strategies, an intentional reactor coolant
system (RCS) depressurization during TMLB’ was proposed.
The analytical studies are performed by, among others,
Chambers et al.% and Brownson et al.'®
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The current study was performed to assess the PWR
system responses during Station Blackout accident and to
investigate the fission products (FP) decay heat on the
accident progression. The MELCOR 1.8.4 code is used because
it represents an integral RCS and containment analyses
code, and can treat both thermal-hydraulics and FP behavior
during accident progression. Concerning the system design,
the Indian Point 3, a Westinghouse PWR 4 loops with thermal
power of 3025 MWth was chosen as studied plant. The
analyses include variations on TMLB’ sequence, such as
primary pump seal leakage (namely RCP seal LOCA or S3-
TMLB’ ), an intentional RCS depressurization, and variation
between both events. The calculation results might be
considered for developing the severe accident management
strategies. This report describes and discusses the
calculation results obtained.



JAERI-Tech 2001-011

2. PLANT DESCRIPTION

The MELCOR analyses described in this report were
based on the Indian Point Power Station 3. Operated by
Consolidated Edison Company of New York (Con Ed), it is
located adjacent to and south of Indian Point 1 on the east
bank of the Hudson River, at Indian Point, Village of
Buchanan in upper Westchester County, New York. The Indian
Point 2 plant is adjacent to and north of Indian Point 1.

The Indian Point 3 is a 3025 MWt pressurized water
reactor (PWR) designed and built by Westinghouse Electric
Corporation. The Reactor Coolant System (RCS) 1is a four
loop design, with a reactor coolant pump (RCP) and steam
generator (SG) U-tube in each loop. In addition, one loop
contains the primary system pressurizer. Figure 1 shows a
schematic of Indian Point 3 RCS. Under normal operating
conditions, the RCS operates at ~ 15,2 MPa (2235 psig),
with a core inlet coolant temperature of 556.67 K (542.6
°F)and core exit coolant temperature of 588.78 K (600.4
°F) . The RCS coolant flow rate during normal operation is
4,100 kg/s(32.55 10° 1b/hr).

The reactor pressure vessel (RPV) contains the core,
core barrel, core support structures, and control rod and
instrumentation component structures (see Figure 2). Water
from the SGs is pumped through the cold legs by the RCPs to
the RPV inlet nozzles, transiting the downcomer and RPV
lower plenum prior to passing through the lower core, the
coolant flows out the top and exits the RPV via the outlet
nozzles, flowing through the hot legs into the SGs again.
The reactor core consists of 39,372 Zircaloy-4 clad fuel
rods containing sintered UO, distributed in 193 fuel
assemblies. The total fuel weight (as UO;) is ~ 100,498 kg
(221,600 1lbs). The core active height is 3.6576 m (144
inches) .

RCS over pressure control is assured by three safety
valves set to open at a nominal pressure of ~16.9 MPa (2485
psig) . Capacity of each safety valve is 52.91 kg/s (420,000
lb/hr). Two Power Operated Relief Valves (PORVs) are
available, set to relieve RCS pressure when it reaches
~15.9 MPa (2335 psig). PORV nominal relief capacity is
22.55 kg/s (179,000 1lb/hr).

Each loop contains a vertical shell and U-tube SG.
Reactor coolant enters the inlet side of the channel head
at the bottom of the SG through the inlet nozzle, flows
through the U-tubes to an outlet channel and leaves SG
through another bottom nozzle. The number of Inconel U-
tubes in each SG is 3260 representing the total heat
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transfer surface area of ~ 4127 m? (44,430 ft?) . Feedwater
to the SG enters just above the top of U-tubes through a
feed water ring. The water flows downward through an
annulus between the tube wrapper and the shell and then
upward through the tube bundle where it is converted to a
steam-water mixture. The steam-water mixture passes the
separator assembly. Each SG has a capacity to produce 417,6
kg/s (3,315,000 1lb/hr) saturated steam at 51.36 MPa(755

psigy) .

Safety grade emergency systems are designed to
protect the RCS in the event of an accident. The principal
components of the Safety Injection System, which provide
emergency core cooling system (ECCS) immediately following
a loss of coolant accident (LOCA), are the accumulators
(one for each loop), the three safety injection pumps (High
Pressure Injection, HPI) and the two residual heat removal
pumps (Low Pressure Injection, LPI). The accumulators,
which are passive Engineered Safety Features because the
gas forces injection, discharge into the cold legs of the
reactor coolant piping when pressure decrease to 4.42 MPa
(650 psig). Following small break which does not
immediately depressurize the RCS to the accumulator
discharge pressure, ECCS provide safety injection pumps.
The safety injection pumps (high head) deliver borated
water to two separate discharge headers. The flow from each
header is injected into each of the four cold legs of the
RCS. For large break LOCA, the RCS would be depressurized
and voided coolant rapidly and a high flow rate is required
to guickly recover the exposed fuel rods and limit possible
core damage. To achieve this objective, one residual heat
removal pump (high flow, low head) is required to deliver
borated water to the cold legs of the reactor coolant
loops. Two pumps are available in order to provide for an
active component failure. Should normal feedwater flow be
lost, the auxiliary feed water system (AFWS) is available
to provide coolant to the steam generator secondaries. The
AFWS has three pumps: two are driven by electric motors;
the third is driven by a steam turbine. The AFWS takes
suction from the condensate storage tank (CST).

The Reactor Containment completely encloses the
entire reactor and RCS and ensures that essentially no
leakage of radionuclide materials to the environment would
result even if gross failure of the RCS were to occur. The
Reactor Containment structure 1is a reinforced concrete
vertical right cylinder with a flat base and hemispherical
dome. A welded steel liner with a minimum thickness of
0.00625 m (1/4 inch) is attached to the inside face of the
concrete to insure a high degree of leak-tightness. The
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side walls of the cylinder and the dome are about 1.4 m (4
ft-6 inch) and 1.1 m (3 ft-6 inch) thick, respectively. The
flat concrete base mat is 2.74 m (9 ft) thick with the
pottom liner plate located on top of this mat. The bottom
liner plate is covered with 0.9 m (3 ft) of concrete, the
top of which forms the floor of the Containment.
Containment volume is 73,906.97 m® (2,610,000 ft°), and the
design pressure is 0.32 MPa (47 psig, 61.7 psia). For the
MELCOR analysis, a containment failure pressure of 1.0 MPa
(147 psig, 161.7 psia) was used. Emergency containment heat
removal is accomplished by the spray system. Figure 3 shows
a cross section of the containment.
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Figure 3. View of Containment of Indian Point 3%
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3. MODEL DESCRIPTION

The MELCOR 1.8.4 Indian Point 3 calculation model was
originally prepared at JAERI. In the model, the four loops
of RCS was modeled by two loops; one represents pressurizer
attached loop (loop-A) and the other represents lumped of
three other loops (loop-B). This calculation model has 39
control volumes (4 for the reactor vessel and internals, 21
for the primary system loops, 12 for the steam generator
secondaries, 1 for the containment, and 1 for the
environment); 44 flow paths (27 internal to the RCS, 14
associated with the steam generator secondary side, and 3
connecting the RCS to containment); and 65 heat structures
(61 for the RCS and 4 for the containment). Figure 4 gives
a schematic representation of the basic nodalization used
for the ©primary, secondary system, the containment
building, and environment. The bypass flow in reactor
vessel and hot leg counter current natural circulation are
not modeled. Two flow paths (226 and 276) were added to
model the leakage for all pump seals.

All control volumes were specified to use
noneguilibrium thermodynamics” and were specified to be
vertical or horizontal volumes; all heat structures used
the steady-state temperature-gradient self-initialization
option. Detailed volume-altitude tables and junction flow
segments were used to correctly represent sub-components in
and between the major components modeled.

The vessel was represented by four control volumes:
the downcomer, lower plenum, core, and upper plenum and
upper head. The pressurizer and the surge line were
represented separately by the control volumes. The PORVs
and SRVs were represented by valved flow paths from the top
of the pressurizer to the containment, with hysteresis
control functions used to govern opening and closing at the
desired pressure set points. The emergency core cooling
system (ECCS) was modeled with three control volumes with
related flow paths for each loop representing the high
pressure injection system (HPI), the low pressure injection
system (LPI), and the accumulator.

The steam generator secondary side was modeled using

three control volumes: for the downcomer, the riser
(boiler) and the steam dome. The feed water flows into the
downcomer from a defined condenser control volume. Two

outlet flow paths were used to represent the main steam
isolation valve (MSIV) which outlet to the condenser and
the relief valves communicating with an ambient-environment
control volume. The auxiliary feed water (AFW) was supplied
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from condenser storage tank (CS) control volume into the
riser.

The heat structures were generally specified to use
the “internal” set of heat transfer coefficient
correlations on the inside of most heat structures, while
on the outside surface boundary, most the heat structures
were specified to use “external” set of heat transfer
coefficient correlation. The critical pool and atmosphere
fractions were set to be 0.5 and 0.5, respectively, for
mest of the heat structure surfaces.

The reactor core nodalization (see also Figure 5), as
a separate model from model listed above, consisted of 45
core cells divided in 15 axial levels and 3 rings. The
axial level 1 through 3 modeled lower plenum, including the
core support structure in level 4, while level 5 to 15
correspond to the active core region.

The radiation heat transfer in the core used the
default wvalues. The core material eutectic interaction
model 1is disabled by default. Debris relocation model
enabled by default, while the core plate and bottom head
penetration failure temperatures, and the falling debris
and lower head penetration heat transfer coefficients were
all set to their default values in the MELCOR 1.8.4
calculation.

The cavity was specified to have an internal depth
and radius of 7.925 m and 3.13 m, respectively with no
initial layer content. The concrete thickness was 2.134 m
both on the side and below the cavity. The standard
concrete from CORCON was used with no change 1in the
property.

One radionuclide (RN) class for CsI was added to the
default class in the MELCOR 1.8.4 RN and DCH packages. The
calculation was done using the CORSOR-M release model.
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4. ASSUMPTIONS

The major assumptions for present TMLB/ calculation
are as follows:

1) The total thermal power (fission and decay heat power)
during normal operation is 3025 MWth. As a default in
MELCOR, it is assumed that the reactor was operated for
2 years full power operation before the accident.

2) Steady sate is calculated for 50 s before initiation of
station blackout.

3) at 0 s, total station blackout occurs.
4) Reactor scram occurs with the delay of 1 s.

5} The scram signal trips the primary coolant pump, close
feed water valve and main steam isolation valve.

6) The auxiliary feed water pumps are unavailable.

7) The high and low pressure injection systems are
unavailable. The accumulator injection is set up when
primary system pressure decrease less than 4.42 MPa.

8) The oxidation of zirconium starts at 1000 K.

9) The cladding failure occurs when the cladding
temperature reaches 1173 K.

10)The lower head penetration failure is assumed when the
temperature of the penetration reaches 1273.15 K
(TPFAIL) .

11)The lower head failure allowing a debris ejection occurs
when the temperature of bottom lower head node exceeds
TPFAIL. And, a total molten mass of 5000 kg or a melt
fraction of 0.1 is necessary before debris ejection
initiation (default of MELCOR 1.8.4).

Those assumptions were used for all calculation in this
study. The other assumptions related to specific case
(specific run) studied will be given later.
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5. CALCULATION MATRIX

Several analytical calculations are performed in this
study. All calculations are related to the total station
blackout initiating accident (TMLB’). The TMLB’ sequence is
analyzed as a reference case. The variation of TMLB’
sequence analyzed includes primary pump seal leaks during
station Dblackout (S3-TMLB' ), and an intentional RCS
depressurization by pressurizer PORVs latched open as a
part of an accident mitigation. Table 1 shows the
calculation matrix done in this current study. Seven runs
have been performed as shown in Table 1. All calculations
concern on accident sequence during 20,000 s, including 50
s of steady state calculation.

The run 1 is related to TMLB’ sequence and used as
reference calculation. The runs 2, 2A and 2B concern on
TMLB’ with RCP seal LOCAs (S3-TMLB' ) sequence. The
difference of these three calculations is the timing of the
pump seal leakage initiation. In the transient phenomena,
it is believed that the timing is an important parameter,
because it determines the boundary conditions of the system
studied. The run 2 is performed using similar assumptions
used in the previous studies, i.e. the seals fail when the
coolant in core reached the saturation temperature. The run
2A assumed early failure of pump seals, at about 10 minutes
after Station Blackout (SBO) initiation. At that time the
coolant in the core 1is in subcooled condition, and all
steam generators are still “wet”. On the other hand, the
run 2B represents late failure. The pump seals of all loops
are assumed to fail at about 2.5 hr. after SBO initiation.
At that time, the steam generators are “dry”, the core
upper region is already uncovered, and began to heat up.

From the view point of the severe accident management
strategies, the occurrence of early containment failure due
to DCH must be avoided. Therefore, one proposed strategy
for mitigating DCH is to reduce the pressure in the RCS so
that the ejected <core material would not be finely
fragmented and widely dispersed. Because the RCS pressure
must be significantly reduced for the strategy of
intentional depressurization to be effective, investigation
of the capability to rapidly depressurize RCS has to be
performed. The run 3 calculates the TMLB’ sequence with
intentional RCS depressurization through PORVs latched
open. In this study, the timing of PORVs latched open is
similar to time proposed at ref.10, i.e. when the exit core
temperature fluid reaches 922 K. The reason of late
depressurization is that it permits to more rapid RCS
depressurization because the guality of the PORV discharge
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was higherm’. While, the run 3A is a variation of run 3,
where it is assumed that beside PORVs, the safety relief
valves (SRVs) are also latched open. The timing of valves
opening is the same as in run 3. This calculation was
performed to investigate the depressurization rate on the
accident progression by increasing of flow area of
discharging valves.

The run 4 is conducted to 'study the accident
mitigation in the case of S3-TMLB’ accident by intentional
RCS depressurization. The assumptioris in the runs 2 and 3A
are used.
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Table 1. Calculation matrix.
Run Sequence Remarks
No. Description
1 TMLB' Reference calculation
2 S3-TMLB’ Pump seals fail when coolant
in the core reaches
saturation temperature

2h S3-TMLB’ Pump seals fail 10 minutes

' after station blackout
initiation (early failure)

2B S3-TMLB’ Pump seals fail at 2.5 hr.

after initiation of station
blackout (late failure)

3 TMLB’ with an Pressurizer power-operated-
Intentional RCS de-|relief valves (PORVs) are
pressurization intentionally latched open

when core exit temperature
reaches 922 K.

3A TMLB’ with an Pressurizer power-operated-
Intentional RCS de-jrelief valves (PORVs) and
pressurization safety relief wvalves (SRVs)

are intentionally latched
open when core exit
temperature reaches 922 K.

4 S3-TMLB’ with an | Pump seals fail when coolant
intentional RCS in the core reaches
_Depressurization saturation temperature, and

PORVs and SRVs are latched
open when core exit

temperature is 922 K.
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6. RESULTS AND DISCUSSIONS

6.1 TMLB’ (Run 1)

6.1.1. Accident Sequence

The total 1loss of power during station blackout
caused the primary coolant pumps coasted down, reactor
scrammed and, the auxiliary feed water system was
unavailable. The last led to secondary coolant inventory
boiled off and dried out while the decay heat being
transferred from the core. After that, the temperature and
the pressure of the primary system increased. The water
vented out through PORVs when it reached the top of
pressurizer. Then, the water level in reactor vessel
decreased progressively. The reactor core started to heat
up when it uncovered. The cladding temperature increase was
accelerated by Zr-water reaction. When the melting
temperature was exceeded, the debris formed, and relocated
downward. Once reaching the core support plates, the
support plates temperature increased and failed. The debris
fell into the lower plenum and relocated at lower head
vessel. The heat transferred from debris to vessel wall by
conduction caused the lower head penetration to fail while
the primary system pressure was still at PORV set point.

The Table 2 gives the timing of key events predicted
by run 1.

6.1.2. System Response
(1) Primary Coolant Flow Rate

Figure 6 shows the primary coolant flow rate during
TMLB’ sequence. After the loss of- power in the station
blackout, the primary coolant pumps coasted down from full
power to zero in approximately 300 s. Then, primary system
coolant flow was driven by natural circulation. During that
time, the heat being generated by the core continued to be
transferred to the steam generators even after loss of
pumped flow. The natural circulation ceased practically at
about 8,800 s (2.4 hr) due to increase of voiding of the
primary system. It is noted that the hot leg countercurrent
vapor flow was not taken into account in the present
calculation.

(2) Primary Pressure

At the beginning of the accident initiation, due to
the loss of pumped power flow, primary coolant circulation
decreased causing the heat removal decreasing and,
accordingly, the primary coolant temperature increased, and
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then the pressure went up (see Figure 7). The pressure
reached quickly at PORVs set point. But, the pressure
decreased when the heat is effectively transferred to the
SG secondary side due to loop natural circulation during
the boil off of secondary coolant inventory. After the
secondary side coolant inventory dried out, the pressure
rose again, and reached the PORVs set point at 5961 s. The
PORVs cycled, open and close according to the pressure
value. The pressure increased momentarily above the PORVs
set point at about 8000s because the PORVs began venting
liquid and the PORVs does not have the capacity to remove
decay heat by venting liquid. At the timing of the vessel
failure, the pressure fell very rapidly, causing the
accumulator to deliver the borated water to the core almost
instantaneously.

(3) Water Level in Pressurizer

Figure 8 gives the calculation result of the water
level in the pressurizer. After the SG secondary side
boiled off at about 5000 s, the water 1level in the
pressurizer increased continuously up to the top of
pressurizer (at 6360 s). Beyond that time, water was vented
through pressurizer PORVs. At 8220 s, the water level
started to decrease slowly. Just before RPV failure, about
60% of pressurizer volume was still filled with water.

(4) Water level in Reactor Vessel

Figure 9 shows the swollen water level in upper
plenum and upper head, core and lower plenum. The water
level in upper plenum began to decrease at about 7400 s. At
about 7439 s, the coolant in the center part of core was
effectively at saturation temperature. The leak of coolant
liquid through pressurizer PORVs accelerated the water
level decreased. At about 7980 s, water reached the top of
the core. The water level continued to drop, and the core
was no longer covered by the water coolant. The core was
completely uncovered at about 13,023 s. At about 13,600s,
all the coolant inventory blew down due to the lower head
penetration failure.

(5) SG secondaries coolant inventory

With continued heat transfer from the primary system
and with no feed water nor auxiliary feed water supply
available to replenish the secondary system, the secondary
coolant started to boil off at about 500s. Because the MSIV
was closed, the secondary side pressure quickly rose to the
MSRVs set point, and the heat from the primary was removed
with the steam vented out the relief valve. Dry out of the
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secondary side occurred at about 5000 s (1.4 hr), as
illustrated by the SGs secondary side liguid levels in
Figure 10.

(6) Core damage

As stated above, the loss of primary coolant through
the PORVs led to a progressive uncovery of the core. The
core heat up started at uppermost part at about 8900 s, but
the temperature rose significantly only when the coolant
level reached approximately the middle of the core (at
10,620 s). At that time, the fuel cladding temperature in
all rings began to rise as shown in Figures 11, 12 and 13.
The upper most temperature rose earlier because it was
uncovered first and the innermost ring rose faster because
highest-powered. The oxidation of zircaloy cladding started
to occur just before the cladding failed, at 11,400 s, as
could be seen from Hydrogen generation shown in Figure 14.
The gap release occurred at 11,492 s, 11,612 s and 11,889 s
for Ring 1, Ring 2, and Ring- 3, respectively.

The fuel and cladding temperatures continued to
increase without interruption until the failure limit was
exceeded. The debris was formed when the temperature
reached the melting point or when the core material was no
longer supported by other intact nmetal material
(particulate debris). The debris from upper part relocated
downward to the lower cell. The core support plate failed
when the limit temperature was exceeded. At 13,600 s, the
core support plate at ring 2 was failed (see Figure 15)
allowing particulate debris to fall through into the lower
plenum. At the time of lower head penetration failure,
about 33 tons of UO, debris was relocated in three rings of
lower head vessel. Figures 16, 17 and 18 show the debris
mass in the lower plenum.

The temperature of the lower head penetration in ring
2 rose quickly above the failure temperature of penetration
guide tube (1273.15 K). The vessel breach occurred at
13,603 s with an initial diameter of hole of 0.19 m. It
caused all of coolant inventory remained in lower plenum
was discharged out of the vessel, and the pressure
decreased almost instantaneously. Even though, as modeling
in MELCOR, the ejection of debris would occur when the melt
fraction of debris reached 0.1; in this calculation it
occurred at about 17,000 s.

(7) Radionuclide release

The loss of integrity of the fuel cladding caused the
radionuclide resided in the gap between fuel and cladding
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to be released in the core and primary coolant system. The
Radionuclide package in MELCOR calculates the release and
transport behavior of fission product vapors and aerosols.
By default the release models are used to calculate the
release of radionuclide from core fuel material only, which
exists 1in the intact fuel component, a refrozen fuel
material on other components and in particulate debris.

Rather than tracking all fission product isotopes,
the masses of all the isotopes of an element are modeled as
a sum, which then, according to the similar chemical
behavior, are combined into material classes. As the
default, MELCOR 1.8.4 considers 15 material <classes.
However in this study, one class of CsI was added. The
combination of Cs and I to form CsI molecules occurs
instantaneously upon release and modeled by moving
stoichiometric amounts of Cs and I masses.

Figure 19 shows the radionuclide mass released from
fuel in the core control volume prior to vessel rupture.
The noble gases class (Xe class) and alkali metals class
(Cs class) were among the most important release; 147.5 kg
of Xenon and approximately 100 kg of Cesium (if Cesium in
CsI included). About 12 kg of CsI, and so Halogens class (I
class), were also released in core. As for Chalcogens class
(Te class), about 10 kg of radionuclide mass was released.
The other radionuclide classes had minor contribution to
the release.

Concerning the deposition of radionuclide mass, the
calculation result showed that the deposited radionuclide
mass was mostly found at the inside wall of pressurizer
surge line. Some radionuclide masses were deposited at the
inner wall of loop-A hotleg pipe closest to the RPV
(control volume CV205, symbols HL1-AU is for upper part and
HL1-AL for lower part of the wall). Figure 20 shows the
deposited mass in the loop-A.

(8) Wall Temperature

With regard to RCS pressure boundary structural
integrity, the pressurizer surge line and SGs U-tubes could
be challenged by excesses in either pressure or
temperature. So, the wall temperature observation will be
focused on these two components.

Figures 21 shows the wall temperature of pressurizer
surge line and steam generator U-tube. The wall temperature
of pressurizer surge line started to increase after the
onset of SG dry out. When the core was heated up, the
temperature increase occurred dguickly. A sharp peak of
temperature occurred during the hydrogen generation in the
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core. The surge line temperature began to decrease after
13,000s because coolant discharge through PORV became small
due to decrease in steam generation in the core. On the
other hand, the wall temperature of U-tubes increased after
the secondary coolant inventory boiled off, and remained
constant until vessel failure. In all cases the wall
temperature was generally far below 1000 K.

Figure 22 shows the penetration guide temperature and
the bottom lower head temperature. After relocation of the
debris in the lower plenum, the penetration guide
temperature increased rapidly exceeding the failure
temperature.

6.1.3 Discussion

From the above results without hot 1leg counter
current flow, it was predicted that during TMLB’, a vessel
failure could occur at about 3.25 hr. after the TMLB’
initiation. At the time of vessel failure, the coolant
pressure was at PORV set point. So, HPME was likely happen.
The overall sequence trends predicted in the current
calculation are similar with the previous TMLB’ studies,
for example ref. 4. However, in the case that the hotleg
countercurrent flow was taken into account, pressurizer
surge line or hot leg could fail earlier than the RPV
meltthrough (see ref. 16).

Concerning the vessel breach, as shown Dby the
calculation result, it occurred approximately 50 s from the
core support failure. This relatively fast failure relies
to high heat transfer coefficient between debris and the
lower head and the penetration guides, i.e. 1000 W/m’K.
This value is a default in MELCOR 1.8.4. The high value of
heat transfer coefficient might be achieved if there 1is a
perfect contact between debris and lower head wall.
However, it is already well known that a gap between debris
and lower head wall might grow as the structure deformed,
increasing the thermal resistance between them. So, the
values as low as 200 W/m?’K during a certain period after
contact, or 500 W/m°’K in average, might be more
reasonable'? .
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Table 2. Seguence of Key Events for TMLB' (Run 1)

Events Time ,s /(hr)

Station blackout initiation 0 (0)
SG dried out 4981 (1.38)
RCS pressure at PORV set point 5340 (1.48)
Ligquid at top of pressurizer 6360 (1.77)
Core coolant at saturation 7408 (2;06)
Start of core uncovery 7980 (2.22)
Start of oxidation’ 11,400 (3.17)
Gap release

Ring 1 11,492 (3.19)

Ring 2 11,612 (3.23)

Ring 3 11,889 (3.30)
Core completely uncovered 13,023 (3.62)
Core support plate failure

Ring 1 15,823 (4.39)

Ring 2 13,550 (3.49)

Ring 3 15,398 (4.28)
Lower head penetration failure

Ring 1 15,449 (4.29)

Ring 2 13,603 (3.78)

Ring 3 13,634 (3.79)
Debris ejection 17,000 (4.72)
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Figure 11. Run 1: Cladding temperature in ring 1.
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Figure 12. Run 1: Cladding temperature in ring 2.
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Figure 13. Run 1: Cladding temperature in ring 3.
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Figure 14. Run 1: Hydrogen mass generated.
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Figure 15. Run 1: Core support plate temperature.



JAERI-Tech 2001-011

MASS IN LOWER PLENUM RING 1
35 . 0 ¥ L ¥ I ¥ ¥ 4 ¥ L 1

32.5 —e— U02 .
30.0 } —a— ZIRCALOY TI i
~t3— ZROZ

eSS % T
—o— SS 0X

R7.5
25.0
22.5
20.0
17.5
15.0
12.5
10.0
7.5
5.0
2.5
0.0

T T
©
AN 1

)
[l

MASS (Mg)

0 4 8 12 16 20

SARL TIME (103%s)
TMLB Reference

RADQBZBQK4/18/00 16:22:08 MELCOR SUN
Figure 16. Run 1: Debris mass in lower plenum ring 1.
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Figure 17. Run 1: Debris mass in lower plenum ring 2.
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Figure 18. Run 1: Debris mass in lower plenum ring 3.
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0 4 8 12 18 20
TIME (103s)



JAERI-Tech 2001-011

RADIONUCLIDE MASS DEPOSITED IN LOOP-A
v ¥ T T T T T T

3.5 | —e— HLi-AL

.| —4— HL1-AU
—B8— SURGE LINE
——%-— UTUBE-UP
UTUBE-DOWN

2.5 .
. ]
& 2.0 .
0"
o -
<
= 1.5 -
1.0 -
0.5 -
0.0 b=
0 4 8 12 18 20
SARL

TIME (103s)
TMLB Reference
RADQBZBQK4/18/00 16:22:08 MELCOR SUN

Figure 20. Run 1: Deposited radionuclide mass.
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WALL TEMPERATURE OF LOWER HEAD
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Figure 22. Run 1l: Wall temperature of penetration
guide and lower head.



JAERI-Tech 2001-011

6.2. S3-TMLB’ (Run 2, 2A, and 2B)

During TMLB’ seguence, a leakage at coolant pump
seal, generally called RCP seal LOCAs, and denoted as S3-
TMLB’, could occur due to 1loss of seal cooling. The
probabilistic study for Surry indicated that the frequency
of short term station blackout core damage event that would
involve an RCP seal LOCA of 946 Lpm/pump or greater was
approximately 3.0x107%/RY'Y. The same study indicated the
low probability of small leakage (less than 79 Lpm/pump)
early following a loss of seal cooling, and the probability
that RCP seal LOCAs of 946 Lpm/pump or greater are
introduced at 90 minutes after TMLB’ initiation is about 53
percent. Then, the analysis of RCP seal LOCAs should be
performed to know the influence of such events on system
response during TMLB’.

The study by Heames and Smith® showed that if RCP
seal LOCAs occur during TMLB’, the depressurization of RCS
would result in early initiation of accumulator injection,
and subsequent enhancement of core cooling would delay
vessel meltthrough and prevent HPME. But, this result was
not confirmed by the analytical study of Hidaka et al .
The occurrence of seal leakage had only delayed the core
damage for about 1000s at most. This analytical study also
showed that two parameters play an important role, i.e.
upper plenum by pass flow and break size. It indicated that
with smaller upper plenum bypass and larger break size,
bigger chance that accumulator injection would be early
initiated delaying the core failure.

In both previous studies, the timing of RCP seal
LOCAs was assumed when the coolant temperature in the core
region reaches saturation temperature. But, during
transient process, the timing is an important parameter,
because it determines the boundary conditions. So, in the
current study, the timing will be varied, even though ref.
11 had indicated the low probability of large seal LOCAs
occurred within the first minutes.

All assumptions for TMLB’ calculation are still used.
An additional assumption is that pump seal leak occurs at
the same time for all the primary coolant pumps due to loss
of the seal cooling. The dimension of seal leak is
equivalent to the hole with a diameter of 1.25x10% m for
each pump. Three calculations were performed with different
timing leakage. In the first calculation (run 2), it was
assumed that RCP seal LOCA occurs when the coolant of the
core central region reaches the saturation temperature. The
calculation was performed for comparison with the previous
study. In the second calculation (2A), the leakage is
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assumed to occur early after station blackout initiation,
i.e. at 600 s. This assumption is to model the occurrence
of RCP seal LOCA when SG is still “wet”. The third
calculation (run 2B) assumed pump seals leak at 2.5 hr from
the initiation of station blackout. This case represents
late failure of pump seals. At that time, the SG
secondaries were already “dry”, the core was partially
uncovered, and the uppermost part of the core had begun to
heatup.

In all calculations, the upper plenum bypass and
upper head bypass were not considered. So, it will allow
loop seal clearing to occur easily”. This fact must be
considered in the interpretation of the calculation
results.

6.2.1. Run 2

(1) Accident Seqguence

The sequence of event from the initiation of station
blackout and just prior to RCP seal leaks was similar to
the reference calculation. Table 3 shows the timing of key
events of run 2. Following the station blackout initiation,
all pumps were tripped and coasted down, the reactor was
scrammed. Due to decay heat generation, the coolant
temperature and pressure increased. In a short time, the
pressure reached the PORV set point. After about 10
minutes, the pressure decreased because the steam generator
had effectively played as decay heat sink by boiling off
secondary coolant inventory. As S5G secondary dried out, the
RCS temperature and pressure increased again. The pressure
reached quickly PORVs set point. Steam was first discharged
when PORVs cycled to maintain the pressure. When the water
level in the pressurizer attained the top, the liquid began
to be discharged. During the time, the fluid temperature in
core region rose and reached saturation temperature at 7439
s. At that time, the pump seals failed.

The water level in the pressurizer started to
decrease at 8700s. Then, the pressurizer pressure decreased
at 1500 s later. As the liquid was discharged from PORVs
and the failed seals, the core began to uncover at 8460 s.
The core uncovery caused the upper part of the core began
to heatup. At 11,040 s, when the cladding temperature
exceeded 1000 K, the oxidation of =zircaloy cladding
started. The temperature of the fuel and cladding continued
to increase, while the core liquid level decreased
progressively. When the temperature exceeded the failure
temperature of cladding at 2098 K, the debris was formed at
the upper part. The relocation of the debris to the lower
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cells reached the core support plate in ring 1 and caused
the temperature of the plates to increase quickly exceeding
the failure temperature (at 15,899 s). The failure of
support plate in ring 1 allowed the debris to fall and
relocate in lower plenum. Due to high temperature of the
debris, the weld failure of the penetration guides in the
lower head failed quickly at 15,933 s. The water and the
debris were discharged from the failed guides hole causing
the pressure dropped.

{(Z). System Response
1y Pressurizer Pressure

Calculated pressurizer pressure is shown in Figure 23.
The pressurizer pressure began to decrease at 10,680 s. At
about 12,200 s, it appeared a fast pressure increase which
reached PORVs set point. This pressure peak was caused by
the generation of steam due to relocation of debris into
water in the lower plenum. With the continuous venting of
vapor from seal break holes, the pressure decreased again.
At some times, it appeared another small pressure peaks
which were due to increase of steam generation in the core
each time the liquid coolant was transferred from loop seal
to the core by manometric effect.

At about 14,100 s, when the pressurizer and surge line
was empty, the pressure decreased faster. The pressure was
at about 7.5 MPa. when the lower head vessel failed at
15,933 s.

2) Ligquid Level in Reactor Vessel

Figure 24 shows the swollen liquid level in reactor
vessel. The core coolant saturation temperature was reached
at 7408 s. At 8460, the core began to uncover. The liquid
at the downcomer started to collapse about 600 s later. It
can be seen that some peaks were predicted in the downcomer
after the decrease of the liquid level. It was caused by
small amount of water supply from the crossover leg to
downcomer due to manometric effect.

The liquid level decreased slower than in TMLB’. The
core was completely uncovered at 14,700 s. The liguid
coolant in lower plenum began to decrease while it was
evaporated.

3} Distribution of coolant in RCS

The loop seal void fraction of loop-A and loop-B are
shown in Figures 25 and 26, respectively. The hot leg
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started to void at about 8000 s. The SG U-tubes were voided
first, and almost completely voided at 10,000 s. The cold
leg pipe of loop-B was voided at 10,000 s, and 11,000 for
loop-A. At that time, the void fraction in the downflow of
crossover legs of both loops attained 0.8, while the upflow
pipes were progressively voided. There was a possibility of
loop seal clearing occurrence in loop-B at about 9200 s.

4} Coolant mass discharged from failed seal

Figures 27 and 28 show the mass flow rate of coolant
discharged from seal break holes of loop-A and loop-B,
respectively. Liquid coolant was discharged through the
seal break holes when the seal failure occurred. At about
9200 s, at loop-B, failed seal discharged only vapor. On
the other side, at loop-A, two-phase flow liguid-vapor was
vented out until about 10,000 s, after that the only vapor
was discharged. The total coolant mass discharged out of
RCS was shown in Figures 29 and 30.

5) Core damage

During the core uncovery, the core was heated up. The
temperature of fuel and cladding started to increase as
shown in Figures 31, 32 and 33 for ring 1, ring 2, and ring
3 respectively. The upper region in innermost ring (ring 1)
was heated up first and fastest. It started at about 8500
s. But a significant increase began at 10,200 s for almost
all cells. The cladding oxidation started at 11,040 s as
could be seen from hydrogen generation in Figure 34. About
390 kg of Hydrogen was produced prior to vessel breach. Due
to temperature increase of the cladding, at about 12,500 s,
the core material in upper region of ring 1 became debris,
and began to relocate to the lower cell. However, the core
lower part was still intact for a while. The same sequence
happened in two outer rings. Only at about 15,899 s, the
lower part failed. The debris fell down to the core support
plate. The temperature of the support plate in ring 1
increased very fast, and exceeded the failure temperature
(see Figure 35). The debris went down to the upper plenum
and relocated in the vessel lower head.

The debris which are relocated in the lower plenum are
shown in Figures 36, 37, and 38. BAbout 30 s after the
support plate failure, the penetration guides in ring 1
failed, as conseguence, the coolant was discharged through
the breach, and the pressure dropped rapidly.

6) Radionuclide release

Calculated radionuclide mass release from fuel in the
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core was shown in Figure 39. The radionuclide release began
at 11,188 s when the cladding in ring 1 failed allowing the
fission product gas resided in the gap was released to the
core and seguentially RCS.

Prior to the vessel failure, about 225 kg of Xe class
and about 120 kg of Cs class were released. For CsI and Te
class, the released was about 20 kg. The other radionuclide
classes were released less than 1 kg.

The deposited mass of radionuclide material in hot leg
of loop-A is shown in Figure 40. The pressurizer surge line
was the location where the most radionuclide was deposited.
The other locations are the SG U-tubes and the hotleg pipe
closest to the RPV (HL1-AU and HL1-AL).

7) RCS wall temperature

The wall temperature of pressurizer surge line is
shown in Figure 41. The maximum temperature of inner wall
was about 655 K achieved at about 12,500 s. The temperature
remained at 650 K for about 1500 s from 12, 500 s to 14,000
s before decreasing.

The SGs U-tubes wall temperatures for loop-A and loop-
B are given in Figures 42 and 43 respectively. The SGs U-
tubes temperature of loop-B was higher than loop-A, because
the loop natural circulation of vapor was established in
loop-B. The maximum temperature was about 760 K achieved
just before the vessel failure.

6.2.2. Run 2A
(1) Accident Sequence

Run 2A assumed the RCP leakage at 10 minutes (600 s)
after initiation of station blackout. Table 4 shows the
timing of key events predicted by the run 2A. Soon after
the seals failed, the pressure decreased. A large quantity
of subcooled coolant liquid was discharged from the seal
break holes. As a consequence, the core coolant level
decreased faster, and the core was uncovered. Accordingly,
the temperature of core materials began to increase quickly
due to the high flux of decay heat generated. The poor
coolability of the core caused faster degradation of the
core material, especially in the uppermost part. Only about
100 minutes from the SBO initiation, the lower head guide
penetration failed when the debris relocated into the lower
plenum.
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(2) System Response
1) Pressurizer Pressure

Calculated pressurizer pressure for run 2A is shown in
Figure 44. The pressure decreased until about 11 MPa soon
after the seals leakage occurred at 600 s. As RCS
temperature rose and steam was generated, the pressure
increased as well. However, due to the effective heat
transfer by SGs, the pressure decreased again. At 4000 s,
the pressure reached the SGs secondary side pressure, about
8.2 MPa, and remained for a while. At about 5800 s, the
pressure increased quickly due to the steam generation
caused by relocation of molten debris into water in the
lower plenum (the timing corresponds to Ring 1 support
failure). At the time of vessel failure, at 5900 s, the
pressure dropped instantaneously to ambient pressure.

2) Liguid level in the reactor vessel

Swollen liquid level in .the reactor vessel is shown in
Figure 45. The liguid in the core began to decrease at 2220
s, about 5660 s earlier than in TMLB’ case. The 1liquid
jevel in the core decreased slightly faster than in TMLB’
due to discharged subcooled coolant from seal break holes.
At 3500 s, the liguid level touched the bottom of the core.
But it increased again up to about mid-height of the core,
when, due to pressure difference, the liguid level in the
downcomer began to decrease supplying liquid coolant to the
core. After that, at about 4300 s the water level in the
core decreased again, and at the time of lower head
failure, the core was almost uncovered.

3) Distribution of coolant in RCS

When the seal leakage occurred, the RCS was full with
liquid coolant. The leakage from seal break holes caused
the mass liquid coolant reduced quickly. As the upper
plenum liquid depleted, the hot leg, and SG U-tubes of both
loops began to void. At about 3500 s, the void fraction of
cold leg increased to 0.5. While the hot leg continued to
be voided, the cold leg and loop seal void fractions were
practically unchanged until the lower head vessel failed.
Figures 46 and 47 show the void fraction of cross-over leg
of loop-A and loop-B, respectively.

4) Coolant mass discharged from failed seal

Figures 48 and 49 show the mass flow rate leakage of
loop-A and loop-B, respectively. And, Figure 50 and 51 give
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the total mass discharged. It could be seen from those
Figures that only liquid coolant was discharged from seal
break holes from the beginning of seal failure until the
vessel failure.

5) Core damage

The calculated cladding temperatures of ring 1, ring 2
and ring 3 are shown in Figures 52, 53 and 54,
respectively. When the core was first time uncovered (at
3500 s}, the fuel temperature increased. But, it decreased
again due to cooling provided by the liquid coolant that
moved into the core from downcomer. At about 4000 s, the
fuel was heated up quickly as a result of core liquid level
decrease. The temperature increased quickly such that the
upper region of ring 1 failed and relocated to the lower
region. The oxidation of =zircaloy cladding generated
hydrogen of about 200 kg at the time of lower head failure
in ring 1 (see Figure 55).

The temperature of core support plate increased
quickly when the debris reached the plate in ring 1 as
shown 1in Figure b56. Since the failure temperature was
exceeded, the plate failed and the debris above the plate
fell down into the lower plenum. Just before being ejected
through vessel breach at 5924 s, UO, debris of about 53.95
tons was relocated in the lower head vessel. Figures 57,
58, 59 show the debris mass relocated in lower plenum ring
1, ring 2 and ring 3, respectively.

o) Radionuclide release

Radionuclide mass released from fuel in core is shown
in Figure 60. The release began at 4750 s following the
cladding failure. The most important releases were Xe class
and Cs class. About 90 kg of Xe, and 60 kg of Cs classes
were released from fuel in core. The deposited radionuclide
mass was most found in surge line as shown in Figure 61.
Beside, the deposited radionuclide was also found at the
upper part of inner wall of hotleg pipe of CV205 (HL1-AU).

7) Wall temperature

Calculated wall temperature of pressurizer surge line
is shown in Figure 6Z. The temperature tended to decrease
from the beginning. The maximum peak temperature was about
605 K. The wall temperature of the top SG-A U-tubes and SG-
B U-tubes are shown in Figures 63 and 64, respectively. The
maximum temperature was rather low, 592.5 K for SG-A and
597 K for SG-B, respectively.
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6.2.3. Run 2B
(1) Accident Sequence

The Table 5 shows the timing of key sequence
predicted by run 2B. The sequence before pump seal failure
was similar to the TMLB’ reference calculation. In the
calculation of run 2B, the coolant was discharged from
PORVs and the failed pump seals after 9000 s (2.5 hr).
Following this, the 1liquid level in the pressurizer began
to decrease. The pressure in the pressurizer started to
decrease at about 10,000 s, while the steam generation in
the core was reduced due to low liquid level. As a result
of core uncovery, at about 9600 s the upper part of the
core (cell 9 to 14) heated up quickly. Then, at about
11,500 s, those cells were fajled. The debris began to
relocate to the lower cells. But, a sufficient cooling was
still assured by steam generation in core, such that the
lower part was practically kept intact. An occasional
supply of liguid from the loop seals to the core through
the downcomer occurred due to manometric effect adding the
cooling. At about 14,000 s, the RCS of loop-B was
practically voided, the pressure decreased faster. The
natural flow of hot steam from the core to the seal break
hole accelerated the hot core cooling. At 18,241 s, the
pressure fell below the accumulator set point allowing the
borated water was injected to the RCS. The core was
flooded, and the hot materials were cooled. Until the
calculation failed at about 20,400 s the core support plate
was still kept intact avoiding relocation of the debris
into the lower plenum.

(2) System Response
1) Pressurizer Pressure

Figure 65 shows the pressurizer pressure predicted by
the calculation run 2B. The pressure history before pump
seals failure was similar with the TMLB' reference
calculation. After pump seals failed, due to the discharge
of coolant mass, the pressure began to decrease at 10,000
s. At the beginning of discharge, the pressure decrease was
rather slow. The short pressure peak at 11,500 s was due to
steam generation caused by debris relocation process. From
about 14,000 s, the pressure decreased faster.

At 18,241 s, the pressure reached the accumulator set
point. About 40% of borated water volume imn accumulator
tanks was injected. The water flooded and cooled the hot
reactor core materials, and accordingly, the temperature of
the materials decreased. When the borated water was
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injected from accumulator tanks, the pressure decreased
guickly, but them it increased again due to a large
gquantity of steam generated in the core.

2} Ligquid level in the reactor vessel

The swollen 1liquid level in the reactor vessel 1is
shown in Figure 66. When the pump seals failed, the liquid
level in the core was at about the middle of the core
height. The liguid level continued to decrease. At about
11,100 s the 1liquid level in the down comer dropped
suddenly. It might be due to loop-B seal clearing. When the
injection of water from accumulators occurred at 18,241 s,
the water level increased rapidly. However, due to a large
steam generation as the water flooded the hot core, the
water level decreased again.

3) Distribution of coolant in RCS

Since the core began to uncover, the RCS started to
void. The steam generator U-tubes became void at first.
When the seal leakage occurred, the cold leg of both loops
became gquickly void (see Figures 67 and 68). At 9,000 s, in
loop-B, the hot leg was almost voided; a quantity of mass
of liquid remained in loop seal, especially in the upward
leg. At about 11,100 s, it was high possibility that loop-B
seal clearing occurred. But, in loop-A, the loop seal was
practically still full by liguid. At about 13,000 s, the
void fraction in the downward leg of the 1loop seal
increased quickly (Figure 67). That event occurred at the
same time as the voiding of the pressurizer surge line.

4y Coolant mass discharged from failed seals

Figures 69 and 70 show the leakage mass flow rate from
seal break holes in loop A and loop B, respectively. While,
Figures 71 and 72 give the total mass flow for loop A and
loop B, respectively. At the beginning of seal failure, the
water liquid was discharged from the break holes. After
9500 s, in the loop A, the two phases steam-liquid was
vented out. In the loop B, only steam was discharged. The
liquid was discharged again in loop A when the accumulator
injection occurred.

5) Core damage

The core heat wup started at about 9600 s. The
temperature of fuel and cladding rose quickly in the
uppermost part. Figures 73, 74 and 75 show the cladding
temperatures for ring 1,2, and 3, «respectively. The
uppermost part of fuel in the ring 1 was failed at about
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10,500 s, while the lower part was not heated up yet. The
hydrogen mass produced during the oxidation of the cladding
increased gquickly at the beginning as shown in Figure 76.
The debris from upper cell relocated to the lower cell.
Most of debris was held at the middle height of active core
(cell 7,8 and 9 in the model). A small amount of debris
reached lowest core region (cell 5 and 6). The cell 10, 11,
12, 13, and 14 (almost 30% of total core volume) were
practically empty.

Figure 77 shows the core support plate temperature.
Because the core support plate was kept intact until the
end of calculation (i.e. 20,000 s), there was no fuel
debris relocation in the lower plenum.

o) Radionuclide release

Calculated radionuclide mass released from fuel in the
core is shown in Figure 78. About 200 kg of Xe class, 120
of Cs class, and 20 kg of CsI and Te class were released
from the core. Most of them were released from gap released
event occurred at the beginning of the fuel cladding
failure.

After released in core, some radionuclide aerosols was
deposited in RCS piping. Figure 79 shows the deposited
radionuclide mass in several parts of RCS. Two location
where significant radionuclide deposition were found are
surge line and upper part of the inner wall hotleg pipe of
loop-A closest to the RPV (HL1-AU).

7y Wall temperature

Figure 80 shows the wall temperature of pressurizer
surge line. The temperature began to increase significantly
at 12,200 s and reached about 705 K around 14,000 s. But,
then it decreased as fast as it increased.

The wall temperature of SG-A U-tubes 1is shown in
Figure 81. The temperature increased since the SG secondary
side dried out, and reached the maximum temperature of 625
K at 8000 s. The liquid coolant flow to seal failed hole
cooled the wall temperature. As the core dried out and
superheated steam became important, the wall temperature
increased again. The temperature decreased after injection
of cold water from accumulator tanks.

The wall temperature of SG-B U-tubes 1is shown in
Figure 82. The temperature started to increase when the
secondary coolant inventory in SGs dried out. Since, the
wall temperature increased continuously. At the end of
calculation, the temperature reached about 840 K. The
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temperature of SG-B U-tubes was higher than in SG-A. The
reason might be related to the loop natural circulation of
hot vapor in loop B after loop seal clearing.

6.2.4. Discussions

Three calculations concerning S3-TMLB’ had been
performed with different timing of seal failure initiation.
The early failure of seal pumps, i.e. 10 minutes from the
initiation of total station blackout, caused early core
damage compared with the TMLB’ sequence. Only in about 100
minutes from transient initiation, the reactor vessel melt-
through was occurred. But, in the case of seal failure at
the time of core coolant saturation, the reactor vessel
breach was delayed about 2300 s (38.3 minutes) compared
with the TMLB’ reference calculation. The delay of more
than 6400 s (106 minutes) was predicted in late failure
(i.e. 2.5 hr after initiation of station blackout)
calculation.

The effect of the difference in timing of RCP failure
on predicted sequence might depend on the RCS state at the
time of seal failure. In case of early failure (run 2A), a
large amount of subcooled coolant was discharged from the
RCS through seal break holes, and core coolant was depleted
rapidly. As consequence, the core coolability was very
poor, and the core was heated up quickly.

In the case of late failure (run 2B), the seal pumps
failed when the RCS was partly voided. The coolant liqgquid
was discharged at the beginning, after that only the vapor
was discharged. Such condition allowed hot steam natural
flow from core to the seal break holes, which in turn
accelerated the core cooling by steam generated in core.
Such natural «circulation could occur after loop seal
clearing in loop B. That condition assured the sufficient
cooling of the hot core materials and heating of other RCS
structures. On the other hand, the RCS pressure could also
decrease faster and could reach the accumulator set point
allowing cold 1ligquid coolant to be injected. The last
enhanced cooling to the core.

However, as indicated in the run 2B, the temperature
of SG U-tubes in loop-B tended to increase highexr. The
pressure difference at the end of calculation was about 4.0
MPa with secondary side was higher than the pressure inside
the tubes. The problem of tube integrity must be
considered.
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Table 3. Timing of Key Events of S3-TMLB’ : Run 2.

Events Time ,s /(hr)

Station blackout initiation 0 (0)
SG dried out 4981 (1.38)
Core coclant at saturation 7408 (2.06)
Pump seals leak 7408 (2.06)
Start of core uncovery 8460 (2.35)
Start of oxidation 11,040 (3.07)
Gap release

Ring 1 11,188 (3.11)

Ring 2 11,332 (3.15)

Ring 3 11,664 (3.24)
Core completely uncovered - 14,700 (4.08)
Core support plate failure

Ring 1 15,899 (4.42)

Ring 2 17,687 (4.91)

Ring 3 18,348 (5.10)
Lower head penetration failure

Ring 1 15,933 (4.43)

Ring 2 16,059 (4.46)

Ring 3 18,371 (5.10)
Debris ejection 15,933 (4.43)
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Table 4. Timing of Key Events of S3-TMLB’: Run 2A.

Events Time ,s /(hr)

Station blackout initiation 0 (0)
Pump seals leak 600 (0.17)
Core coolant at saturation ~1800 (0.5)
Start of core uncovery 2220 (0.62)
Start of oxidation 4734 (1.315)
Gap release

Ring 1 4750 (1.32)

Ring 2 4835 (1.34)

Ring 3 5008 (1.39)
Core completely uncovered 5900 (1.64)
SG dried out 5940 (1.65)
Core support plate failure

Ring 1 5876 (1.63)

Ring 2 7544 (2.09)

Ring 3 8112 (2.26)
Lower head penetration failure

Ring 1 5906 (1.64)

Ring 2 5935 (1.65)

Ring 3 8133 (2.26)
Debris ejection 5924 (1.645)
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Table 5. Timing of Key Events of S3-TMLB’: Run 2B.

Events Time ,s /(hr)
Station blackout initiation 0 (0)
SG dried out 4981 (1.38)
Core coolant at saturation 7408 (2.06)
Start of core uncovery 7980 (2.22)
Pump seals leak 9000 (2.50)
Start of oxidation 10,448 (2.90)
Gap release
Ring 1 10,557 (2.93)
Ring 2 10,637 (2.95)
Ring 3 10,906 (3.03)
Core completely uncovered 14,690 (4.08)
Accumulator opens 18,241 {(5.07)

Core support plate failure

\Y

Ring 1 20,000 (>5.55)
Ring 2 > 20,000 (>5.55)
20,000 (>5.55)

Vv

Ring 3

Lower head penetration failure

Ring 1 > 20,000 (>5.55)
Ring 2 > 20,000 (>5.55)
Ring 3 > 20,000 (>5.595)
Debris ejection > 20,000 (>5.55)
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Figure 23. Run 2: Pressurizer pressure.
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Figure 24. Run 2: Swollen liquid level in reactor vessel.
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Figure 25. Run 2: Loop seal void fraction of loop-A.
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Figure 26. Run 2: Loop seal void fraction of loop-B.
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Figure 27. Run 2: Coolant mass flow rate discharged from

failed seal of loop-A.
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Figure 28. Run 2: Coolant mass flow rate discharged from

failed seal of loop-B.



JAERI-Tech 2001-011

TOTAL MASS LEAKAGE (A-LOOP)

16 ) ] L] 1
—o6— LIQUID
14 f] —&— VAPOR .
12 F -
10 + R
I
2
7] 8 o -
175}
]
=
6 | o
4 F 4
2 r .
0 ¢ ——al———d 1

0 4 8 12 16 R0

SARL TIME (103s)

S3-TMLB tleak=Tsat
OAEEEZOQK 5/15/00 04:56:10 MELCOR SUN

Figure 29. Run 2: Total coolant mass discharged from
failed seal of loop-A.
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Figure 30. Run 2: Total coolant mass discharged from
failed seal of loop-B.
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Figure 31.
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Figure 32.
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Run 2: Cladding temperature in ring 2.
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Figure 33. Run 2: Cladding temperature in ring 3.
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Figure 34. Run 2: Hydrogen mass generated.
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Figure 35. Run 2: Core support plate temperature.
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Figure 36. Run 2: Debris mass in lower plenum ring 1.
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Figure 38.

Run 2: Debris mass in lower plenum ring 3.
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Figure 39. Run 2: Radionuclide mass released from fuel in core.
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Figure 40. Run 2: Deposited radionuclide mass.
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Figure 41. Run 2: Wall temperature of surge line.
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Figure 42. Run 2: Wall temperature of SG-A U-tubes.
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Figure 43. Run 2: Wall temperature of SG-B U-tubes.
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Figure 44. Run 2A: Pressurizer pressure.
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Figure 45. Run 2A: Swollen liquid level in reactor vessel.
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Figure 46. Run 2A: Loop seal void fraction of loop-A.
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Figure 47. Run 2A: Loop seal void fraction of loop-B.
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Figure 48. Run 2A: Coolant mass flow rate discharged
from failed seal of loop-A.
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Figure 49. Run 2A: Coolant mass flow rate discharged
from failed seal of loop-B.
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Figure 52. Run 2A: Cladding temperature in ring 1.
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Figure 53. Run 2A: Cladding temperature in ring 2.
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Figure 54. Run 2A: Cladding temperature in ring 3.
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Figure 55. Run 2A: Hydrogen mass generated.
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Figure 56. Run 2A: Core support plate temperature.
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Figure 57. Run 2A: Debris mass in lower plenum ring 1.
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Figure 58. Run 2A: Debris mass in lower plenum ring 2.
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Figure 59. Run 2A: Debris mass in lower plenum ring 3.
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Run 2A: Radionuclide mass released from fuel
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Figure 61. Run 2A: Deposited radionuclide mass.
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Figure 62. Run 2A: Wall temperature of surge line.
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Figure 63. Run 2A: Wall temperature of SG-A U-tubes.
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Figure 64. Run 2A: Wall temperature of SG-B U-tubes.
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Figure 65. Run 2B: Pressurizer pressure.
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Figure 66. Run 2B: Swollen liquid level in reactor vessel.
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Figure 67. Run 2B: Loop seal void fraction of loop-A.
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Figure 68. Run 2B: Loop seal void fraction of loop-B.
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Figure 69. Run 2B: Coolant mass flow rate discharged
from failed seal of loop-A.
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Figure 70. Run 2B: Coolant mass flow rate discharged
from failed seal of loop-B.
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Figure 71. Run 2B: Total coolant mass discharged from
failed seal of loop-A.
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Figure 73. Run 2B: Cladding temperature in ring 1.
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Figure 74. Run 2B: Cladding temperature in ring 2.
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Figure 75. Run 2B: Cladding temperature in ring
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Figure 76. Run 2B: Hydrogen mass generated.
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Figure 77. Run 2B: Core support plate temperature.
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Figure 78. Run 2B: Radionuclide mass released from fuel
in core.
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Figure 79.

Run 2B: Deposited radionuclide mass.
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Figure 81. Run 2B: Wall temperature of SG-A U-tubes.
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6.3. TMLB’ with RCS Depressurization (Run 3, 33A)

The analysis of accident sequence initiating by a
total station blackout had shown the probability of core
melt ejection to the containment while RCS was in a high
pressure condition?’. Such event known as High Pressure
Melt Ejection (HPME) could challenge the containment
integrity due to a direct containment heating (DCH)
phenomenon. To avoid such kind of event, an intentional RCS
depressurization is proposed as one of accident management
measures. It 1is assumed that the operator will open

pressurizer PORVs at some time during TMLB’ transient.

The intentional opening of PORVs is determined as
ref. 10 proposed, 1i.e. the time when the exit core
temperature reached 922 K. The reason of late
depressurization is that it permits to more rapid RCS
depressurization because the quality of the PORV discharge
was higher.

In case of the PORVs depressurization capability was
insufficient, the SRVs is assumed could be latched open
together with PORVs, as also assumed in ref. 14, 15 and 1lé6.
The opening of SRVs would allow the faster depressurization
due to increasing flow area. The run 3A calculates the
accident sequence for such case. However, it must be noted
that in real PWR only PORVs could be opened for intentional
depressurization. So, this assumption must be considered as
a numerical simulation breakthrough to overcome inadequacy
of PORVs depressurization capability.

6.3.1. Run 3

(1) Accident Sequence

Table 6 gives the timing of key events predicted in
~un 3. As in TMLB’ sequence, Dbecause the RCS coolant
inventory was continually being removed during PORVs
opening and closing, the core eventually began to uncover
at 7980 s. As the core became uncovered, the fuel rod
cladding in the upper regions of the core became steam
cooled. However, the steam flow rate past the cladding was
inadegquate to maintain an equilibrium temperature. When the
fuel cladding temperature 1increase, the steam became
superheated. At 11,180 s, the core exit steam temperature
reached 922 K and the PORVs were latched open according to
the intentional depressurization strategy.

After the PORVs were latched open, the RCS pressure
began to decrease. During the time required to reduce the
RCS pressure, the core structures continued to heat up. At
about 12, 600 s, the upper region of the innermost ring
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became debris. The relocation of the debris downward to the
lower cell reached the core support plate. At 12,963 s, the
core support plate failed allowing the debris to relocate
into the vessel lower head. By 13,000 s, the lower head
penetration in ring 1 failed. The coolant was discharged
through the breach. At that time, the RCS pressure was
about 11 MPa.

(2) System Response
1) Pressurizer pressure

Calculated pressurizer pressure is shown in Figure 83.
The pressurizer pressure history before PORVs were latched
open 1is identical with TMLB’ sequence. After PORVs were
latched open at 11,180 s, the steam was discharged through
the PORVs. The pressure decreased with the average rate of
about 0.003 MPa/s until the lower head vessel failed at
13,000 s. A short peak at few seconds before the vessel
failure was caused by the steam generation due to debris
relocation into lower plenum. The pressure at the time of
vessel failure was about 11 MPa. The Figures 85 and 86 show
the mass flow rate, and total mass flow discharged from the
PORVs, respectively.

2) Liguid level in reactor vessel

Figure 87 shows the swollen 1liquid 1level in the
reactor vessel. At the time of PORVs latched open, the
liguid level in the core was at about one-third of the core
height. When PORVs were latched open, the liquid level in
the downcomer decreased faster. At 11,500 s, the liquid
level in the downcomer was lower than in the core. At about
12,900 s, the core was completely uncovered.

3) Core damage

Figures 88, 89 and 90 show the fuel rod cladding
temperature history. During core uncovery, the uppermost
core region heated up first, especially in ring 1 because
cf the most highest-powered. At about 10,600 s, the mid-
height core began to heat up. Because the steam could not
cooled sufficiently, the core heat up continued without
interruption until the failure temperature limit of the
cladding was exceeded.

The debris, which was relocated in the core support
plate, caused the quick increase of temperature of the
plate, and excess of the failed temperature (Figure 91).
Once the plate failed, the debris relocated into the vessel
lower head. The debris mass of core materials relocated in
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the lower plenum are shown in Figures 92, 93 and 94. When
the failure temperature of the penetration was exceeded,
the breach occurred and the coolant began to be discharged
from reactor vessel.

4) Radionuclide release

When the cladding failed, the gap release began to
occur. Until the end of calculation, about 60 kg of Xe
class, 40 kg of Cs class, 5 kg of CsI, and 2.5 kg of Te
class were released from fuel in the core. In case of other
radionuclide classes, the releases were very small. Figure
95 shows the radionuclide mass released in the core.

The deposited radionuclide mass is shown in Figure 96.
Most of radionuclide mass was deposited in the upper part
of the inner wall of loop-A hot leg pipe closest to the
reactor vessel (denoted HL1-AU).

5) Wall temperature

Figure 97 shows the wall temperature of pressurizer
surge line. Until the vessel failure, the temperature was
kept relatively low. There are two peaks of temperature,
first was 620 K reached after SGs secondaries dried out, at
about 8000 s; the second peak was 630 K at 11,500 s which
occurred due to the superheated steam generation.

The SG U-tubes wall temperature history was shown in
Figures 98 and 99 for SG-A and SG-B, respectively. The
temperature curves were similar to the TMLB’ reference
calculation. The maximum temperdture was less than 630 K in
all SGs.

6.3.2 Run 3A
(1) Accident Seguence

Table 7 shows the timing of the key events predicted
in run 3A. Before valve latched opening, the sequence was
identical with the above run 3. At the time of PORVs and
SRVs latched opening, the pressure decreased quickly from
PORVs set point to below the accumulator pressure set
point. Then, after accumulator injection, the small
pressure increase occurred due to steam generation. The
increase was small because PORVs and SRVs all were opened,
so hot steam passed easily, and RCS was not pressurized.
The pressure was always below the accumulator set point
allowing borated water was continuously injected until the
borated water in accumulator tanks was depleted.

The injection of cold borated water from accumulator
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flooded the core. The fuel temperature decreased except for
the core uppermost region which continued to increase.
Starting from about 12,000 s, gap release occurred.
However, until 20,000s no substantial core damage occurred.

(2) System Response
1) Pressurizer pressure

The pressurizer pressure is shown in Figure 100. The
pressure decreased rapidly, about 0.15 MPa/s, after the
valves opening at 11,180 s. The coolant mass flow rate
through SRVs was higher than in PORVs, and was dominated by
vapor flow. Figure 101 and 102 show the coolant mass flow
rate through PORVs and SRVs respectively. The total coolant
mass flows are shown in Figures 103 and 104.

The pressure reached the accumulators pressure set
point at 12,045 s. When the cold water was injected, the
pressure decreased guickly to about 2.5 MPa, but then
increased as a small peak pressure. After that several
small peaks appeared due to steam generation in the core.
The sharp peak at about 17,400 s occurred because of a
large steam production when the liquid level in the core
suddenly increased due to water supply from the downcomer.
However, the pressure remained under 2.0 MPa.

2) Water level in reactor vessel

Figure 105 shows the swollen liquid 1level in the
reactor vessel. At the time of valves opening, the liquid
level in downcomer collapsed almost instantaneously due to
the rapid pressure decrease. After 12,000 s, the water
level increased up to 6 m high, but then decreased slower
as the steam generation continued.

The core completely uncovered at about 11,800 s. Then,
the liquid level in the lower plenum began to decrease due
to evaporation. At 12,045 s, the water injection from
accumulators flooded the core. The liquid level went up to
mid-height. Until 20,000 s the core was half-filled by
liguid.

3) Core damage

Figures 106, 107 and 108 show the cladding
temperatures in rings 1, 2 and 3, respectively. The upper
region of the core was actually heated up at about 9000 s.
After that, at about 10,000 s the temperature increase was
reduced due to an effective steam cooling when the liquid
in downcomer decreased; during that time, the temperature
was almost constant. Then, at 10,620 s, the temperature
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began to increase again. But, a large dquantity of steam
produced at the beginning valves latched open at 11,860 s
caused temporal decrease of the temperature.

As the 1liquid 1level in core decreased again, the
temperature increased, especially in the upper region.
However, the cold borated water injection from accumulators
at 12,045 s reduced the temperature again. Only at the
uppermost region, the temperature continued to 1increase.
When the temperature exceeded 1000 K, the oxidation of the
cladding in the upper region began as could be seen in
Hydrogen generation shown in Figure 109. Because limited
oxidation, the Hydrogen mass generated was also low.

The cladding failure occurrence at 12,618 s in ring 1,
at 15,609 s in ring 2, and 19,625 s in ring 3 caused the
fission product gap release. Until 20,000 s, all core
materials were kept intact, no debris was produced.

4y Radionuclide release

The radionuclide release until 20,000 s was low as
could be seen in Figure 110. The most important release of
Xe class and Cs class were only about 8 kg each. Most of
deposited radionuclide mass was found in the pressurizer
surge line wall as shown in Figure 111.

5) Wall temperature

Calculated wall temperature of pressurizer surge line
is shown in Figure 112. Until initiation of accumulator
injection, the wall temperature of pressurizer surge line
was always below 625 K. After about 14,800 s, The
temperature increase of pressurizer surge line occurred
without interruption. This 1s because the hot steam flowed
through the pressurizer surge line to escape to containment
via PORVs and SRVs which were latched open.

On the other hand, the wall temperatures of SGs U-
tubes did not increase significantly. They reached the
maximum when SGs secondary dried out. After that they
tended to decrease continuously. Figure 113 shows the wall
temperature of SG-A U-tubes. The temperature of SG-B is
practically similar and is shown in Figure 114.

6.3.3. Discussions

The calculation results showed that the intentional
PORVs latched open during TMLB’ sequence was not able to
mitigate or delay the severe core damage progression. The
depressurization was not SO fast to reach the accumulator
set point prior to the reactor vessel failure.
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To evaluate the PWR’s capability to depressurize,
ref. 10 defines PORV ratio which is the ratio of normalized
PORV capacity to RCS volume given by:

(GPORV / VRCS ) study

PORYV Ratiao =
( PORV /VRCS )I)ase
where
Gporv = PORV mass flow rate of study and base PWRs
Vres = RCS volume of study and base PWRs

Using the Surry NPP as the base plant, the PORV ratio of
Indian point 3 is 0.78.

Still based on the ref. 10, the analysis of the same
sequence for Sequoyah plant, which has PORV ratio of 0.75,
showed that the depressurization could delay the accident
progression. According to this, as Indian Point 3 has
greater PORVs Ratio, so it could be expected that the
depressurization would succeed to delay the core damage
progression. But, the current calculation did not show
that. The reasons for the discrepancies might be
attributed, among others, to the RCS nodalization. 1In
Sequoyah analysis, the one lumped loop model was used.

The other way to increase the depressurization
capability is to open SRVs as well. ThHe run 3A showed that
this strategy worked well. The depressurization occurred
rapidly, and the accumulator set point was reached only in
800 s (13.3 minutes) after opening the valves. The SRVs,
which has about 2.3 times total flow area of PORVs, have
provided bigger coolant mass flow rate discharged from RCS
to the containment.
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Table 6. Timing Key Events of TMLB’with RCS
depressurization: Run 3.

Events Time ,s /(hr)

Station blackout initiation 0 (0)
SG dried out 4981 (1.38)
Core coolant at saturation 7408 (2.06)
Start of core uncovery 7980 (2.22)
PORVs latched open 11,180 (3.11)
Start of oxidation 11,400 (3.17)
Gap release

Ring 1 11,628 (3.23)

Ring 2 11,813 (3.28)

Ring 3 12,216 (3.39)
Core completely uncovered 12,900 (3.58)
Core support plate failure

Ring 1 12,963 (3.60)

Ring 2 14,522 (4.03)

Ring 3 15,217 (4.23)
Lower head penetration failure

Ring 1 13,000 (3.61)

Ring 2 13,031 (3.62)

Ring 3 13,040 (3.62)
Debris ejection 16,165 (4.49)
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Table 7. Timing Key Events of TMLB’with RCS
depressurization: Run 3A

Events Time ,s /(hr)

Station blackout initiation 0 (0)
SG dried out 4981 (1.38)
Core coolant at saturation 7408 (2.006)
Start of core uncoaovery 7980 (2.22)
PORVs and SRVs latched open 11,180 (3.11)
Core completely uncovered 11,820 (3.28)
Accumulator opens 12,045 (3.36)
Start of oxidation 12,360 (3.43)
Gap release

Ring 1 12,618 (3.51)

Ring 2 15,609 (4.34)

Ring 3 19,625 (5.45)
Core support plate failure

Ring 1 > 20,000 (> 5.55)

Ring 2 > 20,000 (> 5.55)

Ring 3 > 20,000 (> 5.55)
Lower head penetration failure

Ring 1 > 20,000 (> 5.55)

Ring 2 > 20,000 (> 5.55)

Ring 3 > 20,000 (> 5.595)
Debris ejection > 20,000 (> 5.55)
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Figure 83. Run 3: Pressurizer pressure.
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Figure 84. Run 3: Hydrogen mass produced.
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Figure 85. Run 3: Coolant mass flow rate discharged from PORVs.
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Figure 86. Run 3: Total coolant mass discharged from PORVs.
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Figure 87. Run 3: Swollen liquid level in reactor vessel.
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Figure 88. Run 3: Cladding temperature in ring 1.
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Figure 89. Run 3: Cladding temperature in ring 2.
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Figure 90. Run 3: Cladding temperature in ring 3.



JAERI-Tech 2001-011

CORE SUPPORT PLATE TEMPERATURE

L. . 1 L T L T T T T T T
—o— RING 1
1.4 || —&— RING 2 _
—&— RING 3
1.2 F 4
¥
g tot i
=
5
B 0.8} _
<
&
8 0.8F geo o go 4 T -
=
[<a]
=
0.4 .
0.2 f 4
0.0 4 1 i L | ] . E_L 1 al
0 4 8 12
SARL i6 20

TIME (103s)
TMLB RCS depressurized
IAEJBAEQK 5/09/00 09:11:21 MELCOR SUN

Figure 91. Run 3: Core support plate temperature.
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Figure 92. Run 3: Debris mass in lower plenum ring 1.
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Figure 93. Run 3: Debris mass in lower plenum ring 2.
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Figure 94. Run 3: Debris mass in lower plenum ring 3.
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Figure 95. Run 3: Radionuclide mass release from fuel in core.
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Figure 96. Run 3: Deposited radionuclide mass.
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Figure 97. Run 3: Wall temperature of pressurizer surge line.
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Figure 98. Run 3: SG-A U-tubes wall temperature.
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Figure 99. Run 3: SG-B U-tubes wall temperature.
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Figure 100. Run 3A: Pressurizer pressure.
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Figure 101. Run 3A: PORVs coolant mass flow rate.
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Figure 102. Run 3A: SRVs coolant mass flow rate.
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Figure 103. Run 3A: PORVs total coolant mass flow.
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Figure 104. Run 3A: SRVs total coolant mass flow.
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Figure 105. Run 3A: Swollen liquid level in reactor
vessel.
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Figure 106. Run 3A: Cladding temperature in ring 1.
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Figure 107. Run 3A: Cladding temperature in ring 2.
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Figure 108. Run 3A: Cladding temperature in ring
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Figure 109. Run 3A: Hydrogen mass generated.

20



JAERI-Tech 2001-011

+1 RADIONUCLIDE MASS RELEASED FROM FUEL IN CORE
1 Ll ] L

MASS(kg)
-
o

10
107° F
1077 F
107 f
1 0-9 1 [ 1 1 1 1
0 4 8 12 16 20
SARL

TIME (103s)
TMLB RCS dep. PORVs+SRVs
VAEWAHDQE/22/00 22:03:06 MELCOR SUN

Figure 110. Run 3A: Radionuclide mass release from fuel in core.
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Figure 111. Run 3A: Deposited radionuclide mass.
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Figure 112. Run 3A: Wall temperature of surge line.
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Figure 114. Run 3A: SG-B U-tubes wall temperature.
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6.4 S3-TMLB’ With Intentional RCS Depressurization

The previous TMLB’ with intentional RCS
depressurization showed that to mitigate or delay the core
damage progression, both the PORVs and SRVs must be latched
open. Based on this result, the same strategy will be
applied to the S3-TMLB’ accident sequence. In this
calculation, run 4, the RCP seal LOCAs is assumed to occur
when the coolant in the core region reaches the saturation
temperature ( see also run 2). The timing of PORVs and SRVs
latched open is determined at the timing of core exit vapor
temperature arrival at 922 K (see also run 3A).

6.4.1. Accident Sequence

Table 8 shows the timing of key events predicted in
run 4. Until the time of PORVs and SRVs latched open, the
sequence was similar as run 2. The core exit temperature of
922 K was reached at about 10,500 s. At that time all
pressurizer valves were latched open. The  pressure
decreased quickly. When the pressure dropped below the
accumulator set point, cold borated water was injected from
accumulator tanks.

A part of the water injected was discharged from seal
break holes. Even though, most part of it flooded the core
allowing the cooling of the hot core materials. However, as
result of a large amount of coolant discharged from
pressurizer valves and seal break holes, the core rapidly
uncovered again. As consequence, the core continued to heat
up, degraded and finally caused the lower head vessel
failure at about 19,000 s.

6.4.2. System Response
(1) Pressurizer pressure

Calculated pressurizer pressure 1is shown in Figure
115. After valves opening, the pressure decreased quickly
until reaching the accumulators set point at about 11,200
s. When the cold water from accumulator tanks was injected,
the pressure decreased suddenly to about 2.2 MPa. A small
peak pressure rose due to steam generation 1in the core.
After that, the pressure continued to decrease slowly. At
the time of reactor vessel failure, the pressure was at
about 0.8 MPa.

(2) Water level in reactor vessel

Figure 116 shows the liquid level in reactor vessel.
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Due to fast decrease of pressure at the time of pressurizer
valves latched open, the 1liguid level decreased also
quickly. The core was completely uncovered at about 200 s
later. But, it was not for a long duration, because the
injected cold water from accumulators flooded the core, and
the level went up to about mid-height of the core. Since
the pressure was low, the steam generation was high, and
the coolant was continuously discharged from pressurizer
valves and seal break holes, the 1liquid level decreased
again.

At about 17,250 s, the core was completely uncovered
again. Then, the water in accumulator tanks had already
been depleted. So, the liquid level in the lower plenum was
decreasing until the lower head failed.

(3) Core damage

Figures 117, 118 and 119 show the cladding temperature
in rings 1, 2 and 3, respectively. From about 8,500 s, the
uppermost cell of the core began to heat up, following the
core uncovery. When the core was flooded by injected water
from accumulators, the upper region was not sufficiently
cooled, as consequence the temperature continued to
increase. At 11,975 s the gap release due to cladding
failure occurred in ring 1. It was followed by gap release
of ring 2 and ring 3 at 13,449 s and 13,919 s,
respectively.

At about 12,500 s, the cladding temperature increased
quickly. At about 14,800 s, the uppermost region in ring 1
became debris, and candled downward. The core degradation
was continued in ring 2 and the other rings at upper
region. At about 15,000 s, the upper half core region in
rings 1 and 2 became debris. The debris relocated to the
lower cells. The relocation reached the core support plate
in ring 1. The plate was failed when the failure
temperature was exceeded (Figure 120) .The debris fell down
and relocated in the lower plenum as shown in Figure 121,
122 and 123. The hot debris caused the lower head
penetration failure followed by coolant discharge from
reactor vessel. At the time, the pressure in secondary side
was almost kept at SGs MSRVs set point.

(4) Radionuclide release

The radionuclide mass released from fuel during core
degradation up to vessel failure is shown in Figure 124.
About 200 kg of Xe class, 120 kg of Cs class, 20 kg of CsI
class and 20 kg of Te class were released in core. The
other radionuclide release represented minor release.
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The deposited radionuclide mass in loop-A is shown in
Figure 125. The most radionuclide deposition was found in
the pressurizer surge line.

(5 Wall temperature

Calculated wall temperature of pressurizer surge line
is shown in Figure 126. The temperature reached 1000 K at
about 17,000 s. While, the wall temperature of SGs U-tubes
was lower as shown in Figures 127 and 128 for loop-A and
lcop-B, respectively. A larger quantity of hot steam was
vented through PORVs and SRVs bypassing SGs.

6.4.3. Discussions

As shown in the above results, the intentional RCS
depressurization through PORVs and SRVs latched open
applied to S3-TMLB’ sequence had delayed the core damage
progression compared to the S3-TMLB’ without such strategy.
The calculated delay was about 3000 s (50 minutes).

Comparing to the application of such strategy to the
TMLB’ accident, the delay was shorter. The injected cold
water from accumulator tanks had flooded the core and
delayed the core degradation for a while. The accumulators
injection was initiated rapidly. A part of the injected
water was discharged from RCS through seal break holes.
Then the liquid in the core also decreased quickly and it
caused the core heat up and damaged.

It is also noted that the sequence showed a high
pressure difference between primary and secondary sides. At
the time of vessel failure, the primary side was about 0.8
MPa and the secondary side was about 8.1 MPa.
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Table 8. Timing Key Events of S3-TMLB'with RCS
depressurization: Run 4

Events Time ,s /(hr)

Station blackout initiation 0 (0)
SG dried out 4981 (1.38)
Core coolant at saturation 7408 (2.06)
Pump seals failure 7408 (2.06)
Start of core uncovery 7980 (2.22)
PORVs and SRVs latched open 10,637 (2.954)
Accumulator opens 11,580 (3.22)
Start of oxidation 11,750 (3.26)
Gap release

Ring 1 11,975 (3.33)

Ring 2 13,449 (3.74)

Ring 3 13,919 (3.87)
Core completely uncovered 17,250 (4.79)
Core support plate failure

Ring 1 18,807 (5.22)

Ring 2 18,906 (5.25)

Ring 3 18,950 (5.206)
Lower head penetration failure

Ring 1 18,844 (5.23)

Ring 2 18,880 (5.24)

Ring 3 18,882 (5.24)
Debris ejection 18,844 (5.23)
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Figure 115. Run 4: Pressurizer pressure.
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Figure 116. Run 4: Swollen liquid level in reactor vessel.
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Figure 117. Run 4: Cladding temperature in ring 1.
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Figure 118. Run 4: Cladding temperature in ring 2.
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CLADDING TEMPERATURE OF RING 3
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Figure 119. Run 4: Cladding temperature in ring 3.

CORE SUPPORT PLATE TEMPERATURE

R 1] | ] ] 1 | 1 I ¥
3 | —e— RING 1 4-
{ | | —— RING 2 |
) —&— RING 3

fM\ -

«

[ ] -

Aot

m 4

&

E‘ 0. -

<

m -

A

g o. 4

<]

B . =
0.3 } i
0.1 F g
0.0 1L i [] 1 1 1 L 1 IL

0 4 8 12 16 20

SARL

TIME (103%s)
S3—-TMLB RCS dep. PORVs+SRVs
XAEEFGNQKS5/24/00 04:59:09 MELCOR SUN

Figure 120. Run 4: Core support plate temperature.
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Figure 121. Run 4: Debris mass in lower plenum ring 1
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Figure 122. Run 4: Debris mass in lower plenum ring 2
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Figure 123. Run 4: Debris mass in lower plenum ring 3
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Figure 124. Run 4: Radionuclide mass release from fuel
in core.
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Figure 125. Run 4: Deposited radionuclide mass.
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Figure 126. Run 4: Wall temperature of surge line.

— 111 —



JAERI-Tech 2001-011

WALL TEMPERATURE OF U-TUBES (loop—A)
630 4 1 | 1] 1 1] 1

620

610

600

590

580

TEMPERATURE (K)

570

560 F -

550 -

54_0 L ] 1 i 1 ] 1 ] 1
0 4 8 12 16 R0
SARL

TIME (10%) ' —
S3-TMLB RCS dep. PORVs+SRVs —e— inside
XAEEFGNQK5/24/00 04:59:09 MELCOR SUN —e— outside

Figure 127. Run 4: Wall temperature of SG-A U-tubes.
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Figure 128. Run 4: Wall temperature of SG-B U-tubes.

- 112 —



JAERI-Tech 2001-011

7. CONCLUSIONS

The analytical calculations of Indian Point 3 PWR
station Dblackout accident and its variation have been
performed using the MELCOR 1.8.4 code. The following
conclusions were obtained from the present study:

(1) The total station blackout initiating accident could
lead to the severe core damage and, subsequently HPME
phenomena. The current calculation predicted about 3.8
hr interval time from initiation of total station
blackout to the reactor vessel melt-through.

(2)The reactor coolant pump seals LOCAs which might happen
during a station blackout sequence resulted in different
effects on accident progression depending on the timing
of seal failure. The early failure caused an early core
damage. Contrarily, the late failure of about 2.5 hr
from initiation of station blackout tended to delay the
accident progression. In this calculation the delay was
more than 1.5 hr compared to the station blackout
without pump seal LOCA.

(3) The intentional RCS depressurization by PORVs latched
open during a TMLB’ accident was unable to delay the
accident progression. Use of PORVs design capacity could
not depressurize RCS fast enough to arrive at
accumulator set point prior to the vessel failure. The
lower head failure occurred as in the TMLB’ sequence
without RCS depressurization.

(4) The calculation performed by assuming that pressurizer
SRVs could also be latched open for increasing
discharging flow area showed that the depressurization
occurred faster, and accumulators set point was rapidly
achieved. The initiation of cold borated water injection
could provide sufficient cooling for the hot «core
materials. As consequence, the core damage progression
was delayed. The lower head failure occurred at 6000 s
later than the TMLB’ base case. But, in the case of S3-
TMLB' sequence, the assumed intentional RCS
depressurization by PORVs and SRVsS latched open could
only delay the lower head failure for about 3000 s. The
depressurization is less effective due to fast core
uncovery.
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