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NOTICE

This report was prepared as an account of work sponsored by an agency of the United States
Government Neither the United States Government nor any agercy thereof, or any of their
employees, makes any warranty, expressed or. implied, or assumes any legal liabihty of re-
sponsibility for any third party's use, of the results of such use, of any information, apparatus,
product or process disclosed in this report, or represenn that its use by such third party would
not infringe privately owned rights.
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NOTICE

Availability of Reference Materials Cited in NRC Publications

Most documents cited in NRC publications will be available from one of the following sources.

1. The NPC Public Document Room 1717 H Street, N.W.
Washington, DC 20555

2. The Superintendent of Documents, U.S. Government Printing Of f g.e, Pmt Olbre Box 3 7082,
Washington, DC 20013 7082

3. The NationM Technical Information Service, Springfield, VA 22161

Although the listing that follows represents the majority cf documents cited in idRC publications,
it is not intended to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC Public Docu
ment Room include N RC correspondence and internal N RC memoranda; NRC Office of Inspection
and Enforcement bulletins, circulars, information notices, inspection and investigation notices;
Licensee Event Reports; vendor reports and correspndmce; Commission pape's; and applicant and
licensee documents and correspondence.

The following documents in the NUREG series are available for purchase from the GPO Sales
Program: formal NRC staff and contractor reports, NRC sponsored conference proceedings, and
NRC booklets and brochures. Also available are Regulatory Guides, NRC regubtions in the Code of
Federal Regulations, and Nuclear Regulatory Commission issuances.

Documents available from the National Technical Information Service include NUREG series
reports and technical reports prepared by other federal agencies and reports prepared by the Atomic
Enetgy Commission, forerunner agency to the Nuclear Regulatory Commission.

;- Documents available from public and special technical libraries include all open hterature items,
such as books, journal and periodical articles, ar'd transactions. Federal Register notices, federal and
state legislation, and congressional reports can usually be obtained from these hbraries.

Documents such at theses, dissertations. fore;gn reports and translations, and non NRC conference
proceedings are available for purchase from the organization spoasoning the publication cited.

Single copies of NRC draf t reports are available free, to the extent of supply, upon written request
to the Division of Technical Information and Document Control, U S. Nuclear Requiatory Com
mission, Wrshington, DC 20555.

Copies of industry codes and standards used in a substantive manner in the NRC regulatory process
are maintained at the NRC Library, 7920 Norfolk Avenue, Bethesda, Maryland, and are available
there for reference use by the put,lic. Codes and standards are usually copyrighted and may be
purchased from the originating organization or, if they are American National Standards, from the
American National Standards institute,1430 Broadway, New York, NY 10018.
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ABSTRACT

'

The TRACB04 computer code has been developed under the model development tasks
'

'in the FIST Program. This report describes two developmental assessment calculations
performed on BWR plants with TRACB04. A BWR/2 Design Basis Accident (DBA) including
the containment response and a BWR/4 DBA with Low Pressure Coolant Injection (LPCI)

water injected into the lower plenum were calculated and results of these cases were

documented. These casas serve to test some of the new features of the TRACB04 (air
field, containment model. " water peeking" fixes and faster numerics in the three
dimensional vessel component) and to demonstrate that the code has been assembled
Properly. They also provide best estimate LOCA results for the two plant types.
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SUMMARY

|

| TRAC-BWR is a best estimate code for the analysis of Boiling Water Reactor (BWR)

transients. As part of the earlier BWR Refill Reflood Program, a version of TRAC-BWR
(B02) was developed for Loss-of-Coolant Accident Analysis. The model development
under the FIST program was primarily aimed at extending TRAC-BWR for the analysis of
other BWR transients. The main sub-tasks in this effort were to improve the numeri-

cal efficiency and computer execution time for long transients, to extend identified
models to remove limitations; and to implement the models for balance of plant com-
ponents developed at INEL. The end product from this effort is the TRACB04 version
of the code.

This report describes the TRACB04 developmental assessment with BWR plant cases.
A BWR/2 Design Basis Accident (DBA) and a BWR/4 DBA calculation have been performed

to provide best-estimate information on the pceformance of these BWRs under the
postulated LOCA conditions, and to assess the overall performance of TRACB04 in
realistic plant simulations.

In the BWR/2 DBA calculation, the reactor was modeled to include the containment

response. The new models such as the air field and containment were tested and the

results generated were found to be in agreement with engineering judgement. The

containment response provides a beneficial feedback on the LOCA, as it enchances the

spray heat transfer process in the latter part of the transient. The maximum Peak

Cladding Temperature (PCT) was low (1053*K) and occurred early in the transient. The
waximum drywell and wetwell pressures were 3.06 bars and 2.94 bars, respectively,
well within the design limits.

In the BWR/4 DBA calculation, the reactor assembly was modeled with Low Pres-
cure Coolant Injection (LPCI) water injected into the lower plenum. The core was

reflooded from the refilling of the lower plenum. This scenaric has the potential of l

producing numerical problems, known as " water packing." The code numerics and
reliability were tested and the performance was found to be very satisfactory. This

calculation showed that the maximum PCT was very low (630'K) and the core was comp-

letely quenched shortly after the LPCI isolation valve closed.

S-1/S-2
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SECTION 1

I,

INTRODUCTION

i

The Boiling Water Reactor (BWR) version of TRAC was first developed in coopera-
tion with the Idaho National Engineering Laboratory (INEL) under the Refill /Reflood
(R/R) Program. Under that program the main emphasis was on the development of models
for the controlling basic phenomena in a Loss of Coolant Accident (LOCA) in the BWR
and for specific BWR components (1,2). TRAC-BWR was developed to be a best estimate
computer code for the thermal hydraulic conditions in a BWR LOCA. At the end of the
R/R program, TRAC-BWR was extensively assessed. It was found that TRAC-BWR predicted
the BWR phenomena very well, but that the computation costs were high (3).

One purpose of the FIST program has been to reduce the cost of executing TRAC
and to extend its applicability to other transients. The first task was addressed by

) developing more implicit numerics for TRAC, whereby the Courant limitation on the
time step size was removed, and by significantly improving the reliability of the
code. This task is described in Volume 1 of this document and has led to a signifi-
cant reduction in the cost of executing TRAC both in terms of computer time as well
as engineering time.

The second task of extending the applicability of TRAC involved implementation
of a noncondensible gas (air) field, a boron transport model accounting for strati-
fication and mixing, a model for the two phase level, generalized heat transfer
between the components and component models for the containment, turbine and heat

exchanger. These models are described in Volume 2 of this document. Figure 1-1
shows the evolution of various versions of TRAC, the GE and INEL developments, and

the interactions between varions versions of TRAC.

During the development of the improved numerical methods and new models for

TRAC, the models were individually tested. This developmental assessment is reported
together with the respective models in Volumes 1 and 2 of this document. The purpose
of this document is to describe the assessment of TRAC for BWR plant cases. This not
only tests the phenomena and component interactions in TRAC but also provides
valuable information on the performance of the BWR. For this purpose calculations

have been performed for a BWR/2 and a BWR/4 plant.

1-1
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Figure 1-1. Major Milestone in TRAC-BWR Development
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; The assessment calculation for the BWR/2 plant is a large break (DBA) LOCA vith
containment response. In this case, both the reactor assembly and the containment

are modeled. The main objectives of this calculation are to test new models such as

the air field and containment, to assess the effects of containment feedback, and to

Jprovide best estimate BWR/2 DBA calculational results. The descriptions, nodaliza-
tion and results of the BWR/2 DBA case are presented in Section 2.

The assessment calculation for the BWR/4 plant is also a large break (DBA) LOCA.
In this case, the Low Pressure Coolant Injection (LPCI) water is injected into the

lower plenum through the recirculation drive line and the core is reflooded from the

refilling of thg lower plenum. The objectives of this calculation are to test the

code numerics and reliability, and to provide best estimate BWR/4 DBA calculational
results. The descriptions, nodalization and results of the BWR/4 DBA case are

,

presented in Section 3.
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SECTION 2

BWR/2 RECIRCULATION LINE BREAK ;

i
|
'One of the major differences that distinguish the BWR/2 plant from later BWR

plants is in the design of recirculation loops. In the BWR/2 plants, there are no
jet pumps in the vessel downcomer and the recirculation line connects the downcomer
to the lower plenum. Further, the pipe diameter in the recirculation line is larger

than for jet pump plants. As a result of this design, a large break can be postu-
laced in the recirculation line leading to the depletion of inventory from the lower

plenum and core. A larger break causes the BWR/2 vessel to depressurize faster and
reach containment pressure level sooner (i.e., before the time of peak cladding
temperature is reached) than jet pump plants under Design Basis Accident (DBA)
conditions. At low vessel pressures, the break flows as well as core thermal hydrau-
lies would be affected by the containment response.

This section describes the TRACB04 developmental assessment case for a BWR/2

recirculation line break (DBA). A typical BWR/2 plant was modeled including the
reactor vessel and containment. The vessel is a BWR/2 213-inch vessel with 560 fuel
bundles. The containment is a Mark-1 design corresponding to a BWR/2-213 vessel.
The containment model includes drywell, wetwell and suppression pool.

2.1 OBJECTIVES OF BWR/2 DBA CALCULATION

The objectives of this calculation are to:

(a) Assess the overall performance of TRACB04 in a system calculation with
containment interaction;

(b) Test out the containment model and air field option implemented in

TRACB04 in a realistic plant simulation;

(c) Assess the response of core thermal hydraulics to the containment
pressurization due to LOCA and;

(d) Provide best estimate BWR/2 DBA calculational results.

e

2.2 . CASE DESCRIPTIONS

The general assumptions, initial conditions and TRAC nodalization used in the

BWR/2 DBA calculation are described below.

2-1

___- -__-._ _ . - - __



2.2.1 Assumptions

The general assumptions used in the calculation are summarized in Table 2-1.
The break size, available Emergency Cooling systems and trip timing in Table 2-1 are

,

typical conditions for a BWR/2 DBA.

2.2.2 Initial conditions

The initial conditions used in the calculation are summarized in Table 2-2.
The bundle powers in the hot bundle, average bundle and peripheral bundle are 5.1 MW,
3.6 MW and 1.76 MW, respectively. This power distribution corresponds to radial
power'peakings of 1.45, 1.026 and 0.50, respectively. The axial peaking is 1.50 for
all bundles, and the Maximum Planar Linear Heat Generation Rate (MAPLHCR) in the hot

bundle is 9.87 kW/ft.

2.2.3 TRAC Nodalization

Figure 2-1 shows the TRAC nodalization of the reactor assembly for a typical
BWR/2-213 plant. The reactor vessel is simulated using a VESSEL component with 13
axial levels 4 radial rings and I azimuthal sector, for a total of 52 VESSEL 3-dimen-

sional cells. This nodalization is guided by considerations of reactor geometry and
governing phenomena. The axial levels are located to provide geometric definition of
principal regions (e.g., lower plenum) and to provide connecting points for compon-
ents (e.g. , guide tubes) . The outer radial ring models the downcomer region and the
three inner radial rings describe the radial subdivisi n of the core and bypass
region inside the shroud, fuel channels, and the associated guide tubes and steam
separators.

The reactor core occupies two axial levels (Levels 6 and 7) in the inner three

radial rings. Inner ring #1 corresponds geometrically to 60 bundles located around
the core center. These 60 bundles are assumed to be the hot bundles with bundle
power of 5.1 MW. They are modeled by two High Power CHANs with 24 bundles.in one

CHAN component and 36 bundles in the other CHAN component. This utilizes the new
capability in TRACB04 to have multiple channels in the same vessel cell. - This

grouping allows the two subgroups of hot bundles to have different flow configura-
tions, if calculated. The outer ring #3 contains all 76 peripheral bundles which
have smaller inlet orifices. These 76 bundles with an assumed bundle power of 1,76

-MW are modeled by one Low Power CHAN component. The central ring #2 represents _the

remaining 424 bundles. These bundles with an assumed bundle power of 3.6 MW are
modeled by_one Average Power CHAN component.

2-2
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Table 2-1

BWR/2 DBA CALCULATION - ASSUMPTIONS

Break size (sq ft) 4.66 (guillotine break)
.

Break location Discharge line

Problem time zero Normal water level

Power scram Time 0.0 second

Feedvater pump trip Time 0.0 second;
Linearly closed in
1.0 second

Recirculation pump crip Time 0.0 second

-MSIV trip Time 0.0 second;
0.5 seconds delay;
5.0 seconds closure
time

;

ECCS 2 LPCS available

LPCS trip Level 1 + 32 seconds
1

LPCS permissive pressure 286 psig

LPCS water From suppression pool

Containment spray Not available for
First few minutes of
LOCA

Decay heat ANSO .79 + 0%

,

|
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Table 2-2

BWR/2 DBA CALCULATION - INITIAL CONDITIONS

POWER
,

Total reactor power (MW) 1969.

Hot bundle power (MW) 5.098

Average Bundle power (MW) 3.607
^

Peripheral bundle power (MW) 1.759

Max. linear power rate (kW/ft) 11.0
,

Cap conductance (W/m K) 5600.0

FLOW

Total steam flow (kg/s) 993.6
~

Total recirculation flow (kg/s) 7700.0

Initial suppression pool temperature 305.2*K

(90.0*F)

Initial dryvell temperature 33.0*K

(140.0*F)

1

1

!

|
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Three PIPE components, one in each of the three inner rings, are used to model
the 137 guide tubes in a BWR/2-213 plant. These PIPE components represent the 15,
106 and 16 guide tubes in Rings 1, 2 and 3, respectively. Similarly three SEPARATOR
components, one in each of the three inner rings, are used to model the 151 steam

separators. The numbers of steam separators are 14, 99 and 38 in Rings #1, 2 and 3,
respectively. The 5 recirculation loops are modeled by one broken loop and one
intact loop in the TRAC calculation. Each loop consists of one suction PIPE compon-
ent, one recirculation PUMP component and one discharge Pipe component. The intact
loop in the TRAC model represents 4 real intact loops with appropriate flow area and
volume. The ECCS lines are modeled by 4 PIPE components, each one is connected to a

FILL component with appropriate pressure versus velocity table to simulate the LPCS
flow rate. The other ends of these PIPE components are connected to the peripheral
cell in the upper plenum, representing spray nozzles with different angle and eleva- '

tion. The ECC spray sources and distributions are calculated by the upper plenum
model (2).

Figure 2-2 shows the schematic of TRACB04 nodalization of the BWR/2 vessel and

containment. The drywell is modeled by a COMPARTMENT component of the containment

model. The drywell compartment interacts with the vessel through heat transfer from
the vessel wall and through pipe BREAK components located in the drywell. The solid
heat masses such as drywell skirt, concrete shield wall, and vent pipes are modeled
by three HEAT STRUCTURES of the containment model. The vetwell including the sup-
pression pool is modeled by a COMPARTMENT component. The wetvell compartment inter-
acts with the vessel through ECC FILL components which pump ECC water from the
suppression pool. Heat masses such as vent headers, downcomers, and wetvell wall are
modeled by two HEAT STRUCTURES.

A PASSIVE JUNCTION of the containment model is used to model the vent pipes
connecting the drywell and wetwell. The downcomer exits are simulated at an eleva-
tion of 3 feet below the initial suppression pool surface. A second PASSIVE JUNCTION |

'

is used to model the vacuum breakers between the drywell and wetvell with vacuum
1breaker opening pressure of 0.5 psig.
1

2.3 RESULTS

The break in the recirculation line for the BWR/2 leads to a rapid depres-
surization of the reactor vessel, primarily due to the large flow area of the exter-
nal recirculation line. Most of the break flow is from the lower plenum through the
discharge end of the recirculation line and the remaining part of the break flow is
from the downconer through the pump to the break location.

2-6
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The large break flow from the lower plenum causes an immediate flow reversal at
,

the core inlet and a subsequent boiling trantition and heat up c f the fuel. How-
,

ever, shortly af ter the break the reversal of :he core flow causes the liquid in the

upper plenum and separators to drain through the fuel bundles. This liquid downflow

causes the low and average power bundles to quench and turns over the temperature in
the high power bundles. Indeed, the maximum temperature of 1053*K observed during
this first peak is the final peak cladding temperature.

After the draining of the upper plenum, the high power bundles heat up again
'

until the core spray comes on. Thereafter the fuel temperatures level off with a

balance between the decay heat and the heat transfer rate in the spray cooling mode.

; The large initial break flow causes the containment to pressurize to 2-1/2 times
atmospheric pressure, which is the final pressure for both the reactor vessel and the

containment. Later in the transient, as the core spray comes on, more steam is

condensed on the subcooled spray water than is produced in the core region. This
causes the lower plenum break flow to reverse and an air-steam mixture enters the

reactor vessel. The air concentrates in the upper plenum, where it reduces the

condensation rate on the spray water. This causes the spray water to retain its
subcooling as it enters the fuel bundles.

The high equilibrium pressure in the system together with the low temperature of
the ECC water as it enters the fuel are the main reasons for the relatively low peak
cladding temperature. The liquid flow to the bundles in the absence of CCFL at the
upper tie plate is given by the spray distribution. In the present analysis, this
was calculated by the upper plenum model in TRAC, yielding an average of 0.50
kg/s-bundle available to the high power bundles. The reactor minimum bundle flow
would be expected to be lower than this value.

The sequence of important events of this calculation is summarized in Table 2-3.
Reactor scram, recirculation pump trip, and feedwater pump trip occurred immediately
following the pipe . break. The main steam isolation valve (MSIV) trip also occurred
at time zero. The MSIV has a delay time of 0.5 seconds and closure time of 5.0

seconds. It fully closed at 5.5 seconds into the transient.

.

1
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l' Table 2-3 |
:

SEQUENCE OF EVENTS FOR BWR/2 DBA

Event Tine (sec)

Recirculation line break 0.0-
1

Power scram- 0.0

Feedwater pump trip 0.0

Recirculation pump trip 0.0 i

MSIV closure started 0.5
i

Feedvater off 1.0

f. L1 trip 2.1

Onset of lower plenum flashing 3.1-

q Onset of Bypass Flashing 4.0

i MSIV fully closed 5.5

Suction pipe uncovery 8.0

Discharge pipe uncovery 11.0

ECC spray on 34.1'

j

| Onset of back flow in break 66.0

; Water level in lower plenum reflooded to 122.0
discharge pipe

Core hot spot starts cooling 130.0

!
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Figure 2-3.shows the steam done pressure for the BWR/2 DBA transient. The steam
|; done depressurized rapidly at a rate of 4 bars per second for the first 3 seconds.

| The rate of depressurization slowed down between 3 to 8 seconds due to the MSIV
i
; closure and the onset of lower plenum flashing (3.1 seconds). After the suction pipe

uncovery (8 seconds) and discharge pipe uncovery (11 seconds), the depressurization

; rate again increased to about 2 bars per second. At the end of this calculation (201

seconds) the system pressure had dropped to an equilibrium value of 2.3 bars (33.4

.

psia) . - |

.

|
! The break flows from the break pipe connecting to the recirculation pump and

from the break pipe connecting to the vessel are shown in Figures 2-4 and 2-5,

j respectively. The times of uncovery for the suction pipe and discharge pipe are i

| indicated distinctly by the sudden reduction in break flows. The break flow from the

recirculation pump side (Figure 2-4) remained positive throughout the transient, with
e

.
. . i

-

a magnitude of about 20 kg/s from 60 seconds to 132 seconds. The break flow from the ~

vessel side became negative (i.e. , flow' from drywell to vessel) starting at 66
seconds. The break flow was about -30 kg/s from 66 seconds to 100 seconds, and then

; gradually reduced to zero at 122 seconds. This period of negative flow introduced

f air and steam mixture from the drywell into the vessel.

.

After the water level in the lower plenum reflooded to the discharge pipe exit
elevation at 122 seconds, the break flow from the vessel side became periodically
positive with flow magnitude ranging from 200 kg/s to 800 kg/s.

4

Figures 2-6 through 2-13 show the t. ass flows at the inlet (side entry orifice)
and top of the Low Power CHAN, Average Power CHAN High Power CHAN #1 and High Power

t

CHAN #2. These CHAN components simulate 76 peripheral bundles, 424 average power'

; bundles, 24 and 36 high power bundles correspondingly. For all types.of bundles, the
I

i flows at SEO changed from. positive (up flow) to negative (down flow) immediately
'

ifollowing the pipe break, with magnitudes of. 50% of the initial value for the Low
{ EPower CHAN (Figure 2-6), and 80% of the initial value for other CHANS (Figures 2-8,
' 2-10 and 2-12).
;

I The flows at the top of bundles' decreased rapidly from their initial positive
values to negative flows at about 6 seconds after the pipe break (Figures 2-7, 2-9, I

2-11 and 2-13). These figures also show large 'down flow at top of bundles for the
time. period from 11=to 20 seconds. This was due to the fact that after the dis-

charge pipe uncovery, the lower plenum pressure dropped rapidly and the upper-
plenum subsequently depleted through the lower plenum.
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For the peripheral bundles, the SEO flow (Figure 2-6) was co-current downward
cf ter the discharge pipe uncovery (11 seconds). At 72 seconds (6 seconds after the
ctart of back flow of steam and air from drywell to lower plenum through break pipe),
the SEO flow switched to counter-current with steam and air flowing upward. The SEO
flow remained generally counter-current from 72 seconds to the end of the run. The
flow at the top of bundle (Figure 2-7) was counter-current from 20 seconds to the end
cf the run.

For the average power bundles, the SEO flow (Figure 2-8) was co-current downward

| from 6 to 110 seconds. After 110 seconds, the SEO flow showed oscillations with

periods of counter-current flow with steam and air flowing upward. The flow at the
top of bundles (Figure 2-9) was co-current downward from 11 to 39 seconds, then
switched to counter-current flow from 39 to 100 seconds. After 100 seconds, the flow

became generally co-current downward with occasional periods of counter-current flow.

For the high power bundles, the flow conditions (per bundle wise) calculated by
the High Power CHAN #1 and #2 are almost identical (Figures 2-10 to 2-13). The SEO

flow was co-current downward from 6 seconds to the end of run, except for intermit-
tent, counter-current flow occurring after 130 seconds. The flow at the top of
bundles was generally co-current downward from 11 to 60 seconds, then switched to
counter-current flow from 60 to 116 seconds. After 116 seconds, the flow oscillated

back and forth between co-current down and counter-current flows.

Figure 2-14 shows the partial air pressures at Level 8 of the vessel (bottom
level of upper plenum, cell I connected to the exit of High Power CHANs, cell 2 to
Average Power CHAN, and cell 3 to Low Power CHAN). The air flowed from drywell into
lower plenum through the pipe break and then flowed upward through the Low Power CHAN

(peripheral bundles) into cell 3 of the upper plenum. The air then flowed radially
inward into cells 2 and 1. The presence of air in the upper plenum reduced the
condensation by the ECC spray water and increased the subcooling in the water flowing
into the bundles. Figure 2-15 shows the total and partial air pressures in Cell 1
(central cell) at the bottom level of the upper plenum. Figure 2-16 shows the water
cubcooling (liquid temperature - saturation temperature based on total pressure) of
the corresponding cell. It clearly indicates that the upper plenum water subcooling
increases as the air content increases. The water at top of Average Power and High
Power CHANs became subcooled at 100 and 116 seconds, respectively. At this time, the
flow at top of these bundles changed from counter-current flow to co-current down

flow. After 120 seconds, the air / steam mixture at the lower level of upper plenum
contained about 80 to 90% air.
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Figures 2-17 to 2-20 show the Peak Cladding Temperatures (PCT) in the low power,
cverage power and high power bundles. The PCT calculated for the High Power CHAN #1
and #2 are almost identical in this case. Shortly after the pipe break, all bundles

heated up rapidly as the core dried out. At 11 seconds into the transient, the PCTs

fer all bundles turned around as large amounts of liquid flowed from the upper

plenum into the bundles (Figures 2-7, 2-9, 2-11 and 2-13). This down flow was the
r:sult of the discherge pipe uncovering which allowed a large amount of steam to

| cccape from the broar. At this time the PCTs reached the maximum values of 609'K,
850*K and 1053*K for the low, average and high power bundles.

The low power and average power bundles quenched completely at 72 and 80 seconds,

( respectively. The hot spot in the high power bundle started cooling at 130 seconds,
cud maintained-an average temperature close to 1000*K for the rest of the calcula-
tion. ,

Figure 2-21 shows the total and partial air pressure in the drywell. Immedi-
ctely after the pipe break, the drywell pressure rose rapidly and reached a peak

i value of 3.06 bars (44.44 psia) at 25 seconds. The air in the drywell was completely
pushed into the wetvell at about 18 seconds. At 31 seconds, the vacuum breakers
between the the wetwell and drywell opened and air started to flow back into the
drywell from the wetwell (Figure 2-21). The liquid mass inventory in the drywell is

shown in Figure 2-22.

Figure 2-23 shows the total and partial air pressure in the wetwell. Immediately

;
cfter the pipe break, the wetwell was pressurized rapidly by the displaced drywell

Sir and a small amount of drywell steam that escaped from the condensation process in
3

| the suppression pool. The wetwell reached a maximum pressure of 2.94 bars (42.60
psia) at 30 seconds. The mass inventory in the suppression pool is shown in Figure
2-24. The mass inventory increased for the time period from 0 to 40 seconds due to
the condensation of drywell steam. After the ECCS came on at 34.1 seconds, the mass
inventory decreased at a constant rate of 500 kg/s, which was about the rate of ECC
flow into the upper plenum.

,

2.4 MAIN OBSERVATIONS

i

From the BWR/2 DBA calculation a number of observations concerning the perfor-
mance of the TRACB04 code and BWR/2 during a LOCA can be made:

1
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TRACB04 performance

o The overall performance of TRACB04 has bara improved making it signifi-
cantly easier to use than previous versions of the TRAC-BWR code. This

is primarily due to the fast numerics and the reliability improvements

deve?oped under the FIST program.

o The new models implemented under the FIST Program, such as the nonconden-

sible gas (air) model and the containment model are correctly implemented1

and properly predict the performance of the containment and the effect of

air.

I

o The generalized heat transfer allowing serveral channels in one vessel

cell is implemented correctly. In this case however, very little differ-

ence was observed between the two hot channels in the central vessel
ring.

BWR/2 LOCA characteristics

The containment feedback has a significant effect on the LOCA transient.o
"

The pressurization of the containment causes the final reactor vessel

pressure after the blowdown to be approximately 2.4 bar rather than 1 bar'

commonly assumed when no containment feedback is considered. At 2.4 bar,
,

the CCFL restrictions for the same steam flow at the upper tie plate is
considerably less, and no CCFL occurs at the upper tie plate. Conse-
quently, no level builds up in the upper plenum and the liquid downflow
into the fuel bundles is determined by the spray distribution in the upper
plenum. Later in the transient, the condensation capacity of the ECC water
exceeds the steam generation in the core and an air / steam mixture flows

from the containment back into the vessel. There the air collects where
the condensation takes place, i.e. in the upper plenua. As a result, the
condensation in the upper plenum is gradually reduced and the spray water

. retains part of the subcooling as it enters the fuel channels.

!
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l

o The high vessel pressure and relatively large flow of subcooled ECC water ,

i

into the high power fuel bundles produces good spray cooling heat transfer ]
(an Appendix K type spray cooling heat transfer coefficient based on the |

2saturation temperature of 5.0 Btu /hr-F-ft is observed). With this heat
transfer, the maximum temperature during the spray cooling mode is approxi-
mately 1000'K. The flow to a given bundle could be less resulting in a
somewhat higher local PCT. The early peak due to the boiling transition

;

immediately following the break is 1053*K, making this the PCT.
;

o The maximum containment pressures were 3.06 bar in the drywell and 2.94 bar

in the wetwell.

1

|

4

f
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SECTION 3

BWR/4 RECIRCULATION LINE BREAK

!

..

~The BWR/4 100% recirculation line break was analyzed to assess the TRACB04

cverall performance in a system calculation when the core is reflooded from the
direct refilling of the lower plenum. This section describes the objectives and
results of the BWR/4 DBA assessment calculation. In'this calculation, the reactor

- assembly of a typical BWR/4 plant is modeled. The vessel is a BWR/4 251-inch vessel

. ith 764 fuel bundles.w;

i

| '3.1 ~0BJECTIVES OF BWR/4 DBA CALCULATION

!
I

i The objectives of this calculation are to:

|
(a) Assess the overall performance of TRACB04 in a system calculation with

! core reflooding;
,

i
1

} (b) Test numerics'and code reliability during refilling and reflooding-
<

j processes;
i

(c) Provide best-estimate BWR/4 DBA calculational results.

i
~ 3.2 CASE DESCRIPTIONS
i
.i-

I The general assumptions,' initial conditions and TRAC nodalizations used in the
t
j BWR/4 DBA calculation are described below.

:
i

: '3.2.1 Assumptions

$ The general assumptions used in the calculation are summarized in Table 3-1.

[ The worst. single failurelis a failure of the battery that powers-the HPCI, 2 LPCIs
j ' tad 1 LPCS.- As a result, only 1 LPCS and 2 LPCIs are assumed to be available, one

j LFCI in each loop. LPCI water is injected into the lower plenum through the recircu-- '

lation drive line.. The LPCI isolation valves, which are placed in the recirculation

drive line to prevent loss of LPCI coolant through the break, close when the vessel*

pressure.is below.275 psia, with a delay time of 30 seconds.: The break size, avail-.

(ble Emergency Cooling systems and trip timing listed in Table 3-1 are typical
i conditions for a BWR/4 DBA.
.

3-1
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Table 3-1

BWR/4 DBA CALCULATION - ASSUMPTIONS

Break size (sq ft) 4.067 (100%)

Break location Suction line

~ Problem time zero Normal water level

Power Scram Time 0.0 second

Feedwater pump trip Time 0.0 second;
linearly closed in 1.0
second

Recirculation pump trip Time 0.0 second

MSIV trip Time 0.0 second;
0.5 seconds delay;

'5 seconds closure
time

ECCS 1 LPCS
2 LPCIs (one in each
loop)

LPCS trip Vessel pressure drops
below 445 psia

LPCS permissive pressure (psi) 290.

LPCI trip Vessel pressure drops
bellow 445 psia +10
seconds delay time

LPCI Permissive pressure (psi) 295.

LPCI-isolation valve closed Vessel pressure drops
' below 275 psia +
| 30 seconds delay time

Decay heat ANSO .79 + 0%

ECCS water temperature 322. K
(120 F)

;

l
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3.2.2 Initial Conditions

The initial conditions used in the calculation are summarized in Table 3-2. The

bundle powers in the hot bundle, average bundle and peripheral bundle are 6.03 MW,
4.39 MW and 2.16 MW, respectively. This power distribution corresponds to radial )

power peakings of 1.40, 1.02 and 0.50. The axial peaking is 1.54 for all bundles.

| cnd the Maximum Planar Linear Heat Generation Rate (MAPLHGR) in the hot bundle is

12.0 kW/ft.

! 3.2.3 TRAC Nodalization

Figure 3-1 shows the TRAC nodalization of the reactor assembly for a typical
BWR/4-251 plant. The reactor vessel is simulated using a VESSEL component with 11
cxial levels, 4 radial rings and I azimuthal sector for a total of 44 VESSEL 3-dimen-

! cional cells. This nodalization is guided by considerations of reactor geometry and
governing phenomena. The axial levels are located to provide geometric definition of
principal regions (e.g., lower plenum) and to provide connecting points for compo-
nents (e.g. jet pumps) . The outer radial. ring models the downcomer region and the

,

three inner radial rings describe the radial subdivision of the core and bypass

! region, inside the shroud and the associated guide tubes, fuel channels and steam

separators.

The reactor core occupies two axial levels (levels 4 and 5) in the inner three

radial rings. Inner ring #1 corresponds geometrically to 88 bundles located around
I the core center. These 88 bundles are assumed to be the hot bundles with bundle

power of 6.03 MW. They are modeled by two High Power CHANs with 33 bundles in High
Power CHAN #1 and 55 bundles in High Power CHAN #2. This utilizes the new capability

I in TRACB04 to have multiple channels in the same vessel cell. This grouping allows
the two subgroups of hot bundles to have different flow configurations, if calculated.
The outer ring #3 contains of all 92 peripheral bundles whfch have smaller inlet
orifices. These 92 bundles with assumed bundle power of 2.16 MW are modeled by one
Low Power CHAN component. The central ring #2 represents the remaining 584 bundles.
These bundles with assumed bundle power of 4.39 MW are modeled by one Average Power

CHAN component.

j
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Table 3-2

BWR/4 CALCULATION - Initial Conditions

POWER

Total reactor power (MW) 3293.

Hot bundle power (MW) 6.03

Average bundle power (MW) 4.39

Peripheral bundle power (MW) 2.16
,

Max. linear power rate (kW/ft) 13.4

Gap conductance (W/m K) 5600.0

-FLOW

Total steam flow (kg/s) 1637.

Total core flow (kg/s) 13088.

i

t

i

f

J.

r

|
'
_

4

i

|
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Figure 3-1. TRAC Nodalization BWR/4 Reactor Assembly
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Three PIPE components, one in each of the three inner rings, are used to model.

the 185 guide tubes in a BWR/4-251 plant. These PIPE components represent 22, 146
and 17 guide tubes in Rings 1,2 and 3, respectively. Similarly, threr SEPARATOR

components (one in each of the three inner rings) are used to model the 211 steam
separators. The numbers of steam separators are 25, 161 and 25 in Ring #1, 2 and 3,
respectively. The 2 recirculation loop are modeled by one broken loop and one intact
loop in the TRAC calculation. Each loop consists of one suction PIPE component, one

recirculation PUMP component, one LPCI isolative VALVE component, and one TEE compo-

nent with the primary tube simulating the discharge pipe and the secondary tube

conne. ting to a LPCI FILL component. The LPCI FILL component uses an appropriate
pressure versus velocity table to simulate the LPCI flow rate. The discharge pipe of

the recirculation loop connects to the drive line of the JETP component. Each JETP
component simulates 10 jet pumps.

,

; The ECCS lines are modeled by 3 PIPE components, each one is connected to a FILL

component with, appropriate pressure versus velocity table to simulate the LPCS flow

rate.- The othep ends of these PIPE components are connected to the peripheral cell
in the upper pletum, representing spray nozzles with different angle and elevation.

The ECC spray sources and distributions are calculate'd by the upper plenum model (2).

3.3 RESULTS

~
>

) Immediately following the break, the jet pump discharge flow in the broken loop
.

reverses while the jet pump discharge flow in the intact loop initially increases and
'' then slowly reduces with recirculation pump coast-down. As a result, the core flow 1

j ; is greatly reduced. The reduced core flow causes an early boiling transition in the

high power fuel bundles.

The downcomer level drops rapidly as a result of the break flow. When this

level drops below the break location a reduction in break mass flow and an increase
!~ in the depressurization rate occur. The increased depressurization causes the liquid

in the lower plenum to flash and a temporary large upflow through the core and jet
pumps results. The good heat transfer provided by this upflow completely quenches

*i
-

the fuel bundles'', Following lower plenum fleghing, the liquid drains out of the core
4

h" ,

and a heat up of the fuel occurs again. This heat up is more wide spread and observed
for both the high and average power bundles.

I s >

'T)'
'

\

:

I
l.

'
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'
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3-6

\
,

,~ *



- . . - - .. - _ ._~ . . _ . - -~

k 4

f>
N ,

,

When tha\ pressure in the vessel is low enough, the LPCI comes on. The LPCI

fw ter is injected into the jet pump drive lines and through the jet pumps into they;

# ower plenum. In the jet pumps a large amount of condensation occurs on the LPCI1

flow coming in through the nozzles. The condensacion process is fed by steam enter-
ing the jet pump suction from the downcomer. As a result, the LPCI water is satu-

.

rcted as it leaves,the jet pump discharge. This fills the lower plenum with a
two-phasemixture,whichsubsequentlyfloodsintothecoreandquenchesthesecond
h:stup in all bundles.

.

The sequence of important events of this calculation is summarized in Table 3-3.
a

Reactor scram.. recirculation pump trip and feedwater pump trip occurred immediatelyi

following the pipe break. The battery was assumed to have failed at time zero, which,

resulted in failure of the HPCI, 2 LPCIs and 1 LPCS. The MSIV trip also occurred at

time zero. The MSIV has a delay time of 0.5 seconds and closure time of 5.0 seconds.
Itdullyclosedat5.5secondsintothetransient.

,

;' Figure 3-2 shows the. steam done pressure for the BWR/4 DBA transient.' The steam
4

done depressurized at a race of 1.2 bars per second from 0.0 to 5.0 seconds. The
steam done pressure rose about 2 bars at 5.5 seconds due to the MSIV closure. After

j the suction pipe uncovery at 7.6 seconds, the steam done resumed depressurizaticn at
'

a rate,of 1.4 bars per second.
I

j. The break flows from the broken suction pipe connected to the vessel and from

'the drf.ve line in the broken loop are shown in Figures 3-3 and 3-4, respectively.

The times of uncovery for the drive line (5.0 seconds) and suction line (7.6 seconds)
cre indicated distinctly by the sudden reduction in break flows.

>

The LPCIs came on at 40.2 seconds and the LPCI isolation valves closed at 69.1
Before the isolation valves closed, the LPCI w'ater, injected into the broken

b' seconds.
3

loop drained down to the break location and became part of the break flow. At 1.5
seconds af ter the valves closed, the drive flow in the broken jet pump (Figure 3-4)
changed to about 800 kg/s, which was the LPCI flow rate injected into the broken jet
vi
pump. /

,

9

.

b

%

i

\
I I
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Table 3-3

SEQUENCE OF EVENTS FOR BWR/4 DBA RECIRCULATION BREAK

Event Time (sec)

Recirculation line break 0.0

Power scram 0.0

Feedvater pump trip 0.0

Recirculation pump trip 0.0

Battery failure (HPCI, 2 LPCI. 1 LPCS) 0.0

MSIV closure started 0.5

Feedwater off 1.0

Jet pump drive uncovery 5.0

MSIV fully closed 5.5

Recirculation suction line uncovery 7.6
,

First boiling transition in PCT Node 3.6

Onset of lower plenum flashing 9.0

Second boiling transition in PCT node 31.0

LPCS on 38.5

LPCI on 40.2

LPCI Isolation valves closed 69.1

Second boiling transition quenched 81.0

,

I
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The jet pump discharge flow in the broken loop is shown in Figure 3-5. The

discharge flow reversed at about 0.75 seconds following the pipe break and remained
negative until 73 seconds. At 73 seconds (4 seconds after the isolation valves

closed), the discharge flow changed to positive and remained constant for the rest
of the calculation.

Figure 3-6 shows the jet pump discharge flow in the intact loop. The dis-

charge flow initially increased and then slowly reduced as the recirculation pump

coasted down. The LPCI water injected into the intact loop af ter 40 seconds and

slowly filled up the lower portion of the loop. The loop became full at about 53

seconds. As a result, the discharge flow became positive after 53 seconds.

Figure 3-7 shows the mass inventories in the lower plenum and core normalized
to the initial values. The onset of lower plenum flashing occurred at 9 seconds,

which is clearly shown by the sudden drop of mass inventory in the lower plenum.
The mass inventory in the lower plenum decreased monotonously until 53 seconds. At
this time it reached the minimum value of 26% of the initial inventory. After 53

seconds, the mass inventory increased continuously due to the LPCI flow from the
intact loop and reached 50% of the initial inventory at 73 seconds. After the LPCI

isolation valves closed, the lower plenum refilling rate was about twice that

before 73 seconds. At 87 seconds, the mass in the lower plenum had filled to about
75% of the initial inventory.

The mass inventory in the core showed a sudden rise in value at 9 seconds
corresponding to the onset of lower plenum flashing. After that the core mass

decreased monotonously and reached the minimum value of 6% initial inventory at 73
seconds. Shortly after the mass in the lower plenum had refilled to 50% of the

initial inventory, two-phase mixture started flooding rapidly into the core. The

core mass reached about 50% of the initial inventory at 80 seconds. After this

time, the core was completely quenched by the reflooding two-phase mixture.

The refilling and reflooding process during a BWR/4 large break LOCA was pre-
viously simulated by system transient test in the Steam Sector Test Facility (SSTF)
Reference 4). The test was conducted by initializing the mass distribution to that

expected in the transient when the pressure reaches 150 psia (expected to be approxi-
mately 50 seconds after the LOCA) and then blowing the system down through a break.
Figure 3-8 shows the regional mass of this system test. The lower plenum mass was

3-12
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initialized at 27% filled and reached 60% filled within 40 seconds from the start of
the test. The core mass was initialized at 4% filled and showed a sudden rise when
the lower plenum reached 40 % filled at 10 seconds after the start of the test. The

core was filled to 50% within 25 seconds after the start of the test.

In this calculation, the system pressure (Figure 3-2) reached 150 psia at 48
seconds after LOCA. This timing compares very well with the test expected value of
50 seconds. One to one comparison between the test and calculation is not possible
due to different geometry and initial conditions. However, by qualitatively com-
paring the last 40 seconds of the calculation (Figure 3-7) to the first 40 seconds of

the test (Figure 3-8), it can be concluded that the calculated refilling and reflood-
ing processes agree very well with those observed in the SSTF test.

Figures 3-9 through 3-16 show the mass flows at the bottom (side entry orifice)
and at the top of bundle for Low Power CHAN, average Power CHAN, High Power CHAN #1

and High Power CHAN #2. These CHAN components simulate 92 peripheral bundles, 584

average power bundles, 33 and 55 high power bundles correspondingly.

For all types of bundles, the side entry orifice (SEO) flows (Figures 3-9, 3-11,
3-13 and 3-15) remained co-current upward until the suction line uncovery (7.6
seconds). After the suction line uncovery, more steam in the downcomer was allowed

to escape from the break and the pressure in the downcomer region dropped faster than
that in the lower plenum. As a result, the discharge flow of the intact jet pump
reversed and all SEO flows became co-current downward. The core inventory drained
down to the lower plenum during the time period from 7.6 seconds to about 9.0 seconds.
At 9.0 seconds, the lower plenum started flashing, which caused the core flows to be
upward again.

After the LPCI isolation valves closed at 69.1 seconds, both the intact and
broken jet pump started filling up with LPCI water, i.e., started blocking off the

lower plenum steam from escaping through the jet pumps. As a result, all SEO flows
became upflow after 70 seconds.

Shortly after the lower plenum had refilled to 50% full by the LPCI flows, the core
started reflooding from the lower plenum and the SEO flows of all types of bundles
showed large positive upflow thereafter.
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For the low power bundles, the top flow (Figure 3-10) was co-current upward
until 15 seconds. After 15 seconds, the top flow was counter-current until the jet
pumps were filled with LPCI water. For the average power bundles, the top flow
(Figure 3-12) was co-current upward until 23 seconds, then it switched to counter-
current until 70 seconds. For the high power bundles (Figures 3-14 and 3-16), the
top flow was co-current upward until 40 seconds, then it changed to counter-current
flow until 70 seconds. After 70 seconds, the top flows of all types of bundles
changed to co-current upflow due to reflooding from the lower plenum.

Figure 3-17 shows the void fraction at the central cell in the upper plenum.
After the LPCS came on at 38.5 seconds, the upper plenum started to accumulate liquid
and formed a pool of two-phase mixture due to CCFL at the top of all bundles. How-

ever, no significant subcooling was observed at the top cell of any bundles for the
vbole transient calculation.

Figures 3-18 through 3-21 show the Peak Cladding Temperature (PCT) in the low
power, average power and high power bundles. The PCT calculated by the High Power
CHAN f1 and High Power CHAN #2 are almost identical in this case. As shown in Figure
3-18, the low power bundles did not have any heat up in this calculation. The
average bundles (Figure 3-14) started heating up at 34 seconds. They reached a peak
value of 550*K at 56 seconds. At this time the heat transfer by the ECC spray water
down flow from the upper plenum turned over the temperature in the average bundle.
The second heat up was about half cooled down by the ECC spray water at the time when
the LPCI valves closed and was completely quenched at 79 seconds due to bottom
flooding.

For the high power bundles (Figures 20 and 21), the first boiling transition
started at 8.6 seconds, and reached a peak value of 630*K. The first boiling transi-

tion was quenched by the upward core flow induced by the onset of lower plenum
flashing. The second boiling transition started at 31 seconds and reached a peak
value of 620*K at 65 seconds. At this time the heat transfer by the ECC spray water
downflow turned over the temperature in the high power bundles and held the tempera-
ture between 610 and 620*K until bottom flooding. The second heat up was completely
quenched at 81 seconds due to bottom flooding.

.
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3.4 MAIN OBSERVATIONS

From the BWR/4 DBA calculation a number of observations concerning the perfor-
mance of the TRACB04 code and BWR/4 during a LOCA can be made:

TRACB04 performance

o The overall performance of TRACB04 has been improved making it significantly
easier to use than previous versions of the TRAC-BWR code. In particular, the

improvements on the " water-packing" detection logic developed under the FIST
program have been tested and the performance is very satisfactory.

BWR/4 LOCA characteristics

o The.ECC spray water from one LPCS forms a pool of two-phase mixture in the
upper plenum due to CCFL'at the top of all bundles. The liquid down flow from
the upper plenum into the core produces sufficient heat transfer to turn over

the second heat up and hold the hot spot at a low temperature level of 620*K
until bottom flooding of the core.

The injection of LPCI water through the jet pumps into the lower plenum blockso

off the lower plenum steam from escaping through the jet pumps. Furthermore,
due to condensation on the LPCI water fed by steam from the downcomer, the LPCI
water is saturated as it enters the lower plenum. Both of these features

accelerate the entry of more two-phase mixture into the core. The core is
flooded and completely quenched in 12 seconds after the LPCI isolation valves

are closed. If the LPCI water were injected directly into the lower plenum,
some of the above advantages would not be realized and the core reflooding and
quenching would take relatively longer time to occur.

The maximum peak cladding temperature was 630*K and occurred shortly after theo

break.
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SECTION 4

RUN-TIME STATISTICS
1

In general, the ratio of the Central Processor Unit (CPU) execution time to the

real time depends on the size of the nodalization and phenomena involved in the cal-

culation. The run-time statistics for the BWR/2 and BWR/4 DBA calculations with
TRACB04 are listed in Table 4-1. For the DBA transients which included the blowdown,

rod heatup and quenching, the run-time ratios are 119 and 126 for the BWR/2 and BWR/4
respectively. These ratios are about 4 and 6 times larger than those for the
steady-state calculations.

Direct comparison of run-time statistics on BWR/2 and BWR/4 DBA transients with
different versions of TRAC-BWR is not possible due to lack of data. However, the
first ten seconds (blevdown phase) of a BWR/6 DBA transient has been performed using

TRACB02 TRACB03 and TRACB04. This BWR/6 case was nodalized with 44 VESSEL cells and
a total of 35 one-dimensional ecmponents. The size of this nodalization is compatible

with those used in the BWR/2 and BWR/4 DBA calculations. Table 4-2 shows the summary
of run-time statistics on the BWR/6 DBA case with TRACB02, TRACB03 and TRACB04. A

comparison of the CPU to real time ratio on the steady-state case shows there is a
factor of 21 improvement from TRACB02 to TRACB04. On the transient case, the improve-

ment factors are 5.2 and 4.2 from TRACB02 and TRACB03 to TRACB04
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Run-Time Statistics for the BWR/2 and BWR/4 DBA
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3'' Table 4-2
,

1

Susmary of Run-time Statistics on the BWR/6 DBA Calculations
with TRACB02, TRACB03 and TRACB04

"'**

Case Problem time (sec.) Ratio (= Real Time)

BWR/6 Steady-state 0.0 - 1.00 301.1
i

. .with TRACB02

BWR/6 Steady-state
with.TRACB03

BWR/6' steady-sthte 0.0 - 10.03 14.1
with TRACB04

ll
BWR/6 DBA Transient- 0.0 - 10.04 372.0
with TRACB02

BWR/6 'DBA Transient 0.0 - 10.04 300.4
with TRACB03 \,

n,

BWR/6 DBA Transient 0.0 - 10.04 72.3
-with TRACB04
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SECTION 5

CONCLUSION

'A BWR/2 and BWR/4 DBA has been performed.to provide the best-estimate calcula-
tional data for these cases, and to assess the overall performance of TRACB04 in

r:alistic plant simulations. In general, TRACB04 is more user-friendly, efficient
cad reliable than its predecessors. This is attributable to the implementation of
the fast numerics, the improved Water-packing logic, and the time step control logic
en the rate of change and rate of convergence on primitive variables.

The major conclusions from the BWR/2 DBA calculation are:

-(a) The containment model and air option implemented in TRACB04 work well
and generate reruits in agreement with engineering judgement.

.(b) The containment response provides a beneficial feedback on the LOCA. The
higher reactor vessel pressure helps the heat transfer process. The effect

of the back flow of air into the vessel was to reduce the condensation in

the upper plenum and retain subcooling in the ECC water. This enhances the
spray heat transfer in the latter part of the transient.

(c) The maximum PCT was quite low (1053*K) and and occurred early in the
transient.

,

f 4

(d) The maximum drywell and wetwell pressures were 3.06 bars and 2.94 bars,
respectively, well within the design limits.

The major conclusions from the BWR/4 DBA calculation are:

; (a) The maximum PCTs for both the first and second peak were very low (630*K

and 620*K. respectively).

(b) The hot spots in the core were completely quenched shortly after the LPCI
isolation valves closed.

i
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