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SUMMARY

WCOBRA/TRAC has been used to model selected tests conducted at the Oregon State University
(OSU) integral systems test facility, which is a scaled model of the AP600 plant. The tests simulated
a small-break loss-of-coolant accident (LOCA), which transitions into the long-term cooling (LTC)
transien’, where core cooling was accomplished using only the passive safety systems. A
WCOBFA/TRAC model was developed to predict the LTC thermal-hydraulic phenomena of the OSU
tests. A Phenomena Identification Ranking Table (PIRT) was developed to identify the key thermal-
hydraulic phenomena for the LTC transient. The PIRT indicates the key phenomena that the
WCOBRA/TRAC code must model to ensure that the code is suitable for application to the AP600
LTC analyses.

Several OSU LTC tests that encompassed the expected range of conditions for the AP600 plant were
simulated. Comparisons of the test data and the WCOBRA/TRAC predictions indicate that
WCOBRA/TRAC can accurately model the key PIRT phenomena and is applicable for calculating the
AP600 plant LTC transient.
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L0 INTRODUCTION

1.1 Purpose of the Report

This report evaluates the performance of WCOBRA/TRAC in predicting the long-term cooling (LTC)
thermal-hydraulic effects observed in the Oregon State University (OSU) integral systems test facility,
a reduced-pressure, reduced-height facility. These tests have been scaled to the AP600 plant, including
the passive safety systems. The OSU facility, the test data, and the analysis of data from these tests
are described in References 1-1, 1-2, and 1-3.

The objective of this report is to examine the capability of WCOBRA/TRAC to predict key LTC
thermal-hydraulic phenomena, as defined in the Phenomena Identification Ranking Table (PIRT), that
were observed during selected transient tests.

1.2 WCOBRA/TRAC Code Role in AP600 Safety Analysis

COBRA/TRAC was originally developed for the U.S. Nuclear Regulatory Commission (NRC) at
Pacific Northwest Laboratory. Westinghouse then modified the code, added specific models, and
developed the basis for applying the code for safety analysis. The code name was changed to
WCOBRA/TRAC to reflect the Westinghouse modifications.

COBRA/TRAC is a combination of two codes, COBRA-TF and TRAC-PD2. The COBRA-TF
computer code uses a two-fluid, three-field representation of two-phase flow. Each field is treated in
three dimensions and is compressible. The three fields are: a continuous vapor field, a continuous
liquid field, and an entrained liquid drop field. The conservation equations for each of the three fields
and for heat transfer from and within the solid structures in contact with the fluid are solved using a
semi-implicit, finite-difference numerical technique on an Eulerian mesh. COBRA-TF utilizes
extremely flexible noding for both the hydrodynamic mesh and the heat transfer solution. With this
flexibility, the wide variety of geometries found in components of nuclear reactor primary systems can
be modeled.

TRAC-PD2 15 a code designed to model the behavior of the reactor primary system. It features
special models for each component in the system. These include accumulators, pumps, valves, pipes,
pressurizers, steam generators (SGs), and the reactor vessel. With the exception of the reactor vessel,
the thermal-hydraulic response of these components to transients is treated with a five-equation drift
flux representation of two-phase flow. The TRAC-PD2 vessel module has been removed, and
COBRA-TF has been implemented instead as the new vessel component in TRAC-PD2. The resulting
code is COBRA/TRAC. The vessel component in COBRA/TRAC has the extended capabilities of
three-field representation of two-phase flow and flexible noding.
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WCOBRA/TRAC has two roles in the AP600 analysis plan:

* WCOBRA/TRAC is used for the large-break loss-of-coolant accident (LOCA) with the
approved best-estimate methodology.

* WCOBRA/TRAC is used in an Appendix K version for the calculation of the AP600 plant
performance for the LTC portion of both small- and large-break LOCA transients.

Since WCOBRA/TRAC was onginally developed as a best-estimate large-break LOCA code, use of
this code for the AP600 is straight-forward and logical. The LTC transient is a quasi-steady-state
situation in which the venting of the flow from the automatic depressurization system Stage 4 (ADS4)
valves is the pnimary flow path out of the reactor coolant system (RCS). The pressure drop in the
RCS as the flow is vented uffects the absolute pressure within the RCS, which then affects the
injection flow from the sump or in-containment refueling water storage tank (IRWST). The effective
driving heads for the IRWST, and particularly for the sump injecti~n, are measured in feet of water
Therefore, while the system is in a quasi-steady state, there is a delicate pressure balance that can
significantly ffect the injection flow into the RCS.

Because of the small driving heads, the importance of the pressure drops in the system, and the fact
that these pressure drops are dependent on the flow regirane that the code would calculate for a
particular component, as well as the modeling needed for the hot legs and ADS4 piping, it was decided
10 use the most accurate low-pressure code to predict the AP600 LTC transient, WCOBRA/TRAC.
WCOBRA/TRAC has been compared to a wide range of low-pressure gravity reflood systems tests
such as the Cylindrical Core Test Facility (CCTF) and the Slab Core Test Facility (SCTF), as well as
low-pressure separate effects tests such as FLECHT, FLECHT-SEASET, and FEBA, as discussed in
Reference 1-4. The WCOBRA/TRAC comparisons to the low-pressure gravity reflood tests give
added confidence that this code accurately represents the low-pressure gravity reflood processes
expected for the AP600 LTC transient.

The objective of the AP600 LTC plant analysis i to show that the AP600 passive safety systems have
the same pedigree as active systems to provide core cooling. Therefore, the AP600 SSAR plant
calculations are performed in a conservative manner using the Appendix K assumnptions, which
maximize the decay power 1o be removed, and use the upper bound line resistances such that the
imjection and venting capability is challenged in a conservative manner. Once the pedigree of the
passive systems is established, simpler methods can be used to estimate the injection flows and the
system behavior

1.3 Important AP600 Long-Term Cooling Phenomena
The small-break LOCA and LTC periods are shown in Figure 1-1. LTC is defined as the time after

which injection from the IRWST has become stable, until the plant is recovered. The same definition
apphes for the LTC penod after a large-break LOCA. The AP600 passive safet; systems indefimitely
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provide post-accident core cooling. The cocling flow path is from the downcomer, through the core to
the containment via ADS Stages 1 to 3 (ADS1-3), ADS4, and the break. Steam generated in the core
is vented to containment and condensed on the containment shell. The condensate is directed into the
IEWST and the sump where it can then flow into the core through the direct vessel injection (DVI)
line. The core-generated energy is removed from the containment by the passive containment cooling
system. The closed-circuit reflux condensation process ensures adequate cooling inventory to maintain
the core in a coolable state indefinitely.

The PIRT for the LTC transient is shown in Table 1-1 and identifies the key phenomena of interest.

When the reactor system is in the LTC mode, the primary system is drained to the hot leg level, such
that the primary side of the SGs, the pressurizer, and the upper head of the reactor vessel are filled
with stagnant steam. The core makeup tanks (CMTs) and accumulators have already injected, and the
passive residual heat removal heat exchanger (PRHR HX) is not active because either the temperature
difference across the heat exchanger is small, or IRWST level will have drained and uncovered the
HX. The injection flow to the vessel comes from the IRWST as long as the IRWST head is larger
than the sump head. If the IRWST has drained to the sump level, there will be injection from both
the sump and the IRWST. If the IRWST has drained further and the sump head is larger, vessel
mnjection is from the sump alone. Gravity-driven flow from the sump or IRWST is directed to the
reactor vessel through the DVI line into the downcomer.

The driving force for the injection flow is the head of the sump fluid as well as the absolute pressure
difterence between the top of the sump and the RCS pressure in the downcomer. The driving force
for core cooling is the level in the reactor downcomer, which provides the elevation head .o drive the
flow through the core and out of the hot leg and the ADS4 valves. Inclusion of a large vent path on
the top of the hot leg through the ADS4 valves provides a low-pressure drop vent path so that ample
flow through the core occurs. If this is compared to operating plants, the same downcomer head must
drive the core flow through the SG p~mary side, which superheats the primary fluid and creates a
back pressure that reduces the core inlet flow (steam binding). This situation is avoided in the AP600
by using the large vent areas on the top of the hot legs so that very little flow, if any, goes through the
SGs. Also, once the IRWST drains, the ADS1-3 vent path is also available to vent the core-generated
steam flow to the containment.

At the start of LTC, the DVI nozzles inject the colder water at the bottom of the IRWST. Toward the
end of IRWST injection, the injected water temperature increases because of the energy that has been
deposited in the IRWST from the PRHR HX and ADS1-3. The increased injection temperature,
combined with the reduced IRWST flow that is due to the decreasing level in the IRWST results in a
net steam generation in the core. The reactor primary system accommodates the steam generation due
to the venting of the ADS4 valves. After the IRWST has drained, water will be injected from the
sump. As water is injected from the sump. the flow is reduced further due to the lower sump draining
head, and the mnjection temperature increases toward saturation. This results in a higher rate of steam
production in the core, anc reduced mass inventory in the core. However, the reduced inventory in the
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core does not imply a core uncovery; rather, the void fraction in the core increases as more boiling
occurs.

Since the entire primary sysiem is near containment pressure, the resulting core flow is determined by
the gravity driving head in the downcomer, the head in the core, and the two-phase pressure drop in
the core, hot iegs, and ADS4. The LTC PIRT is given in Table 1-1 and contains the phenomena
ranking for the IRWST injection phase as well as for the sump injection phase. Most of the highly
ranked items are the same for both [IRWST and sump injection. The levels in the core, upper plenum,
and downcomer are all ranked high since the levels determine if the core remains covered and
coolable. Most of the RCS components above the hot legs and cold legs are empty and full of
stagnant steam and do not contribute to the LTC phenomena. These components are either ranked
very low in the PIRT or are not applicable for this period of the transient. The decay power is ranked
high since this is the source of steam generation within the vessel. Using the Appendix K assumptions
for the decay heat in the AP600 plant calculations will clearly be conservative for the LTC period.

The hot leg flow pattern and the effects of the "T" connection at the top of the hot leg are ranked high
since these components determine the void fraction and quality of the flow that is vented out the
ADS4 valves. The venting of ADS4 valves is important since reduced ADS vent area or increased
pressure drop adversely affects the flow through the core and the core steam generation rate. Higher
ADS4 pressure drop reduces the core flow and increases the steam generation rate, and hence, the
volume of steam that must be vented.

The IRWST flow and the sump flow are ranked high since these flows are needed to maintain core
cooling. The temperature of the sump flow 1s also ranked high since a reduced subcooling of the
sump flow results in additional steam generation in the core which then must be vented.

The DVI line resistance is ranked high. This is an imponant quality, because for a given head
difference between the IRWST or the sump and the RCS, it is the DVI line resistance that determines
the flow into the reactor vessel.

All the parameters ranked high in Table 1-1 will be evaluated in the analysis of the OSU LTC tests.
1.4 Window-Mode Analysis of Long-Term Cooling

The AP600 small-break LOCA and LTC transients can extend for very long periods (typically $ to
24 hours), during which ume there is a stable injection from the sump into the reactor vessel. While
long simulations are possible, they are not practicable with WCOBRA/TRAC or any other existing
systems computer code due to the extremely long computer time that is necessary.

In the WCOBRA/TRAC preliminary LTC validation report (Reference 1-5), a "window-mode”
approach was used for the LTC calculations. The LTC transient 1s quasi-steady state, with very small
changes occurring over long periods of time. The flow through the primary system is “ery low, but
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sufficient to maintain core cooling. The pressures in the RCS, IRWST, and sump are constant with
very little variation, and the core decay power decreases slowly. Since this period of the transient is
nearly steady state, a window is analyzed to verify the adequacy of the WCOBRA/TRAC code for this
portion of the transient. The WCOBRA/TRAC window-mode approach is also used for the final
validation report as well as for the plant SSAR calculations.

The windows selected reflect the times when the core cooling has minimal margin and include the
following:

* Late IRWST injection phase when the injection fluid temperature increases and the driving
head is reduced

*  Sump njection when the sump temperature is high

For these situations, the window-mode calculations have been made for the OSU transients to compare
the WCOBRA/TRAC predictions with the OSU data. Initial conditions for the calculation were
obtained from the data. However, when the WCOBRA/TRAC code initiates the calculation, the code
expenences a transient as the mass distribution, which was mitially assumed, is redistributed and the
flows are initiated. Therefore, the WCOBRA/TRAC calculation must be performed for approximately
three times the primary system time constant so that the WCOBRA/TRAC calculated flows and mass
distributions reach a quasi-steady state similar to the tests. The calculational times used for the
WCOBRA/TRAC window-mode calculations were approximately 1,000 seconds long for each
window. At the end of the window time, the WCOBRA/TRAC calculation had reached a quasi-
steady-state condition and the results could be compared to the experiments.

To validate the WCOBRA/TRAC code for the LTC transient, the following four OSU tests were
examined:

SBOI - 2-in. cold leg break test. This is the reference test. The break becomes submerged in
this test as the sump fills.

* SBI0 - double-ended CMT balance line break test. This simulates a complete failure of an
8-inch balance line. The break location is above the flood-up level, so that venting through
the break can occur.

* SBI2 - double-ended DVI line break test. This simulates the complete failure of an 8-inch
mjection line. Sump injection is achieved earlier in ime when the core decay power is still
high: hence, steaming rates are large.

e SB23 - simulated 1/2-in. break at the bottom of cold leg 3. This small-break test has the
largest heatup of the IRWST due to the PRHR heat transfer and the ADS1-3. Therefore, the
IRWST injection temperature is the highest.
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These tests capture the thermal-hydraulic phenomena of interest for small breaks and LTC and are
suitable to validate the performance of WCOBRA/TRAC.
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TABLE 1-1
PHENOMENA IDENTIFICATION RANKING TABLE
FOR AP600 LOCA LTC TRANSIENT (Rev. 1)

" reak
Criucal flow
Subsonic flow M L
ADS Stages 1 10 3
Critical flow M N/A
Subsonic flow M L
Two-phase pressure drop L L
Valve loss coefficients M/L L
Single-phase pressure drop L 9
Vessel/Core
Decay heat H H
Flow resistance L L
Flashing N/A N/A
Wall-stored energy M M
Natural circulation flow and heat transfer M M
Mixture level mass inventory H H
| Pressurizer
Pressurizer fluid level L N/A
Wall-stored heat L N/A
Pressurizer Surge Line
Pressure drop/flow regime L L
| Downcomer/Lower Plenum
Pressure H H
Liquid level H
Condensation
Upper Head
Liguid level N/A N/A
Flow through downcomer top nozzies M M
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TABLE 1-1 (Cont)
PHENOMENA IDENTIFICATION RANKING TABLE
FOR AP600 LOCA LTC TRANSIENT (Rev. 1)

Upper Plenum
Liquid level
Entrainment/deentrainment
Cold Legs
Condensation

Separation at balance line tee

Steam Generator
20 - natural circulation
Steam generator heat transfer
Secondary conditions

Hot Leg
Flow pattern transition
Separation at ADS4 1ee

| ADS4
Criucal flow

Subsonic flow

| CMT

Recirculation injection

Gravity draining injection

Vapor condensation rate L L

CMT Balance Lines

Pressure drop N/A N/A
Flow composition L L
| Accumulators
Noncondensible gas entrainment N/A N/A
| IRWST
Gravity draining 1njection H M
Vapor condensation rate L L
Temperature distribution M M
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TABLE 1-1 (Cont)
PHENOMENA IDENTIFICATION RANKING TABLE
FOR AP600 LOCA LTC TRANSIENT (Rev. 1)

| DVI Line
Pressure drop

PRHR
Liguid natural circulation flow and heat transfer N/A N/A
Sump
Gravity dramning injection N/A H
Level N/A H
Temperature N/A H
Note:
1. H = High
M = Medium
L = Low
N/A = Not Apphcable

o

The rankings for steam generator heat transfer and secondary conditions are Low for IRWST injection after
a large break and Not Applicable for IRWST injection after a small break.
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AP600 SBLOCA Scenario
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Figure 1-1 AP600 Small-Break LOCA and LTC Scenario
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20 WCOBRA/TRAC OSU LONG-TERM COOLING MODEL

The Oregon State University (OSU) test facility is a quarter-scale model of the Westinghouse AP600
systems. It 1s a low-pressure, integral systems facility designed for test conditions up to 400 psig and
450°F. The facility consists of the following AP600 systems:

* Reactor coolant system (RCS)

* Steam generator (SG) system - primary side

* Passive core cooling system (PXS)

* Partial chemical and volume control system (CVS)

* Partial nonsafety-related normal residual heat removal system (RNS)
¢ Automatic depressurization system (ADS)

Detailed descriptions of these systems are given in References 2-1 and 2-2.

The WCOBRA/TRAC long-term cooling (LTC) model has the same components as the OSU test

facility. Figure 2-1 shows the components simulated by the model. The following subsections
describe the main components.

2.1 Vessel Component

The WCOBRA/TRAC VESSEL components are shown in Figures 2-2 through 2-9. These
components simulate the OSU test vessel that contains electrical heater rods as the energy source. As
shown, seven sections with 15 levels are used to model the vessel. Because the downcomer has four
main loop connections, the model downcomer is divided into four sectors, one section for each leg.

Section 1, shown in Figure 2 3, represents the lower plenum; it has one level and five flow channels.

Section 2, suown in Figure 2-4, represents the downcomer and the heater rod core; it has two levels
and one channel modeling the core. The total height of Section 2 is 39.62 in. This height is the sum
of the heater rod active length (36 in.) and the space between the top rod gnid and the upper core plate
(3.62 in.). Although the model provides a two-rod option, the simulation calculations use a constant
power level for hoth rods because the OSU tests used a uniform radial power distribution.

Sections 3 through 5, shown in Figures 2-5 to 2-7, represent the upper plenum region. Section 3
models the downcomer and the region above the upper core plate and below the bottom of the hot leg
nozzle; it has one level and six channels. Sections 4 and 5 model the upper-plenum region, hot legs,
downcomer, and cold legs. The cold legs and horizontal portions of the hot legs are modeled as part
of the vessel. This noding approach is used because countercurrent flow and flow stratification may
occur in the hot legs and cold legs duning LTC simulations. These phenomena could not be accurately
simulated if the hot legs and cold legs were modeled as one-dimensional pipes using the dnift-flux
approach. The upper plenum is represented by one channel for each section; two channels represent
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FINAL

each hot leg, aad three channels represent each cold leg. Using on this noding approach, Section 4
has nine channels, and Section 5 has 17 channels.

Sections 6 and 7, snown in Figures 2-8 and 2-9, represent the upper-head region. Section 6 has five
levels and three channels, and Section 7 has one level and two channels.

The code’s unheated conductors model the vessel metal structure. The surface boundaries of the
unheated conductors connect to the fluid channels.

Vertical flow channels simulate the axial flow paths, and the code’s gaps represent lateral flow paths.
There are 47 channels, 43 gaps, and 99 computational cells in the OSU vessel model.

22 Primary Loop

The primary loop includes the following major components: . pressurizer, two SGs with four reactor
coolant pumps (RCPs), valves, hot legs and cold legs, and a smige I'a=  These components are shown
in Figure 2-1 and described in the following subsections.

2.2.1 Pressurizer

The pressurizer vent line connects to the ADS Stages 1 to 3 (ADS1-3) valves. Because the code’s
star.dard PRIZER component does not have a vent line connection option, a PIPE component with five
cells vimulates the pressurizer (component 50). The top of the pressurizer connects to the ADS1-3
valves, and the bottom connects to the surge line (component 49). The surge line connects te hot

leg 2 (HL-2).

2.2.2 Steam Generators

The code’s STGEN component models the SGs (components 75 and 76) with 10 cells for the primary
side, and five cells for the secondary side. VALVE components simulate the main feedwater and
steam line isolation valves.

2.2.3 Reactor Coolant Pumps

The RCPs are part of the SG lower plenum. The code’s PIPE component models the pumps adjacent
to the STGEN outlets. TEE components connect the SGs and pumps. Components 59 through 62
represeni these pumps. PIPE components are used because the RCPs have coasted down complctely
before the start of the LTC phase, when the RCPs reprecent a simple flow resistance.
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2.2.4 Loop Lines

The code’s PIPE, TEE, and VALVE components model the primary loop piping. Components 49 and
63 represent the sloping portions of the hot legs. The horizontal portions of the hot legs are modeled

as part of the reactor vessel. The simulation preserves key elevations, fluid volumes, pipe lengths, and
pipe inside diameters.

2.3 Accumulators

The two accumulators are not modeled because they are empty before the LTC phase begins.

2.4 Core Makeup Tanks

PIPE components model the core makeup tanks (CMTs) (components 6 and 25). Balance lines
connect the top of the CMTs to the coid legs. The bottom of the CMTs connect to the direct vessel
injection (DVI) lines through tne CMT discharge lines. Each CMT has six cells. VALVE
components model the flow control valves and check valves in the connecting lines. The CMTs are
simulated, since the OSU CMTs refilled due to heat losses and condensation during the LTC period of
the tests.

2.5 Passive Residual Heat Removal Heat Exchanger/In-Containment Refueling Water
Storage Tank

Test data udicate that the passive residual heat removal heat exchanger (PRHR HX) is inactive in the
LTC phase because of open ADS Stage 4 (ADS4) valves and reduced IRWST water level. Therefore,
the PRHR HX is not modeled in WCOBRA/TRAC. PIPE component 93 models the IRWST tank.

2.6 In-Containment Refueling Water Storage Tank Injection Lines

Components 13 through 15, 32 through 34, and 48 model the two IRWST injection pipe lines and
associated valves. These pipe lines, simulated by the code’s PIPE, TEE, and VALVE components,
connect the IRWST and two DVI lines.

2.7 Automatic Depressurization System Stage 1 to 3 Valves

Component 46 models the ADS1-3 valves. In the AP600 plant, each set of valves has two flow paths.
The OSU test facility uses a one-flow-path, two-flow-path, or combination-simulation option
depending on the matrix test specification. In WCOBRA/TRAC, the ADS1-3 valves are modeled as a
single VALVE component. The VALVE component is open during LTC phase.

The sparger line is not modeled in the WCOBRA/TRAC LTC simulations. In the LTC mode, the
IRWST is draining and the sparger line is empty. Consequently, sparger line simulation is unnecessary.
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2.8 Automatic Depressurization System Stage 4 Valves

Components 64 and 67 represent ADS Stage 4-1 and 4-2 valves, respectively. These valves reduce
RCS pressure through HL-1 and HL-2. In the AP600 plant, each fourth stage has two flow paths. In
the OSU test facility, a single flow path is available with optional orifices to model either a single
valve (50-percent valve opening area) or two valves (100-percent valve opening area) to simulate the

various matrix test specifications.

2.9 Primary Sump Tanks

The head of sump water is represented by four BREAK components (components 518, 519, 536, 537).
These components connect to the IRWST injection lines by flow contrul valves (components 18 and
36) and check valves (components 19 and 37).

2.10 Break Component

The code’s BREAK component represents various breaks in the specified OSU test cases. BREAK
components also simulate conditions at the ADS1-3, and ADS Stages 4-1 and 4-2 outlets.

2.11 Normal Residual Heat Removal System
This system is not represented in any tests in this report.
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2-1. WCAP-14124, Volume 1 and Volume II, AP600 Low Pressure Integral Systems Test at
Oregon State University, Facility Description Report, July 1994,

2-2.  Dumsday, C. L., Carnter, M., Copper, M. H., Lau, L. K, Loftus, M. J., Nayyar, V. K., Tupper,
R. B, and Willis, J. W., WCAP-14252, Volumes 1-4, AP600 Low Pressure Integral Systems
Test ar Oregon State University, Final Data Report, May 1995.
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Figure 2-3 OSU Vessel Model - Section 1
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Figure 2-4 OSU Vessel Model - Section 2
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Figure 2-5 OSU Vessel Model - Section 3
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Figure 2-6 OSU Vessel Model - Section 4
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Figure 2.7 OSU Vessel Model - Section §
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Figure 2-8 OSU Vessel Model - Section 6
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Figure 2-9 OSU Vessel Model - Section 7
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3.0 WCOBRA/TRAC OSU MODEL VERIFICATION APPROACH

Section 2 describes the WCOBRA/TRAC modeling of the Oregon State University (OSU) test facility
components. This section discusses the WCOBRA/TRAC features that model the OSU boundary
conditiors and control processes, and describes the window-mode approach.

3.1 Reactor Vessel/Loop Connections

In conventional pressurized water reactor (PWR) modeling, the cold leg and hot leg pipes are modeled
as one-dimensional components. As described in Section 2.1, the WCOBRA/TRAC model for the

AP600 incorporates the cold leg and a portion of the hot ieg into the COBRA reactor vessel mode! to
allow detailed modeling of countercurrent flow and flow stratification.

The hot leg horizontal sections are modeled as part of the VESSEL component. e remaining
vertical portion of the hot legs are modeled as pipes connecting the rez.cior vessel and steam
generators. The four cold legs are also incorporated in the COBRA reactor vessel model and they
connect to the TRAC reactor coolant pump (RCP) components. Because there are two levels in the
cold legs and three leveis in the hot legs, with each level connected to the same one-dimensional
component cell, the code was revised to provide multi-connection capability between a TRAC one-
dimensional cell and several COBRA reactor vessel cells. Section 4.2 describes this code revision in
detail.

3.2 Power Shape and Decay Heat Curve

Figure 3-1 shows the OSU normalized axial power profile. A power shape with the step variation
simulating this profile was used as the power shape input for the WCOBRA/TRAC OSU mode!

Figure 3-2 shows the decay power after the simulated reactor trip. This power time history was used
during transient simulations. The total initial core power during steady-state operation is 600 kW.
The OSU bundle has 48 rods with the average power of 4.107 kW/ft. Each rod has an active length
of 3 feet.

3.3 Pressurizer and Core Makeup Tanks

PIPE components model both the pressurizer and core makeup tanks (CMTs). Each of these
components is initialized with saturated steam.

3.1 Automatic Depressurization System Stage 1 to 3 Valves
The ADS Stages 1 to 3 (ADS1-3) valves are three parallel sets of valves controlling flow between the

pressurizer and the sparger lines. In the AP600, each set of valves has two flow paths; however, in
the OSU facility only one flow path is provided for each set of valves. To simulate various valve
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failures, different sized orifices are inserted into each valve's flow path to represent valve failure
conditions.

In the WCOBRA/TRAC simulation, the three valve sets combine into one equivalent valve since the
ADS1-3 valves are fully open at the start of the long-term cooling (LTC) transient.

3.5 Passive Residual Heat Removal System Heat Exchanger/In-Containment Refueling Water
Storage Tank

The in-containment refueling water refueling storage tank (IRWST) is simulated as a pipe component
and break in order to apply a pressure boundary condition to the tank. The passive residual heat
removal heat exchanger (PRHR HX) is not modeled for the LTC transient because th’s system is not
effective during this period. It i conservative to ignore the PRHR HX since it condenses steam that
otherwise would hzve to be vented out the ADS4 valves. The ADS1-3 system is modeled assuming
the sparger is uncovered.

3.6 Line Pressure Loss

WCOBRA/TRAC calculates nonrecoverable pressure loss due to wall friction using specific models.
Add *‘onal form loss can be implemented by specifying the form loss coefficient for the reactor
channels. OSU pressure loss measurement test results (Reference 3-1) were converted into
nondimensional form loss coefficients. These pressure losses are compared to those obtained from
WCOBRA/TRAC model simulations. Stand-alone WCOBRA/TRAC modules were established to
verify that the calculated pressure drops agree with the test data. Table 3-1 shows the form loss
coefficient comparison between the test data and the calculated values.

3.7 Initial Conditions

Four cases are investigated in this report: SBO1, SB10, SB12, and SB23. The OSU Final Data Report
provides the LTC initial conditions for these cases (Reference 3-2). The transient calculation is
initiated using the test ~or litions as a guide. The WCOBRA/TRAC calculation is initially a transient
until the mass redistr.but ons occur and the flow stabilizes. Once steady, the calculation is compared
to the test data.

3.8 In-Containment Refaeling Water Storage Tank/Direct Vessel Injection

Two injection lines connect the IRWST to the two direct vessel injection (DVI) lines. Two types of
valves are used on each line: a flow control valve and a check valve, with the check valve on the
downstreamn side. The flow control normally closed; it opens when the pressure at the top of
the reactor vessel is equal to or le ' .. 57.4 psia. Each line resistance is different such that each
line is individually recorded.
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39 Long-Term Cooling Analysis Approach

The OSU test results have IRWST injection for periods greater than 10,000 seconds. Sump injection
begins when the IRWST level falls to the low-low level (15 percent full) or when the DVI line
pressuse fails sufficiently 10 open the sump check valves. In tests SBO1, SB10, and SB23, sump
injection continued for longer than 10,000 seconds, until these tests ended. In test SB12, the data
acquisition system failed after the start of sump injection and the test was terminated; however,
sufficient data were collected for companson with the simulation.

Even using the relatively coarse noding model for this analysis, modeling an entire test is not feasible
because of the computer analysis time required. Instead, the tests are modeled using the window-mode
approach, which examines a portion of the LTC transient since the OSU facility reaches a quasi-
equiiibrium state during the long periods of IRWST and sump injection. The calculation starts during
sump or IRWST injection with appropriate initial conditions, and the solution converges to the quasi-
equilibrium condition observed in the test. The nitial conditions for the window-mode simulations are
taken from the test data at or near the time period of interest. The changing conditions during the

long period of IRWST injection are sufficiently small and the window-mode calculations are
sufficiently long such that the solution obtained is independent of the assumed initial conditions. The
initial and boundary conditions required for the window-mode simulations, which are taken from the
tests, include the temperatures and water levels of the sump and IRWST, and the decay power. |

For each of the four test simulations, the selected window includes the start of sump injection. This
period has a low flow rate and a high temperature in the DVI lines and the highest core power of the
sump injection period. The window-mode simulations for test SBO1, SB10, and SB23 begin
approximately 200 to 400 seconds before the start of sump injection and typically run for 1,000
seconds. In the case of test SB12, the window selected is the final 1,000 seconds of IRWST injection.
During the initial approximately 400 seconds of each simulation, the solution approaches a quasi-
equilibrium state. Average values compared to the test data are taken during the 400 seconds after the
start of the window until the end of the window simulation.

310 Window Mode Sensitivity Study Calculations

A series of window-mode sensitivity calculations were performed to show the convergence of the
WCOBRA/TRAC calculation for a given test. Two tests were examined: SBO1 and SB10. Two
different types of sensitivity studies were performed. The initial level in the core and the initial
temperature in the downcomer were varied. The objective of these sensitivity studies was to show that
the WCOBRA/TRAC calculation reaches the same quasi-steady-state conditions regardless of the
mitial conditions assumed. The window-mode calculations are a boundary value problem in which the
final solution 1s determined by the imposed boundary conditions, not the assumed initial conditions.

In the WCOBRA/TRAC window-mode calculations, the IRWST conditions, pressure, and heater rod
power are the boundary conditions, while the fluid temperature and levels in the simulated vessel are
the initial conditions. As the calculation proceeds, the flow and the liquid temperature from the
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IRWST will replace the initial fluid conditions in the vessel and the calculation will converge to the
same quasi-steady-state end point.

In the SBO1 simulations, the initial collapsed level in the calculation was varied from the reference
condition. The reference collapsed level was at the top of the heated length of the simulated core.
The two sensitivity calculations varied the initial level from the top of the hot leg (overfilling the
vessel), to 75 percent of the initial core level (underfilling the vessel). The calculations had the same

imposed boundary conditions of pressure, power, and IRWST conditions, and began at 14,000 seconds
into the transient.

The upper plenum pressure is shown in Figure 3-3 for all three calculations. As the figure indicates,
variation occurs at the beginning of the calculation; however by 14,320 seconds, or 320 seconds of
calculation time, the pressures converge. This behavior is seen in Figure 3-4 for the downcomer
levels. Figure 3-4 shows that the system adjusts for the difference in the initial collapsed level in the
vessel. The initial low level increases and reaches the reference level case by approximately

14,380 seconds. Similarly, the initial high level decreases and reaches the reference level at the same
time. This behavior is also observed in the core levels in Figure 3-5 and in the upper plenum levels in
Figure 3-6. The upper plenum levels are the clearest indication of the system readjustment from the
initial conditions to the final quasi-steady-state conditions as imposed by the system boundary
conditions. Plots of the calculated void fraction at the top of the core and in the upper plenum in
Figures 3-7 and 3-8 also show the convergence to quasi-sicady-state values.

The calculated IRWST DVI-1 flow rates are shown in Figure 3-9, and the integral of these flow rates
is given in Figure 3-10. These valves for DVI-2 are given in Figures 3-11 and 3-12. Comparison of
DVI flow rates with the level plots in Figure 3-3 clearly shows that the case with the initial low level
has higher DVI line flows due to a greater initial driving head for the IRWST; whereas, the case with
the higher initial level has lower DVI flows due to the lower imitial IRWST driving head. As the
figures indicate, all the flows become the same, the vessel levels stabilize, and the flows are identical
after 14,480 seconds. This flow behavior is confirmed by examining the DVI integral flow figures,
which show that the integral values become parallel after 14,480 seconds.

The core steam generation for the three cases is shown in Figure 3-13. As with the DVI injection
flows, some initial variation in the calculated steam flows from the IRWST occur in response to the
different initial level conditions in the vessel. However, after the flows stabilize, the steam generation
caiculated in the rod bundle becomes the same. This is also confirmed by the integrated core exit
steam flow shown in Figure 3-14.

The flow out of the primary system moves through the ADS4 valves located on each hot leg.

Figure 3-15 shows the ADS Stage 4-1 flow rate for the three cases, and indicates that after the levels
and the IRWST flows stabilize, the flow through the ADS4 valves also stabilizes. The assumed single
failure simulated in ADS Stage 4-1 has one-half the flow area of ADS Stage 4-2. Figure 3-15 and the
integral of the ADS Stage 4-1 flows in Figure 3-16 show that when the initial level is low, the ADS
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flow is nearly zero, because the IRWST flow is refilling the vessel. The ADS4 flow for the lower
initial level is nearly zero on Figure 3-15 until 14,160 seconds. When the vessel fills to its quasi-
steady-state level, the ADS Stage 4-1 flow increases and is equal to the reference level case. The
converse is true of the higher initial level case. In this case, the ADS Stage 4-1 flows are larger
because the vessel is initially overfilled and additional mass must be vented for the vessel to reach its
quasi-steady-state value. The ~ame behavior is shown in Figures 3-17 and 3-18 for ADS Stage 4-2.

The same initial level sens.tivity study was also performed using test SB10, which is a double-ended
cold leg balance line break. This break is elevated ard is not submerged as the sump fills to its
maximum elevation. Figures 3-19 through 3-34 show the same set of plots for the SB10 initial level
sensitivity study. Figures 3-19 through 3-22 show that the different initial levels quickly converge to
the reference case and become quasi-steady-state. The IRWST injection flows and their integrated
values are shown in Figures 3-25 to 3-28. Figures 3-25 through 3-28 also show that the system
quickly converges to guasi-steady-state injection (typically within 300 seconds). The steady injection
flow 1s also reflected in the steady calculated steam generation within the heater rod bundle and the
integrated steam flow, shown in Figures 3-29 and 3-30, respectively. The ADS Stages 4-1 and 4-2
flows and their integrated values are shown in Figures 3-31 through 3-34. The ADS4 flows show the
same behavior as observed in test SBO1, and the ADS flow quickly stabilizes and reaches the quasi-
steady-state value. The steady vaiues are confirmed by the slope of the integral flow figures.

In addition to the initial level sensitivity calculations, sensitivity calculations were performed for tests
SBO1 and SB10 with different initial downcomer fluid temperatures. These sensitivity calculations had
the initial collapsed level at the top of the heated core region.

The results of the SB10 initial temperature sensitivity calculations are shown in Figures 3-35 through
3-50. The reference calculation used a downcomer fluid ternperature of 150°F, while the sensitivity
calculation used an initial downcomer fluid temperature of 212°F. Figure 3-35 shows the pressure
quickly stabilizes approximately 300 to 400 seconds into the transient calculation time. The levels in
the downcomer, core, and upper plenum are shown in Figures 3-36 through 3-38. These levels also
quickly come to a quasi-steady-state value in 300 to 400 seconds of calculational time (13,900
seconds). A similar behavior is observed in the core top and upper plenum void fraction, as shown in
Figures 3-39 and 3-40. The IRWST injection flows and their integrated values are shown in

Figures 3-41 through 3-44. The figures show initial differences occur when the hotter dowrcomer
flow 1s lower than the reference case. However, as time progresses, the flows become equal, as
indicated from the flow plots and the parallel slope of the integrated flow values. The difference in
the IRWST flows 1s caused by the initial increase in the core steam generation rate due to the initially
hotter downcomer fluid temperature. The core steam flow is shown in Figure 3-45 and the integrated
value is given in Figure 3-46. The steam flow is initially higher for the hotter downcomer fluid case,
since the liquid flowing into the core boils more easily. There is a feedback effect of the higher
steaming rate that increases the pressure drop in the core, hot leg, and ADS4 valves when the steam 1s
vented. As the flow proceeds down the downcomer, heat 1s transferred to the metal walls in the
downcomer which lowers the wwmperature of the liquid flowing into the heater bundle and reduces the
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steam generation rate. Figures 3-47 through 3-50 show the ADS4 flow rates and the integrated flow
values. The ADS flows are initially higher for the hotter downcomer fluid case because more steam
initially vents out through the ADS4 valves. However, after the initial surge of hot liquid into the
core, the ADS flows quickly become stable and the slopes of the integral curves are identical.

A similar downcomer temperature study was also performed for test SBO1. The analysis results are
given in Figures 3-51 through 3-66. The observed behavior 1.r this test was the same as test SB10.
More initial level variation of the two cases occurs at the beginning of the window calculation as
shown in Figures 3-52 through 3-54. However, the levels quickly stabilize and reach a quasi-steady-
state value for the majority of the transient time of the window calculation. The remainder of the
calculated values in Figures 3-55 through 3-66 show a similar behavior and the results reach quasi-
steady-state values for the majonty of the transient window time.

3.11 References

3-1.  Westinghouse AP600 Long-Term Cooling Quick Look Report for the Flow Resistance
Determination, LTCT-T2R.-002, July 1994,

3-2. Dumsday, C. L., Carter, M., Copper, M. H., Lau, L. K., Loftus, M. J., Nayyar, V. K.,
Tupper, R. B., and Willis, J. W., WCAP-14252, Volumes 1-4, AP600 Low Pressure Integral
Systems Test at Oregon State University, Final Data Report, May 1995.
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‘ TABLE 3-1 '
( _ TEST AND CALCULATED PRESSURE LOSS COEFFICIENT COMPARISON ;

Total Line Resistance (fL/D+K)

Pipe Section

OSU Test Facility

WCOBRA/TRAC Model

CMT-1 Balance Line

a,b.c

11.81

CMT-2 Balance Line 10.48
CMT-1 to DVI-1 65.10
CMT-2 to DVI-2 60.65
IRWST to DVI-1 37.33
| IRWST to DVI-2 36.24
| SUMP 1o DVI-1 162.43
SUMP to DVI-2 E g 190.00
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4.0 MODEL IMPROVEMENTS ADDED TO WCOBRA/TRAC

This section describes the various code modifications made to the NRC-approved MOD7A version of
WCOBRA/TRAC for AP600. Most of the MOD7A code mudifications represent new model options
implemented for AP600 loss-of-coolant accident (LOCA) analysis applications. References 4-1 and
4-2 describe the MOD7A code version.

4.1 Check Valve Option, Type 6

The MOD7A code has five valve-type options for the VALVE component. These options are
described in Section 9.7 of Reference 4-1. Type § is used for check valve operation.

In the original subroutine, a specified ramp opens or closes the valve, taking several hundred time
steps. Under certain circumstances, the valve stays partially open and allows flow in both directions.

A Type 6 check valve has been added to the WCOBRA/TRAC code. The Type 6 valve is either fully
opened or fully closed in one time step. The check valve opens when the pressure gradient across the
valve reaches a user-specified value and closes when the pressure gradient is less than the specified
value, or when reverse flow is detected.

4.2 PIPE Ore-Dimensional Component Model Changes

The following changes made to the TRAC PIPE logics improve the modeling capability. User inputs
control the options that apply to the following modifications.

4.2.1 Condensation Blocking

Standard code logic condenses steam entering a computational cell using an interfacial heat transfer
correlation until the liquid in the cell reaches saturztion temperature. The code also allows steam to
penetrate into cells below this cell and cause increased condensation. In a water-filled core makeup
tank (CMT), significant interfacial condensation occurs only near the steam distributor. Therefore, an
option has been added to block interfacial condensation due to liquid subcooling in a user-specified
range of cells within selected PIPE components. The top CMT cell size should be chosen for each
geometry based on the zone where steam mixing is expected to occur.

4.2.2 Level Sharpening
The level sharpening logic, as discussed in Section 9.6 of Reference 4-1 and used in the TRAC PD-2
PRIZER (pressurizer) component, was added as an option to the PIPE component. This feature forces

the vapor and liquid to separate so that a more distinct hiquid level is calculated.

The level sharpening model applies to a range of user-specified cells within the PIPE component.
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4.2.3 Wall Condensation

As reported in subsection 6.3.10 of Reference 4-1, the TRAC one-dimensional component standa:d
direct v.all condensation is calculated as the maximum < . free-convection coefficient using the
McAdams correlation or the Dittus-Boelter correlation corrected by a multiplier linear with quality that
goes to zero at quality equal to 0.71. It applies ouly for vapor fractions greater than 0.05 and quality
greater than C.71. Further condensation results from convective heat transfer from the liquid phase
followed by interfacial condensation. These convective heat transfer coefficients underestimate wall
condensation effects for low-velocity steam, as observed in Reference 4-3. This underestimation is
addressed by providing an optional user-defined wall condensation heat transfer coefficient, which is
internally multiplied by the vapor fraction. For CMT applications, a value of [ | a1
recommended, based on the heat transfer analysis in Reference 4-4.

4.2.4 Level Trip Signal Generation

While the original TRIP subroutine in WCOBRA/TRAC adequately models pressurizer (PRIZER one-
dimensional component) setpoints, it is unable to use the trip points with the PIPE one-dimensional
components. For example, the original TRIP subroutine could not handle CMT level setpoints that
trigger automatic depressurization system (ADS) valve operation. A new subroutine (PIPE1X) was
added that calculates PIPE component water level for inclined pipes to allow PIPE component water
level trip signal generatton. The generated signal is passed to the existing logic and processed so that
response actions can be taken via the TRIP and TRIPSET subroutines. The user can select this
modification for each PIPE component.

4.3 Smali-Break LOCA Break Model

A modification to the TRAC-PF1/MODI critical flow model, discussed in subsection 4.8.2 of
Reference 4-1, has been implemented. Generally, AP600 test facilines use orifices of small relative
flow area to simulate small breaks. The TRAC-PF1I/MODI critical flow model assumes the piping
layout geometry is preserved by the input noding development. For example, if a piping layout
includes an orifice, a separate cell 1s used to preserve the geometry of the onfice (length, hydraulic
diameter, flow area, and the like) In this example, donor cell properties used by the break model are
governed by code-calculated conditions inside the orifice, which may be completely different from the
upstream pipe conditions. This is especially true for small orifices. In this example, uncertainty in
evaluations of orifice local conditions could dominate the choked flow solution. The new model uses
the upstream conditions in the pipe to evaluate critical velocity. To preserve the application of the
Alamgir, Lienhard, and Jones nucleation delay correlation used in the subcooled critical flow model
(Reference 4-1, Equations 4-272 and 4-273). the U, and AX terms are scaled from the upstream values
to the orifice g-ometry as follows:

U, = (U, as previously defined in Reference 4-1)/CHM
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and
AX = (AX as previously defined in Reference 4-1)(CHM)'”
where:
discharge multiplier, CHM = Cd * (flow area orifice/flow area pipe)
and

Cd = orifice entrance contraction coefficient

CHM is a user-defined term. In MOD7A, AX is the length of cell where critical flow is calculated.
In small-break LOCA applications where the critical flow occurs in the orifice, AX should equal
onfice thickness; however, because orifice geometry is not explicitly preserved in one-dimensional
component input, the above scaling is performed in njunction with the following input specification
process, preserving the Alamgir, Lienhard, and Jones nucleation delay correlation:

Cell length (DX) of the orifice cell = Hydraulic diameter (HD),,, * (L/D), .
Flow area (FA) of the orifice cell = Flow area (FA),,,
Hydraulic diameter (HD) of the orifice cell = (HD),,,
Volume (VOL) of the orifice cell = (FA),,, * DX

The above three specifications (DX, VOL, FA) will additionally satisfy the choked flow package,
specifying that A/A_ be less than 1.01. In this ratio, A, is the cell aea calculated as VOL/DX. Using
this approach, Reference 4-1, Equation 4-25, which evaluates the L/D of the adjacent donor cell, is
consistent with the geometry of the orifice.

The above input specification (DX, FA, VOL., HD) for the orifice cell must be rigorously preserved in
applications where subcooled discharge is expected (voud fraction less than 0.1), because the subcooled
Alamgir, Lienhard, and Jones nucleation delay correletion represents the local orifice condition

dependence.

In application, critical velocity based on upstream pipe conditions is calculated using the existing
model. Scaled critical velocity is then calculated as critical velocity multiplied by the CHM muluplier.
Finally, the momentum equation velocity solution is limited to scaled critical velocity. Note that this
modeling is not activated in the Oregon State University (OSU) long-term cooling (LTC) calculations
herein because cnitical flow does not occur.

WCAP-14777 REVISION: O
m\335Bw-4 wpf 1b-111296 4.3 NOVEMBER 1996



4.4 Time-Dependent Choked Flow Multipliers Model

This model is an extension of the small-break LOCA model described in the previous subsection. In
certain applications, break flow area may depend not only on orifice geometry but on time. An option
has been added to the code that allows the user to supplement the total break flow area multiplier with
a ime-dependent fractional flow area multiplier. The model is initiated in a single user-specified one-
dimensional component when trip number 200 is activated. This model can only be used in
conjunction with the small-break LOCA model (that is, when IBRKMOD is specified non-zero). An
example of this application is a noding that puts the Stages 1 through 3 of the ADS into a single
one-dimensional component. The time-dependent muitiplier array models the sequential tinie-
dependent opening of each stage of ADS when the CMT low-level trip is activated.

4.5 VALVE Component Choke Flow Model

Hydraulic choking is computed using input data in iuost TRAC one-dimensional components, such as
PIPE and TEE. Orniginally, MOD7A code choking capability did not exist for VALVE components;
however, for primary AP600 valves (such as ADS and check valves), a valve choking simulation is
necessary. Therefore, the code was extended to include choking capability for the VALVE
component. The extension is coded the same way that PIPE component choking 1s coded, as
described in subsection 4.8.2 of Reference 4-1. Potential VALVE component choking locations are
specified by input the same way that the PIPE component choking locations are specified. No such
locations are specified in the OSU LTC simulations.

4.6 User-Specified One-Dimensional PIPE Wall Area

In the MOD7A code, the PIPE inside wall area is determined from an internal calculation based on
user-specified values for cell length and volume. To make the code more flexible for complex
geometnies and noding applications, an added option allows the user to directly specify a cell inside-
wall area that overwrites the code internal calculation. Such input flexibility is already included in the
STGEN 1-D component. This option is not employed in the OSU test simulations.

4.7 One-Dimensional Component Improved Mass Conservation

Mass conservation can be violated in the one-dimensional WCOBRA/TRAC components when pure liquid
slowly injects into a vapor region. More specifically, the donor velocity could reverse at every time step.
The donor node is determined at the beginning of a time step, while the velocity is computed opposite (©
it within the same time step. Consequently, the mass convected from one cell is deposited into the same
cell and the mass increases. To solve this problem, when slow hquid injection into a large tank takes
place, the relative velocity was set equal to zero. This stabilizes the computation. As a result, the mass
increase is reduced by a factor of 30. This code update was not used in the WCOBRA/TRAC simulations
of OSU tests.
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5.0 OSU TEST DATA COMPARISONS WITH WCOBRA/TRAC CALCULATIONS

To demonstrate the adequacy of WCOBRA/TRAC to perform long-term cooling (LTC) analysis for
the AP600 plant, a set of calculations was performed with WCOBRA/TRAC and compared to the
Oregon State University (OSU) test data. The window-mode approach was used with the time periods
selected just prior to, during. or immediately following the switchover from in-containment refueling
water storage tank (IRWST) injection to sump injection. Calculations were performed for 1000
seconds in each case, with approximately the first 400 seconds defined as the initialization period that
was required to transition from the vessel initial conditions to a quasi-equilibrium condition that would
compare to the test data. The remaining 600 seconds showed a quasi-steady-state condition that could
be compared to the measured data. To show a representative selection of small breaks, calculations
and test data comparisons were performed for the following four tests:

* SBOI - 2-inch Cold Leg (CL) Break

¢ SBI0O - Balance Line Break

* SB12 - Direct Vessel Injection (DVI) Line Break
* SB23 - 1/2-inch Cold Leg Break

In each of the calculations, the boundary conditions appropriate to that time period were established
from the test data. The boundary conditions included:

¢ IRWST level, temperature, and pressure

e Sump level, temperature, and pressure

* Steam generator secondary-side conditions

* Core makeup tank (CMT) level and temperature
* Break separator level, temperature, and pressure
* Core decay heat level

Imual conditions, typically within the vessel, are those that do not influence the quasi-equilibrium
state. In these calculations, the following initial conditions were identified:

* Vessel initial fluid levels in downcomer, core, and upper plenum

* Vessel imtial fluid temperatures in downcomer, core, and upper plenum
* Initial vessel and internals metal temperatures

¢ Heater rod temperatures

* Intial system pressure

Initial conditions within the vessel were selected either from conditions observed during the test at the
start of IRWST flow or in a fashion that was conservative for the particular parameter. Specifically,
the downcomer fluid temperature was set at the test value observed at the start of IRWST flow. In all
cases this value was above the values observed subsequently during the tests and was considered an
upper bound temperature. The core liquid and heater rod temperatures were set slightly below
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saturation temperature at the test pressure, primarily to minimize liquid level perturbations at the start
of the calculations. The vessel collapsed liquid level was set at the top of the core in all calculations.
This level is below the levels observed in the test data and results in high DVI line flows until the
proper vessel level is achieved. Consistent with the vessel collapsed liquid level, no liquid is assumed
in the loops, pressurizer, surge line, steam generator (priznary side), or reactor coolant pumps. As
shown in Section 3, this assumption does not impact the results since these effects persist for typically
less than 400 seconds into the calculation.

For all tests except SBO1, the CMTs were empty during the periods of calculational comparisons. In
the case of SBO1, both CMTs contained liquid during the period of interest; however, only CMT-2
was discharging a significant amount, approximately 0.1 Ibm/sec during the post-initialization phase.
Because the CMT behavior during this period would not occur in the plant, as verified in

Reference 5-1, the CMT flow was treated as a boundary condition in SBO1 with the mean of the test
flow rate input to the calculation.

Break location and geometry were adjusted as appropriate for each test while other facility parameters,
such as geometry and hydraulic line resistances, were held constant for all comparisons.

Of the four calculations performed, two showed good comparison with the test data: SB10 and SB23.
Of the other two, the SBOI calculation predicted a more rapid draindown of the IRWST than indicated
by the data, while the SB12 calculation predicted a slower draindown than indicated by the data. In
all cases, however, the core and upper plenum levels were predicted accurately and the core remained
covered as indicated by the test data.

5.1 Long-Term Cooling Calculation -~ SB01

This section compares the test results and the WCOBRA/TRAC simulations for the LTC period of the
2-in. cold leg break transient (test SBO1) at the imtiation of the sump injection phase.

The window-mode approach was employed to analyze the sump injection part of the SBO1 test. The
basis of this approach is described in Section 3. The modeling of the OSU facility for the window
mode is the same as described in Section 3, but with simplifications that reduce the amount of
computation and avoid excessively small time steps. For example, during the sump injection part of
the tests, the passive residual heat removal heat exchanger (PRHR HX) tubes contained water, but
there was no significant flow into or out of the PRHR HX. Also, during this period, the accumulators
were fully discharged. Consequently, the PRHR HX and accumulators were not modeled in the
simulations. The sump injection began when the IRWST reached the appropriate level to allow
opening of the check valves. The automatic depressurization system Stages 1 through 3 (ADS1--3)
valves discharged into the containment rather than into the IRWST, and the IRWST was represented
as a simple tank by a WCOBRA/TRAC pipe component. Since the IRWST was nearly empty, there
was no significant heat transfer to the secondary side of the PRHR HX; this was an additional
justification for not modeling the PRHR HX.
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In this test, CMT-2 delivers a significant volume of fluid during the period of WCOBRA/TRAC
simulation, while CMT-1 shows no significant draining during this period. Both CMTs empty at
approximately 1500 seconds after the start of sump injection. Thus, the CMT-2 draining was modeled
in the simulation. Because the CMT behavior during this period would not occur in the plant, as
verified in Reference 5-1, the CMT flow was treated as a boundary condition with the mean of the test
flow rate input to the calculation. During the quasi-equilibrium portion of the calculation, the CMT-2
discharge rate was [ ]*"* Ibm/sec.

The SBOI test was simulated for the time period of 14,000 to 15,000 seconds. The primary sump
injection began through the check valves at approximately 14,200 seconds. As discussed in Section 3,
the objective of the window-mode approach was to obtain quasi-equilibrium conditions that
represented the OSU test facility state in the time period near that of sump injection initiation. In this
test simulation, the initialization period of 400 seconds, which is required to reach the quasi-
equilibnum phase, was completed at 14,400 seconds, just following the initiation of sump injection
flow through the check valves. During this simulation, the IRWST level did not reach the level
required to open the sump motor-operated isolation valves.

Quasi-equilibrium calculation results were taken from the time period of 14,400 to 15,000 seconds.
The SBO1 window analyzed is later in time than the pressure and liquid level oscillations discussed in
subsection 6.1.3 of Reference 5-1.

5.1.1 WCOBRA/TRAC Comparison with Test Results

Figure 5.1-1 shows that the WCOBRA/TRAC calculated and measured IRWST liguid levels are in fair
agreement, with the calculation indicating 2 more rapid draining of the IRWST. Similar comparisons
for SB10, SB12, and SB.3 show substantially better comparisons with the average of the remaining
three tests being within 10 percent of the average measured IRWST drain-down rate.

The comparison between WCOBRA/TRAC and measured pressure in the upper plenum is shown in
Figure 5.1-2. The quasi-equilibrium WCOBRA/TRAC value of 15.2 psia is in reasonable agreement
with the test data of approximately [  ]*** psia.

During LTC, water enters the vessel through the DVI nozzles first from the IRWST and then from the
sump. As IRWST level falls below the sump level, the sump check valves open; as the IRWST level
falls to the low-low level (15 percent full), the sump isolation valves also open. The distribution of
the flow between the sump lines and the IRWST lines is then dependent on the hyd wulic resistance of
each line. The calculated and measured IRWST flow rates to the DVI lines are com,ared in

Figures 5.1-3 and 5.1-4. While the trends of the measured IRWST flow were predicted, the magnitude
of the IRWST flow rate was over-predicted by WCOBRA/TRAC. The calculated and measured sump
flow rates to the DVI lines are compared in Figures 5.1-5 and 5.1-6. From 14,400 seconds until
14,800 seconds, the calculated sump flows were under-predicted compared to the measured values.
The deviations of the IRWST and sump flows tend to be offsetting so that the deviation in the total
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DVI-1 line flows, shown in Figures 5.1.7 and 5.1 8, is less than either of the components. After the
initialization transient, the total DVI-2 flow is predicted reasonably well, as indicated in Figures 5.1-9
and 5.1-10.

The comparison of the liquid temperatures at the DVI-1 and DVI-2 nozzles is shown in Figures 5.1-11
and 5.1-12. The temperature at the nozzles depended on the relative proportion of the sump water to
the colder IRWST water. After 14,400 seconds, when the sump injection had started, the DVI-1
injection temperature was predicted within 20°F to 30°F. Similarly, the DVI-2 injection temperature
was predicted within 15°F to 25°F. The discrepancy in the temperatures relates directly to the
relatively high IRWST flow and the correspondingly low sump flow. Again, however, the calculations
correctly predict the trends of the data.

The break flow comparison is shown in Figure 5.1-13. The integrated break mass flow rate is shown
in Figure 5.1-14. The calculated break flow rate was negligible (< 0.02 lbm/sec). The measured break
flow oscillated between positive and negative values, but the integral indicates that the flow was
generally negative, that is, the average rate of flow from the break separator into the cold leg over the
period of 14,400 to 15,000 seconds was [ I**¢ Ibm/sec. As discussed in subsection 5.1.1.2 of
Reference 5-2, the primary sump and break separator levels exceeded the elevation of the break at the
bottom of CL-3 as the test transient proceeded. When this occurred, the break flow measured by
instrument FMM-905 reversed, rendering the measurement invalid. Thus, the negative measured break
flow may be taken into consideration as a trend but not as an absolute value. The simulation did not

model the break separator, so reverse flow into the cold leg because of the break separator filling
cannot be predicted.

The ADS1-3 flow was negligible during the companson period (Figures 5.1-15 and 5.1-16) in both
the prediction and the test (0.004 and [ ]*** Ibm/sec). The ADS Stages 4-1 and 4-2 flow rate
comparisons are shown in Figures 5.1-17 through 5.1-20. After the establishment of the quasi-
equilibrium condition, the predicted ADS Stages 4-1 and 4-2 average flow rates were 0.49 Ibm/sec and
0.74 Ibm/sec, respectively, while the corresponding test values were | ]*** Ibm/sec and

[ ]**“Ibm/sec. Both the predictions and the test measurements showed oscillations during the
quasi-equilibrium phase, reflecting the intermittent discharge of water from ADS Stages 4-1 and 4-2.
In this test, the flow area of ADS Stage 4-1 was reduced by 50 percent to represent the failure of one
ADS valve. The predictions showed a 33 percent reduction in ADS Stage 4-1 flow rate while the test
measurements showed only a 10 percent reduction in ADS Stage 4-1 flow rate.

The amount of steam generated in the core is shown in Figure 5.1-21. The predicted rate of steam
generation was somewhat lower than the rate evaluated from the test data. This is consistent with the
overprediction of DVI injection flow during this period.

The collapsed core liquid level is shown in Figure 5.1-22. The top of the heater rods corresponded to
a level of 36 in., and the instrument span for the core level measurement was 40 in. The core was
completely covered in both the calculation and the test after the quasi-equilibrium condition was
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established. The predicted upper plenum collapsed liquid level relative to the upper core plate
(Figure 5.1-23) was in very good agreement with the data at [ ]**“to [ ]*** in., after the quasi-
equilibrium condition was established. The hot legs are between elevations of 11.9 in. and 16.9 in.
Thus, the collapsed water level in the upper plenum implies liquid levels in the hot legs. The
collapsed downcomer liquid level relative to the bottom of the vessel is shown at approximately 64 in.
in Figure 5.1-24. The cold legs were between clevations of 69.7 in. and 73.3 in. The measured
downcomer collapsed liquid level was | ]**%, while the
WCOBRA/TRAC calculated level was 6 in. below. In the test. the total collapsed level of the lower
plenum, core. and upper plenum was [ ]*** in. less than the collapsed level in the downcomer,
corresponding to a differential pressure of [ ]**“ psi; in the simulation, the total collapsed level of
the lower plenum, core, 7.3 "oper plenum was approximately the same as the collapsed level in the
downcomer.

The predicted liquid levels in the hot legs (HLs) are shown in Figures 5.1-25 through 5.5-28. HL-1
was in the broken loop, and HL-2 was in the intact loop. To present the liquid levels in the hot legs,
the horizontal and inclined portions of the hot legs were considered separately. In Figures 5.1-25

and 5.1-26, full hot legs in the horizontal section corresponded to a level of 5 in. The predictions
showed average levels of 4.5 in. in both hot legs. Figures 5.1-27 and 5.1-28 show the collapsed liquid
ievel in the inclined section of the hot legs. No significant buildup of water was calculated in the
sloping section of either of the hot legs. Comparison with test measurements was only available for
the HL-2, where the data also showed minimal liquid buildup.

Considering the global mass balance, the WCOBRA/TRAC prediction showed a total injection from
the DVI lines of 1.20 Ibm/sec and a total discharge through the ADS4 valves of 1.23 Ibm/sec; in the
test, the injection was [ ]** Ibm/sec, and the discharge was [ 1*** Ibm/sec. In both the
calculations and the test data, reverse flow was indicated at the break. which may partially explain the
deviations in the global mass balances. In the calculations, the total of the break flow and the
ADS1-3 was estimated to be less than 0.03 Ibm/sec: therefore, these components are excluded from
the mass balance companisons. The vanation between the calculated and the measured flow rates
(121 and [ ]*** Ibm/sec, respectively) is fair.
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OSU LTC Test SBO1 - 2-in. Cold Leg Line Break Figures

The following figures are proprietary and therefore are not provided:

Figure Title

5.1-1 IRWST Level

5.1-2  Upper Plenum Pressure

5.1-3 IRWST DVI-1 Injection

5.1-4 IRWST DVI-2 Injection

5.1-5 Sump Injection 1 Flow

5.1-6  Sump Injection 2 Flow

5.1.7 Total DVI-1 Flow Rate

5.1-8  Total Integral Flow DVI-1

5.1-9 Total DVI-2 Flow Rate

5.1-10 Total Integral Flow DVI-2

5.1-11 Liquid Temperature at the DVI-1 Nozzle
5.1-12 Liquid Temperature at the DVI-2 Nozzle
5.1-13 Break Flow Rate

5.1-14 Break Flow Integral

5.1-15 ADS 1, 2, 3 Flow

5.1-16 ADS 1, 2, 3 Flow Integral

5.1-17 WC/T ADS 4-1 Flow Rate

5.1-18 Total ADS 4-1 Flow Integral

5.1-19 WC/T ADS 4-2 Flow Rate

5.1-20 Total ADS 4-2 Flow Integral

5.1-21 Steam Generated in the Core

5.1-22 Core Level (From Lower to Upper Core Plate)
5.1-23 Upper Plenum Level

5.1-24 Downcomer Levels

5.1-25 HL-1 Liquid Level (Horizontal Section)
5.1-26 HL-2 Liguid Level (Horizontal Section)
5.1-:27 HL-1 Level (Inclined Section)

5.1-28 HL-2 Level (Inclined Section)
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5.2 Long-Term Cooling Window Model - SB10

This section compares the test results and the WCOBRA/TRAC predictions for the LTC part of the
double-ended guillotine (DEG) CMT/cold leg balance line break transient (test SB10) during the
transition to sump injection.

The window-mode approach was employed to analyze the sump injection part of the SB10 test. The
basis of this approach is described in Section 3. The modeling of the OSU facility for the window
mode is the same as described in Section 3, including the simplifications discussed in Section 5.1 that
reduce the amount of computation and avoid excessively small time steps. In test SB10, balance

line 1 was broken and ti=r was no flow in DVI-] from the CMT to the vessel. For this reason,
CMT-1 and DVI-1 1o the sump/IRWST injection line were not modeled. Also, DVI-2 between the
CMT and the sump injection line was not modeled since CMT-2 was empiy at the start of the window
simulation.

The WCOBRA/TRAC calculation simulated the test from time 13,500 to 14,500 seconds. In test
SB10, .ump injection started at 14,000 seconds. The first 400 seconds of this simulation were
required to dissipate the effects of the assumed vessel initial conditions and reach the appropriate
quasi-equilibrium solution. Quasi-equilibrium values were calculated in the period from 13,900 to
14,500 seconds.

5.2.1 WCOBRA/TRAC Comparison with Test Results

Figure 5.2-1 shows that the WCOBRA/TRAC calculated and measured IRWST liquid levels are in
good agreement, with the calculation indicating an IRWST draining rate nearly equal to that of the
test.

The comparison between the WCOBRA/TRAC and measured pressure in the upper plenum is shown
in Figure 5.2-2. The calculated pressure was 15.2 psia, which was [ ]*** psia lower than the
measured pressure. This discrepancy in pressure is due to uncertainty in the measured pressure values
observed in this test.

The IRWST flow rates to the DVI nozzles are compared in Figures 5.2-3 and 5.2-4. In both plots, the
calculated flow rates compared favorably with the trends of the measured values following the
initialization phase and showed a calculated flow-to-measured flow ratio of 1.10to0 1.15.

In the test, the pressure in the DVI lines fell below the pressure corresponding to the water level of the
primary sump at 14,000 seconds, and water flowed through the sump check valves to the DVI lines
(Figures 5.2-5 and 5.2-6). Also, the IRWST level reached the low-low level setpoint, which opened
the motor-operated sump isolation valves at 14,800 seconds. This occurred after the end of the quasi-
equilibrium simulation at 14,500 seconds.
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The total DVI flow (sump and IRWST) and the integrated values for each DVI line are shown in
Figures 5.2-7 through 5.2-10. Considering the time interval between 13,900 seconds and

14,500 seconds, the calculated DVI-1 and DVI-2 average flow rates were 0.52 Ibm/sec and

0.54 Ibm/sec; the corresponding test values were [ ]**“ Ibm/sec and [ ]*** IbmV/sec, respectively.
Thus, the calculated total injection rate (1.06 Ibm/sec) was in good agreement with the measured total
injection rate ([ ]*"* Ibm/sec).

The comparison of the liquid temperatures at the DVI-1 and DVI-2 nozzles is shown in Figures 5.2-11
and 5.2-12. The temperature at the nozzles depended on the relative proportion of the sump water to

the colder IRWST water. At the end of the simulation, the DVI-1 temperature was underpredicted by
15°F, and the DVI-2 temperature was underpredicted by 10°F.

The flow out of the cold leg side of the break is shown in Figures 5.2-13 and 5.2-14. The predicted
average flow rate after 13,900 seconds was 0.02 Ibm/sec, which was small relative to the discharge
from ADS4. In the test, the measured flow was oscillating with positive and negative flows. The
mean test flow rate after 13,900 seconds (|  ]** Ibm/sec) was also small relative to the ADS4
discharge. However, the predicted and measured break flow provided small contributions to the test
facility mass inventory dunng LTC.

The ADS1-3 flow was negligible in both calculation and test during sump injection (Figures 5.2-15
and 5.2-16). However, the companson of the two values in the quasi-equilibrium phase was excellent
in that both showed rates of [  ]*** Ibm/sec.

The ADS Stages 4-1 and 4-2 predicted flow rates are shown in Figures 5.2-17 and 5.2-18. In this test,
only the data for the totai ADS4 measured discharge was available (Figure 5.2-19). No measurements
were available for the distribution of the flow between ADS Stages 4-1 and 4-2. The total integrated
ADS4 flow is compared in Figure 5.2-20. The agreement between the prediction and the test data was
good. The measured mean total flow rate was [ ]** Ibm/sec, and the predicted mean total flow
rate was 1.09 Ibm/sec. Both the predictions and the test measurements showed oscillations reflecting
the intermuttent discharge of water from ADS Stages 4-1 and 4-2.

The amount of steam generated in the core is shown in Figure 5.2-21. The predicted rate of steam
generation duplicated the calculated value from the test data (Reference 5-1) over the quasi-equilibrium
portion of the calculation, from 13,900 seconds to 14,500 seconds. This 1s expected given the
excellent comparison of the measured and calculated total DVI flow rates.

The core collapsed hiquid levels are compared in Figure 5.2-22. The top of the heater rods
corresponded to a level of 36 in. and the instrument span for core level measurement was 40 in. The
core was completely covered in both the test and the simulation. The predicted upper plenum
collapsed liquid level relative to the upper core plate level (Figure 5.2-23) was in excellent agreement
with the data with no observable difference in the two levels. The hot legs were between elevations
of 11.9 in., and 16.9 in. in the upper plenum, so that a collapsed liquid level of [ ]*"* in. indicates
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liquid levels in the hot legs. The collapsed downcomer liquid level relative to the bottom of the vessel
is shown in Figure 5.2-24. The cold legs were between elevations 69.7 in. and 73.3 in. The measured
downcomer collapsed liquid level was [ ]**%, while the
calculated level was S in. lower.

The calculated liquid levels in the hot legs are shown in Figures 5.2-25 through 5.2-28. HL-1 was in
the broken loop and HL-2 was in the intact loop. To present the liquid levels in tne hot legs, the
horizontal and inclined sections were considered separately. In Figures 5.2-25 and 5.2-26, full hot legs
in the horizontal section corresponded to a level of 5 in. The predictions showed average levels of

3.5 in. in both hot legs. Figures 5.2-27 and 5.2-28 show the calculated collapsed liquid level in the
inclined sections of the hot legs compared to the measured values. The calculations show levels of
approximately 5 in., while the measured values are [ ]**in. to [ ]*** in. higher.

Considering the global mass balance, the WCOBRA/TRAC prediction showed a total injection from
the DVI lines of 1.06 Ibm/sec and a total discharge through ADS4 of 1.09 Ibm/sec; in the test, the
injection was [ ]**“ Ibm/sec and the ADS4 discharge was [ ]** Ibm/sec. In the calculations, the
total of the break flow and the ADS1-3 was estimated to be less than 0.03 Ibm/sec; therefore, these
components are excluded from the mass balance comparisons. The variation between the calculated
and measured flow rates (1075 and [ ]**° Ibm/sec, respectively) is good.
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OSU LTC Test SB10 - DEG CMT Balance Line Break Figures

The following figures are propnetary and therefore are not provided:
Figure Title

52-1 IRWST Level

5.2-2  Upper Plenum Pressure

5.2-3 IRWST DVI-1 Injection

5.2-4 IRWST DVI-2 Injection

5.2-5 Sump Injection 1 Flow

5.2-6  Sump Injection 2 Flow

527 Total DVI-1 Flow Rate

5.2-8 Total Integral Flow DVI-|

5.2-9 Total DVI-2 Flow Rate

5.2-10 Total Integral Flow DVI-2

5.2-11 Liquid Temperature at the DVI-1 Nozzle
5.2-12 Liquid Temperature at the DVI-2 Nozzle
5.2-13 Break Flow Rate

5.2-14 Break Flow Integral

5.2-15 ADS 1, 2, 3 Flow

5.2-16 ADS 1, 2, 3 Flow Integral

5.2-17 WC/T ADS 4-1 Flow Rate

5.2-18 WC/T ADS 4-2 Flow Rate

5.2-19 Measured Total ADS 4 Flow Rate
5.2-20 Total ADS 4 Flow Integral

5.2-21 Steam Generated in the Core

5.2-22 Core Level (From Lower to Upper Core Plate)
5.2-23 Upper Plenum Level

5.2-24 Downcomer Levels

5.2-25 HL-1 Liquid Level (Horizontal Section)
§.2-26 HL.-2 Liquid Level (Horizontal Section)
5.2-27 HL-1 Level (Inclined Section)

5.2-28 HL-2 Levei (Inclined Section)
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5.3 Long-Term Cooling Window Model ~ SB12

This section compares the test results and the WCOBRA/TRAC predictions for the LTC part of the
DEG DVI line break transient (test SB12) at the end of the IRWST injection phase.

In test SB12, the data collection system failed shortly after the start of the sump injection phase of the
test. Consequently, for this test, the window-mode analysis was performed on the last 1000 seconds of
IRWST injection. The test was simulated from 8500 to 9500 seconds. The basis of this approach is
described in Section 3. As discussed in that section, the objective of the window-mode approach is to
obtain a quasi-equilibrium condition representing the OSU test facility behavior during LTC, in this
case, during the final phase of IRWST discharge. The initial 400 seconds of this simulation, up to
8900 seconds, were considered the initialization phase in this analysis, since the calculated results were
stabiliziug during this period. Average values for comparative purposes were calculated from 8900 to
9500 seconds.

The modeling of the OSU facility for the window mode is the same as described in Section 3,
including the simplifications discussed in Section 5.1 that reduce the amount of computation and avoid
excessively small time steps. In test SB12, the DVI-1 and DVI-2 lines between the CMTs and the
sump/IRWST injection lines were fully modeled. There was a break in DVI-1 between the
sump/IRWST injection TEE and the DVI nozzle at the vessel. Thus, the vessel discharges directly
through the vessel side of the DVI nozzle break, and indirectly through the balance line to the CMT
side of the breay.

5.3.1 WCOBRA/TRAC Comparison with Test Results

Figure 5.3-1 shows that the WCOBRA/TRAC calculated and measured IRWST liquid levels and are in
fair agreement, with the calculation indicating an IRWST draining rate slower than that of the test.

The companson between WCOBRA/TRAC and measured pressure in the upper plenum is shown in
Figure 5.3-2. The quasi-equilibrium WCOBRA/TRAC value of 15.6 psia is in excellent agreement
with the test data value of approximately [  ]*** psia.

The break flow at the broken DVI-1 nozzle is shown in Figures 5.3-3 and 5.3-4. During the quasi-
equilibrium phase, agreement between calculated and measured flow was good, with the calculated
value of 0.87 Ibm/sec and the measured value of [  1** Ibm/sec.

The IRWST flow rates to the unbroken DVI-2 nozzle are compared in Figures 5.3-5 and 53-6. The
calculated flow rate is in fair agreement with the trend of the measured value, following the
initialization phase, with a value of (.25 Ibm/sec versus a measured value of | 1** lbm/sec.

In the test, the pressure in the DVI lines fell beiow the pressure corresponding to the water level of the
primary sump at 9350 seconds, and flow was initiated through the sump check valves to the DVI
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lines. Since the calculation was to be terminated at 9500 seconds, insufficient time was available to
obtain a meaningful comparison of sump flow rates. To simplify the calculation and still have

450 seconds of quasi-equilibrium flow calculations (8900 to 9350 seconds), the sump flow was
inhibited in this calculation.

The comparisons of the liquid temperatures at the DVI-1 and DVI-2 nozzles are shown in

Figures 5.3-7 and 5.3-8. Temperature spikes in the DVI-1 calculated temperatures indicate brief
penods of reverse flow at the broken nozzle. The period of the spikes was not sufficiently long,
however, to have a significant influence on the average DVI-1 flow rate (Figures 5.3-3 and 5.3-4).

The flow out of the IRWST side of the broken DVI-1 line is shown in Figures 5.3-9 and 5.3-10. The
comparison of calculated and measured values is considered good but of minor influence on vessel
conditions since it only feeds into the IRWST drain down calculation.

The ADS1-3 flow was negligible (< [  ]** Ibm/sec) in both calculation and test during IRWST
mjection (Figures 5.3-11 and 5.3-12). However, the comparison of the two values in the quasi-
equilibrium phase was at best fair since only the trend of the measured data was calculated.

The ADS Stages 4-1 and 4-2 calculated and measured flow rates are shown in Figures 5.3-13

and 5.3-15. The integrated ADS4 flows are compared in Figures 5.3-14 and 5.3-16. The agreement
between the total calculated (ADS Stage 4-1 plus 4-2) and the total measured data was good. The
measured total flow rate was [ ]**“ Ibm/sec, and the calculated total flow rate was 1.12 Ibm/sec.
Both the predictions and the test measurements showed oscillations reflecting the intermittent discharge
of water from ADS Stages 4-1 and 4-2.

The amount of steam generated in the core is shown in Figure 5.3-17. The calculated rate of steam

generation under-predicts the test data over the quasi-equilibrium portion of the calculation, from
8900 seconds to 9500 seconds.

The core collapsed liquid levels are compared in Figure 5.3-18. The top of the heater rods
corresponded to a level of 36 in. and the instrument span for core level measurement was 40 in. The
core was essentially covered in both the test and the simulation. The predicted upper plenum
collapsed liquid level relative to the upper core plate level (Figure 5.3.19) was in good agreement with
the data with an average deviation in the two levels of 2 to 3 inches. The hot legs were between
elevations of 11.9 in., and 16.9 in. in the upper plenum, so that a collapsed liquid level of [ *** in.
indicates liquid levels in the hot legs. The collapsed downcomer liquid level relative to the bottom of
the vessel is shown in Figure 5.3-20. The cold iegs weic between elevations of 69.7 in. and 73.3 in.
The measured downcomer collapsed liquid level was |

]**<, while the predicted level was approximately S in. lower.

The predicted liquid levels in the hot legs are shown in Figures 5.3-21 through 5.3-26. To present the
liquid levels in the hot legs, the horizontal and inclined sections were considered separately. In
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Figures 5.3-21 and 5.3-22, full hot legs in the horizontal section corresponded to a level of 5 in. The
predictions showed average levels of 3.5 in. in both hot legs. Figures 5.3-23 and 5.3-24 show the
calculated collapsed liquid level in the inclined sections of the hot legs compared to the measured
values. The calculations show levels of approximately 6 in. to 8 in. while the measured values are

[ 1**in. to [ 1*** in. higher.

Considering the global mass balance, the WCOBRA/TRAC prediction showed a total injection from
the broken and unbroken DVI lines of 1.12 Ibm/sec and a total discharge through ADS4 of

1.12 Ibm/sec; in the test, the injection was | ]*** Ibm/sec and the ADS4 discharge was

[ ]**“ Ibm/sec. In the calculations, the total of the break flow and ADS1-3 was estimated to be
less than 0.01 Ibm/sec; therefore, these components are excluded from the mass balance comparisons
The variation between the calculated and measured flow rates (1.12 and [ 1*** Ibmy/sec,
respectively) is good.
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OSU LTC Test SB12 ~ DEG DVI-1 Line Break Figures

The following figures are proprietary and therefore are not provided:
Figure Title

53-1 IRWST Level

5.3-2  Upper Plenum Pressure

5.3-3 Vessel Side Break (DVI-1) Flow Rate
5.3-4 Vessel Side Break (DVI-1) Flow Integral
5.3-5 Total DVI-2 Flow Rate

536 Total Integral Flow DVI.2

5.3-7 Liquid Temperature at the DVI-1 Nozzle
5.3-8 Liquid Temperature at the DVI-2 Nozzle
5.3-9 Total DVI-1 Flow (DVI Side Break Flow)
5.3-10 Total Integral Flow DVI-1 (DVI Side Break Flow Integral)
5.3-11 ADS 1, 2, 3 Flow

5.3-12 ADS 1, 2, 3 Flow Integral

5.3-13 ADS 4-1 Flow Rate

5.3-14 ADS 4-1 Flow Integral

5.3-15 ADS 4-2 Flow Rate

5.3-16 ADS 4-2 Flow Integral

5.3-17 Steam Generated in the Core

5.3-18 Core Level (From Lower to Upper Core Plate)
5.3-19 WC/T Upper Plenum Level

5.3-20 Downcomer Levels

5.3-21 HL-1 Liquid Level (Honzontal Section)
5.3-22 HL-2 Liquid Level (Horizontal Section)
5.3-23 HL-1 Level (Inclined Section)

5.3-24 HL-2 Level (Inclined Section)
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5.4 Long-Term Cooling Calculation - SB23

This section compares the test results and th: WCOBRA/TRAC simulations for the LTC period of the
2-in. cold leg break transient {test SB23) during the transition to sump injection.

The window-mode approach was employed to analyze the sump injection part of the SB23 test. The
basis of this approach is described in Section 3. The modeling of the OSU facility for the window
mode is the same as described in Section 3, but with simplifications that reduce the amount of
computation and avoid excessively small time steps. During the sump injection part of the tests, the
PRHR HX tubes contained water, but there was no significant flow into or out of the PRHR HX.
Also, during this period, the accumulators were fully discharged. Consequently, the PRHR HX and
accumulators were not modeled in the simulations. The sump injection began when the IRWST
reached the appropnate level to allow opening of the check valves. ADSI-3 discharged into the
containment rather than into the IRWST, and the IRWST was simply represented by a pipe
component. Since the IRWST was nearly empty, there was no significant heat transfer to the
secondary side of the PRHR HX; this was an additional justification for not modeling the PRHR HX.

The SB23 test was simulated for the time period of 14,000 to 15,000 seconds. The primary sump
injection began through the check valves at approximately 14,700 seconds. As discussed in Section 3,
the objective of the window-mode approach was to obtain quasi-equilibrium conditions that
represented the OSU test facility state in the time period near sump injection initiation. In this test
simulation, the initialization period of 400 seconds, which is required to reach the quasi-equilibrium
phase, was completed at 14,400 seconds, prior to the initiation of sump injection flow through the
check valves. During this simulation, the IRWST level did not reach th> level required to open the
sump motor-operated 1solation valves. Quasi-equilibrium calculation results wey= taken from the time
period of +400 to 15,000 seconds. The SB23 window analyzed is later in time t.an the pressure and
liquid level oscillations discussed in subsection 6.1.3 of Reference 5-1.

54.1 WCOBRA/TRAC Comparison with Test Resuits

Figure 5.4-1 shows that the WCOBRA/TRAC calculated and measured IRWST liquid levels are in
excellent agreement, with the calculation indicating an IRWST draining rate equal to that of the test.

The comparison between WCOBRA/TRAC and measured pressure in the upper plenum is shown in
Figure 5.4-2. The quasi-equilibrium WCOBRA/TRAC value of 15.4 psia is in reasonable agreement
with the test value of approximately [ ]*"* psia.

The IRWST flow rates to the DVI nozzles are compared in Figures 54-3 and 5.4-4. In both lines, the
calculated flow rates compared favorably with the trends of the measured values following the
initialization phase and showed a caiculated-to-measured flow ratio of approximately 1.05 to 1.10.
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In the test, the pressure in the DVI lines fell below the pressure corresponding to the water level of the
primary sump at 14,600 to 14,700 seconds, and water flowed through the sump check valves to the
DVI lines (Figures 5.4-5 and 5.4-6). The IRWST level reached the low-low level setpoint after the
end of the quasi-equilibrium simulation at 15,000 seconds. As a consequence, the related increased
sump injection flow rate was not calculated.

The sump and IRWST total flow rate, and the integrated sump and IRWST total flow rate to the DVI
lines, are shown in Figures 5.4-7 through 5.4-10. Considering the time interval between 14,400
seconds and 15,000 seconds, the calculated DVI-1 and DVI-2 average flow rates were 0.54 Ibm/sec
and 0.56 Ibm/sec; the corresponding test values were [ ]*** Ibm/sec and [ ]*** Ibm/sec,
respectively. Thus, the calculated total injection rate (1.10 Ibm/sec) was in good agreement with the
measured total injection rate ([  ]** Ibm/sec).

The comparison of the liquid temperatures at the DVI-1 and DVI-2 nozzles are shown in

Figures 54-11 and 54-12. The temperature at the nozzles depended on the relative proportion of the
sump water to the colder IRWST water. After 14,700 seconds, when the sump injection had started,
the DVI-1 and DVI-2 injection temperatures were predicted within 15°F. At the end of the simulation,
the DVI-1 and DVI-2 temperatures were under-predicted by less than 10°F.

The break flow comparison is shown in Figure 5.4-13. The integrated break mass flow rate is shown
in Figure 5.4-14, The predicted break flow rate was relatively small at -0.04 Ibm/sec. The measured
break flow oscillated between positive and negative values, but the integral shows that the flow was
generally negative, that is, the average rate of flow from the break separator into the cold leg over the
peniod of 14,000 to 14,500 seconds was | ]** Ibm/sec. As discussed in subsection 5.1.1.2 of
Reference 5-2, the primary sump and break separator levels exceeded the elevation of the break at the
bottom of CL-3 as the test transient proceeded. When this occurred, the break flow measured by
instrument FMM-905 reversed, rendering the measurement invalid. Thus, the negative measured break
flow should be taken into consideration as a trend but not as an absolute value. The simulation did
not model the break separator, so reverse flow into the cold leg because of the break separator filling
cannot be predicted.

The ADS1-3 flow was minimal during the comparison in both the calculation and test (0.012 and
[ *** Ibm/sec) (Figures 5.4-15 and 5.4-16). However, the comparison of the two values in the
quasi-equilibrium phase was good in that the difference was very small.

The ADS Stages 4-1 and 4-2 flow rate compansons are shown in Figures 5.4-17 through 5.4-20.
After the establishment of a quasi-equilibrium state, the predicted ADS Stages 4-1 and 4-2 average
flow rates were 0.30 Ibm/sec and 0.73 'bm/sec, respectively, while the corresponding test values were
[ )" Ibm/sec and [ ]*"° Ibm/sec. The measured total flow rate was [  ]** Ibm/sec, and the
calculated total flow rate was 1.03 Ibm/sec. The agreement between the calculated and the test total
flow rates was good: however, the comparison of the individual rates was at best fair. However, total
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flow out of ADS4 is the more important parameter. Both the predictions and the test measurements
showed oscillations reflecting the intermittent discharge of water from ADS Stages 4-1 and 4-2.

The amount of steam generated in the core is shown in Figure 5.4-21. The calculated steam
generation rate duplicated the test data over the quasi-equilibrium portion of the calculation, from
14,400 seconds to 15,000 seconds. This would be expected given the good comparison of the
measured and calculated total DVI flow rates.

The core collapsed liquid levels are compared in Figure 5.4-22. The top of the heater rods
corresponded to a level of 36 in. and the instrument span for core level measurement was 40 in. The
core was completely covered in both the test and the simulation. The measured collapsed liquid level
was [ ]*" in. while the calculated collapsed liquid level was 37 in. or about [ ]*** in. lower. The
measured upper plenum collapsed liquid level relative to the upper core plate level (Figure 5.4-23) was
at approximately [ ]**“ in., while the calculated level was at 13 in. The hot legs were between
elevations of 11.9 in., and 16.9 in. in the upper plenum, so that a collapsed liquid level of 13 in.
indicates significant liquid levels in the hot legs. The collapsed downcomer liquid level relative to the
bottom of the vessel is shown in Figure 54-24. The cold legs were between elevations 69.7 in. and
73.3 in. The measured downcomer collapsed liquid level was [

]**¢, while the predicted level was 58 in.

The predicted liquid levels in the hot legs are shown in Figures 5.4-25 through 5.4-28. HL-1 was in
the broken loop, and HL-2 was in the intact loop. To present the liquid levels in the hot legs, the
horizontal and inclined portions of the hot legs were considered separately. In Figures 5.4-25

and 5.4-26, the horizontal section calculations showed average levels of 2.0 in. in HL-1 and 3.1 in. in
HL-2 compared to a full hot legs level of 5 in. Figures 5.4-27 and 5.4-28 show the collapsed liquid
level in the inclined section of the hot legs. There was limited buildup of liquid calculated in the
inclined section of either of the hot legs, with the measured data showing leveis approximately

[ J** in. above the calculated values.

Considering the global mass balance, the WCOBRA/TRAC prediction showed a total injection from
the broken and unbroken DVI iines of 1.10 Ibm/sec and a total discharge through the ADS4 of

1.03 Ibm/sec; in the test, the injection was [ ]*** Ibm/sec and the ADS4 discharge was

[ ] 1bm/sec. In the calculations, the total break and the ADS1-3 flow was estimated to be less than
0.01 Ibm/sec; therefcre, these components are excluded frony the mass balance comparisons. The
variation bzcween the calculated and measured flow rates (1.06 and [ ]*" Ibm/sec, respectively) is
considered good.
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OSU LTC Test SB23 - 1/2-in. Cold Leg Line Break Figures

Thz following figures are proprietary and therefore are not provided:

Figure

54-1
542
543
544
54-5
54-6
54.7
54-8
549
54-10
54-11
54-12
54-13
54-14
54-15
54-16
5.4-17
54-18
5.4-19
54-20
5.4-21
5.4-22
54-23
5.4-24
5.4-25
5.4-26
5.4-27
54-28

IRWST 1 evel

Upper Plenum Pressure
IRWST DVI-1 Injection
IRWST DVI-2 Injection
Sump Injection 1 Flow
Sump Injection 2 Flow
Total DVI-1 Flow Rate
Total Integral Flow DVI-1
Total DVI-2 Flow Rate
Total Integral Flow DVI-2
Liquid Temperature at the DVI-1 Nozzle
Liquid Temperature at the DVI-2 Nozzle
Break Flow Rate

Break Flow Integral

ADS 1, 2, 3 Flow

ADS 1, 2, 3 Flow Integral
WC/T ADS 4-1 Flow Rate
Total ADS 4-1 Flow Integral
WC/T ADS 4-2 Flow Rate
Total ADS 4-2 Flow Integral
Steam Generated in the Core

Core Level (From Lower to Upper Core Plate)

Upper Plenum Level

Downcomer Levels

HL-1 Liquid Level (Horizontal Section)
HL-2 Liquid Level (Horizontal Section)
HL-1 Level (Inclined Section)

HL-2 Level (Inclined Section)
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6.0 ASSESSMENT OF THE WINDOW-MODE CALCULATIONS AND THE LTC PIRT
THENOMENA

6.1 Validation of the Window-Mode Approach

The strategy of the window-mode calculations is that the long-term cooling (LTC) period is a slowly
varying transient in which any variation in the initial conditions of the reactor system would be
damped out, over time, by the imposed boundary conditions. There are time constants in the reactor
system that reflect the transient time of the flow through the system and the response of the system to
different initial levels and different initial temperatures. The Oregon State University (OSU)
sensitivity calculations in Section 3 show that variations in the initial vessel level and fluid
temperatures are damped out by the imposed in-containment refueling water storage tank (IRWST)
boundary conditions such that the calculations converge to the same end point. This is possible since
the time period used in the window-mode calculation is longer than the time constant for the flow
through the system. Therefore, the effects of the initial conditions will diminish with time as the
boundary conditions, which are imposed on the calculation, dominate the system response. This
implies that any uncertainty in the seiected initial conditions for the LTC transient will be damped out
by the imposed boundary conditions from the IRWST head, fluid temperature, and power level in the
rod bundle, and the containment pressure condition; therefore, the calculations converge to the same
point as determined by the boundary conditions. As a result, the LTC transient can be divided into
periods to simulate selected portions of the transient of interest, without having to model the entire
transient. Each portion of the transient can constitute a separate calculation using reasonable selected
values for the initial conditions. If the window-mode calculation is run long enough, the solution
becomes converged.

The window-mode process was validated using the OSU test data, which models the AP600 LTC
transient. The sensitivity studies performed confirmed that differences in initial conditions would be
damped out over ume, such that different initial cases would converge to the same end point. The
cases were run long enough, approximately three time constants for the primary system, as determined
by the transient time of the flow through the system. Some initial conditions stabilized more quickly
than otheis in these calculations. The levels in the system more easily stabilized since there was a
direct feedback of the levels and the injection flows as seen in the figures in Section 3. The fluid
temperatures took a longer time to stabilize, but the convergence was aided by the heat transfer to the
structures.

The sensitivity calculations presented in Section 3 confirm that the window-mode approach is a valid
method for analyzing the AP600 LTC transient.

6.2 Assessment of the LTC PIRT Phenomena

The LTC Phenomena Identification Ranking Table (PIRT) phenomena are given in Table 1-1. The
highly ranked items reflect the mass inventones in the different components, such as the mixture
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inventories in the core, downcomer, and upper plenum. The mixture inventories indicate the desgree of
core cooling and are very important. As shown in Section 5, WCOBRA/TRAC accurately predicts the
collapsed levels in the different components for the different tests. The core decay heat is also highly
ranked since it represents the heat source. For the tests, the decay power is a boundary condition that
is accurately known and used in the WCOBRA/TRAC calculations. The pressure in the downcomer
and the remainder of the system is also highly ranked since it impacts the volumetric venting
capability of the automatic depressurization system (ADS) Stage 4 valves and the calculated void
fractions within the core. The pressure also impacts the flow regimes that exist in the different
components of the system, and therefore, the capability of WCOBRA/TRAC to predict the different
flow regimes. The low pressure aspeci of the OSU tests, nearly atmospheric, is more severe than the
conditions expected for LTC for the AP600 plant. Therefore, the low pressure effects on the flow
regimes that WCOBRA/TRAC will calculate are captured in the tests. The flows into and out of the
primary system are also highly ranked since they affect the inventories within the system and hence,
the core coolability. The flows are measured in the tests and have been compared to the
WCOBRA/TRAC calculations.

The hot leg flow pattern and transition was initially ranked as high on the LTC PIRT. The reason for
the ranking was a concern related to the pressure drop and venting capability of the ADS Stage 4 flow
path. If the pressure drop or the uncertainty in its prediction is high, the primary system can
pressunze and the IRWST or sump injection flow will be reduced. The ranking of this parameter has
been reduced from high to medium. The basis for the reduction is the relatively low pressure drop of
the ADS Stage 4 lines relative to the resistance of the direct vessel injection (DVI) lines. Sensitivity
studies varying the ADS Stage 4 line losses indicated no significant effects on the levels and core
coolability duning LTC. Therefore, the uncertainty in parameters such as the flow regime and
separation at the ADS tee are of reduced importance, and comparisons of the ADS Stage 4 flow rates
with WCOBRA/TRAC are sufficient for the validation of the code pressure drop calculation.

6.3 Assessment of the Verification Results

The compansons of the window-mode WCOBRA/TRAC code calculations to the OSU LTC test data
are presented in Section 5. The comparisons concentrated on the highly ranked PIRT items identified
in Table 1.1. These items reflect the capability of the code to predict the mass distributions within the
system as well as the mass inflows and outflows through the DVI lines and ADS Stage 4 valves. In
general, WCOBRA/TRAC did agree well with the test data for nearly all parameters investigated The
indi.qual test c. mpansons given in Section S are summarized using composite "measured-to-
predicted” plots th.ot indizate the overall agreement of WCOBRA/TRAC with the test data.

Figures 6-1 and 6-2 show the companisons of the measured-to-predicted individual DVI injection
flows for the four tests analyzed. The code calculated values are the quasi-steady-state flow values.
Figure 6-3 shows the total DVI flow from both injection lines into the vessel. As the figures indicate,
WCOBRA/TRAC is predicting the individual flows reasonably well. The DVI-1 flows are predicted,
on average, within 20 percent. The WCOBRA/TRAC-predicted flows are biased slightly higher than
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the data. The average of the DVI-2 flows shown in Figure 6-2 are also predicted with an average
deviation of 20 percent. However, this is due to the under-prediction of test SB12 DVI-2 flow. Most
of the DVI-2 flows are over-predicted by WCOBRA/TRAC. The combined DVI flow comparisons are
given in Figure 6-3 and WCOBRA/TRAC over-predicts the combined flows with an average deviation
of 15 percent.

Figures 6-4 through 6-8 present similar sammary comparisons for the ADS Stage 4 flow rates.

Figure 6-4 presents the flow comparisons for ADS Stage 4-1. WCOBRA/TRAC is predicting the
flows within an average of 40 percent and is under-predicting the flows out of the system. Figure 6-5
shows the comparisons of ADS Stage 4-2 with these flows over-predicted by WCOBRA/TRAC. The
predictions for ADS Stage 4-2 is within an average of 28 percent. The total ADS4 flow comparison is
given in Figure 6-6 and indicates scatter above ana be:low the line with WCOBRA/TRAC predicting
the average of the total flow within 6 percent over all tests simulated. This indicates that the
individual ADS4 line resistances are not as modeled, but the combined resistance is well modeled.

Figure 6-7 shows a composite plot of all the predicted and measured flows for the four OSU tests
analyzed by WCOBRA/TRAC. The average deviation of the measured-to-predicted flows is 5 percent
for these tests. Figure 6-8 shows the ratios of both the measured and predicted ADS4 to DVI injection
flows. With the exception of test SBOI, the agreement is excellent, indicating that although the
individual line flows are not calculated precisely, the total flow in and out of the system is calculated
very well.

Numerical comparisons of the predicted and measured levels were not performed since the agreement
was excellent.

The comparisens indicate that WCOBRA/TRAC is predicting the flows measured in the tests
reasonably well. The levels, pressures, and steam generation rate are also predicted well by the code.
Therefore, WCOBRA/TRAC can be used with confidence to predict the AP600 LTC transient
phenomena, including not only vessel mass inventory, but also the flow of liquid injected via the DVI
lines to the core and out the ADS vent paths.
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Figure 6-1 Summary Comparisons of DVI-1 Flows
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Figure 6-2 Summary Comparisons of DVI-2 Flows
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Figure 6-3 Summary Comparisons of All DVI Flows
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Figure 6-4 Summary Comparisons of ADS4-1 Flows
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Figure 6-5 Summary Comparisons of ADS4-2 Flows
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Figure 6-6 Summary Comparisons of All ADS4 Flows
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Figure 6-7 Summary Comparisons of All Flows
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Figure 6-8 Comparison of Predicted-to-Measured OS U Inlet (DVI) and Outlet (ADS4) Flow
Ratios
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74 CONCLUSIONS

The WCOBRA/TRAC code was compared to selected Oregon State University (OSU) long-term
cooling (LTC) tests, using a window-mod: approach to represent selected time periods of the transient.

The key thermal-hydraulic phenomena identified in the Phenomena Identification Ranking Table
(PIRT) (Table 1-1) were observed in the tests and were well predicted by WCOBRA/TRAC for the
different window modes of the test transient.

The sensitivity studies performed for selected tests show that the LTC transient becomes independent
of the assumed initial conditions and driven by the boundary conditions imposed on the system.
Therefore, the calculations converge to the same end state when carried out for a sufficiently long
penod of time, approximately three time constants of the primary system.

The code comparisons to the LTC data indicate that WCOBRA/TRAC captures the highly ranked
PIRT phenomena and is suitable for the LTC calculations for the AP600.

The WCOBRA/TRAC OSU comparisons sho'v that the code adequately predicts the system behavior
during the LTC phase of the transient and (epresents the system mass distribution and flows in the
tests which indicates that ample core cooling margin is present.
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