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SUMMARY

The SPES-2 facility is a full-height, full-pressure, and 1/395th power and volume scale simulation of
the AP600 nuclear steam supply system and the AP600 passive safety features. A series of twelve
design basis events were simulated at SPES-2 to obtain data for verification and validation of the
computer models used for the safety analysis of the AP6(X). The results of these tests were presented
in the SPES-2 Final Data Report”’ that was issued in March 1995

The purpose of this report is to describe the analysis of the test data which was performed to provide
additional information, and to demonstrate, through mass and energy balances, the applicability of the
SPES-2 tests for computer model verification and validation.

The SPES-2 test program was performed as part of the Advanced Light Water Reactor (ALWR)
program sponsored by the U.S. Department of Energy (DOE) and the Electric Power Research Institute
(EPRI). Westinghouse conducted this test program in cooperation with SIET (Societd Informazioni
Esperienze Termoidrauliche), ENEL (Ente Nazionale per 1'Energia Elettrica), ENEA (Ente per Le
Nuove Technologie, I'Energia ¢ 1'ambiente), and Sopren-Ansaldo.
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L0 INTRODUCTION

This report describes the analysis of the SPES-2 test data that will be used to validate the AP600
safety analysis computer codes. The test data report for the SPES-2 test is given in WCAP-14309,
Final Data Report,"’ which describes the test facility, the valid instrumentation, and the tes: facility
performance for the different experiments. This report will examine, in additional detail, the thermal-
hydraulic behavior of the test facility and the phenomenon observed in the experiments, and as
identified in the PIRT. This analysis will aid the coniputer code validation activities.

SPES-2 is a full-height, full-pressure integral systems simulation of the Westinghouse AP6(X) reactor
design. The SPES-2 test was performed as part of the Advanced Light Water Reactor (ALWR)
program sponsored by the U.S. Department of Energy (DOE) and the Electric Power Research Institute
(EPRI). Westinghouse, in cooperation with SIET (Societa Informazioni Esperienze Termoidrauliche),
ENEL (Ente Nazionae per I'Energia Elettrica), ENEA (Ente per le Nuove Technologie, I'Energia e
'ambiente), and Sopren-Ansaldo, performed the SPES-2 tests to obtain data on the integrated behavior
and performance of the AP600 passive safety systems to support validation of the computer codes used
to perform the licensing safety analyses for the AP600.

1.1 Background

AP600 is a 600 MWe Westinghouse Advanced Reactor designed to enhance plant safety with accideat
mitigation features that, once actuated, depend only on natural forces, such as gravity and natural
circulation, to perform all required safety functions.

The AP600 primary system is a two-loop design. Each loop contains one hot leg, two cold legs, and
one steam generator with two canned reactor coolant pumps (RCPs) attached directly to the steam
generator outlet channel head. The passive safety systems comprise the following:

*  Two full-pressure core makeup tanks (CMTSs) that provide borated makeup water to the
primary system at any pressure.

*  Two accumulators that provide borated water to the reactor vessel when/if primary pressure
< 700 psia.

* A passive residual heat removal (PRHR) heat exchanger (H'X), comprised of a C-shaped tube
bundle submerged inside the in-containment refueling water siorage tank (IRWST), that can
remove heat from the primary system at any pressure.

* The automatic depressurization system (ADS), which is comprised of a set of valves connected
to the pressurizer steam space and the two hot legs. These valves are opened sequentially to
provide a controlled depressurization of the primary system.

* An IRWST that provides a large source of core cooling water, which drains by gravity after
the ADS has actuated.

uap600i1 892-non\1892- 1 .non:1b-061295 1-1



* A passive containment cooling system (PCS) that utilizes the AP600 steel containment shell to
transfer heat to the environment (ultimate heat sink). The PCS was not included in the
SPES-2 experiments.

In reviews of the AP600, the U.S. Nuclear Regulatory Commission (NRC) identified several concerns
regarding the performance of the AP600 passive safety systems. Those concerns include the
following:

Possible high-pressure passive safety system interactions which could retard cooling to the
core.

* Possible active system/passive system interaction which could retard cooling to the core.

* The dependence on small temperature differences resulting in small density differences, which
then are vesponsible for driving heads for recirculating flows.

¢ The effects of code accuracy in predicting long transients in which the driving heads for the
flows in the systems are small.

The SPES-2 test facility was specifically designed to simulate the AP6(X) transients such that the
NRC concerns could be addressed.

The SPES-2 facility was designed to simulate the AP600 plant at full-scale elevation and full pressure,
while simulating the full AP600 plant range of power with a volume scaling factor of 1/395. SPES-2
makes use of some major components of the previous facility, SPES-1,” such as rod bundle,
pressurizer, steam generators and reactor coolant pumps (RCPs). However, the reactor-vessel
downcomer, lower plenum, upper plenum, and upper head were all replaced to simulate the AP600
plant components. Also, the SPES RCPs were re-oriented in order to eliminate the cold-leg loop seal
that exists in standard Westinghouse pressurized water reactors (PWRs). All of the main coolant loop
piping and passive safety systems have been expressly designed and constructed for SPES-2 in order
to model the AP600 plant. A complete description of the SPES-2 facility is provided in
WCAP-14073, SPES-2 Facility Description.”

A series of cold, low-pressure and hot, high-pressure pre-operational tests were perforined to
characterize the SPES-2 facility, to demonstrate proper operation of the facility, to ensure that
piping/component parameters properly matched the AP600 plant prior to the performance of matrix
tests, and to provide benchmark data on the facility behavior for the computer code analysis. The
matrix tests discussed in Section 1.4 were developed to examine the AP600 passive safety system
performance in mitigating the effects of design basis events (DBEs). Events that were simulated
include loss-of-coolant accidents (LOCAS) ranging from 1-in. diameter equivalent to the double-ended
guillotine (DEG) break of an 8-in. direct vessel injection (DVI) line, steam generator tube ruptures
(SGTRs), and a large main steam line break (SLB).

w\ap60O\1 892-pon\1892- 1 .pon:1b-06129% ) I




1.2 Important Small-Break Loss-of-Coolant Accident Phenomena

The small-break LOCA (SBLOCA) transient can be subdivided into four different periods that
characterize thermal-hydraulic phenomena. Those periods include the following

Blowdown - The initial depressurization from the plant operating pressure to the steam

generator secondary-side pressure, after which the pressure stabilizes.

Natural Circulation - The time period from the stabilization of the primary pressure with the
secondary-side pressure until ADS-1 is activated. The primary reactor system is cooled by
different modes of natural circulation; that is, single-phase natural circulation, two-phase
natural circulation, and reslux condensation. Each cooling mode is dependent on the system
mass inventory. As the mass is lost from the break, the cooling proceeds from single-phase, to

two-phase, to reflux condensation cooling

ADS Stages 1, 2, and 3 Blowdown - Once the CMTs drain to their setpoint, the ADS stage |
valve opens and the reactor system is depressurized through the ADS flow path in addition to
the break. As the CMT continues to drain into the reactor vessel, additional valves are opened

on the pressurizer to enhance the blowdown of the system

IRWST Injection - Stable injection from the IRWST indicates the complete depressurization of
the primary system down to containment pressure. Also, injection from the IRWST indicates
the end of the small-break transient and the beginning of the long-term cooling transient

Using these different time periods, the important thermal-hydiaulic phenomena have been identified
and ranked in a Phenomena Identification and Ranking Table (PIRT), as given in Table 1-1. This
PIKT table has been updated and made more complete as compared to that which was given in the
NOTRUMP Code Applicability Document.” The individual phenomena were emphasized for the ADS
system and other components have been added to the PIRT. The phenomena for each identified phase
of the small-break transient relative to the AP600 small break performance is discussed in the

following paragraphs

For the blowdown phase, the reactor is assumed to be operating at normal full-power, steady-state
conditions at the start of the blowdown. The break opens at time zero, and the pressurizer pressure
begins to fall as mass is lost out the break. This depressurization is largely defined by critical flow
through the break. With the break located at the bottom of the cold leg, a mixture flow exits the
break for the majority of the transient, since the mixture level stays high in the reactor vessel. The
pressurizer pressure falls below the safety signal setpoint, causing the reactor to trip. The safety
systems actuation (S) signal follows and results in opening the CMT isolation valves. Once the
residual fissions decrease, core power is defined by the decay heat model. The RCPs trip after a short
delay. Pump performance both before and after the trip is modeled according to the pump
Characteristic for curves. Afier the pumps coast down, the primary reactor coolant system (RCS) is
cooled by natural circulation, with energy removed from the primary system by the steam generators

via their safety valves and the break. Stored energy from the thick and thin metal in the reactor vessel
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and pressurizer is transferred to the coolant. Note that all of these phenomena are essentially the same
for AP600 as for conventional PWRs. The liquid in the upper plenum and upper head (depending on
the temperature) will flash, and the upper head core start to drain.

Blowdown phase phenomena unique to the AP6C" are those associated with the CMT delivery. Once
the CMT isolation valves open on an S actuation signal, the CMT injects borated water due 1o gravity-
driven recirculation into the RCS through the DVI lines. The CMT volume injected is replaced with
hot liquid from the cold-leg, leaving the CMT which circulates through the cold-leg balance line
(CLBL); this hot liquid collects at the top of the CMT. The downcomer fluid stages subcooled
through the initial decomposition.

For the natural circulation phase of the transient, the primary system exists in a quasi-steady-state
condition with the secondary side, with the decay energy being removed by the steam generator
secondary side, as the primary system drains. The steam generator in AP600 plays a more limited role
in the natural circulation cooling phase than for conventional plants because the generators drain
relatively early in the transient. Since the PRHR is activated on an S signal during an SBLLOCA, the
IRWST becomes the primary heat sink for the RCS early in the transient; the PRHR will remove
energy from the primary system, causing it to depressurize. The steam generator secondary side
becomes a heat source once the PRHR reduces the primary pressure to that of the secondary side. The
PRHR is ranked high in the PIRT since it becomes a significant heat removal path particularly after
the primary pressure is less than the steam generator pressure. Therefore, any condensation in the
steam generator tubes during AP600 small-break LOCA transients ceases early. The requirement for
detailed models for condensation heat transfer in the steam generator tubes are not as significant for
AP600 as for a conventional plant. The importance shifts to the PRHR performance and the IRWST
heat sink behavior. The reverse heat transfer path due to the secondary heating of the RCS primary,
continues until the generators drain. The CMT continues to deliver ir the recirculation mode for a
while, but eventually a vapor region forms at the top of the CMT volume and CMT draindown begins.
As the CMT drains while injecting, its level falls to the ADS actuation setpoint, which initiates the
third phase of the AP600 SBLOCA transient, the ADS blowdown phase. The downcomer and lower
plenum are marked medium importance since they provide the criving head for natural circulation.

The ADS blowdown phase continues through ADS-1, ADS-2, ADS-3 and ADS-4 as the primary
system complet=ly depressurizes approximately the containment pressure. Table 1-1 relates AP600-
specific components, events, and phenomena that occur during the automatic depressurization of the
RCS to achieve water injection by gravity from the IRWST. Since ADS-1 creates an opening at the
top of the pressunizer, the pressurizer two-phase fluid level increases markedly. Pressurizer tank level
and sw ge line phenomena are significant factors in the depressusization behavior following ADS
actuation. Flashing of fluid in the RCS occurs again due to the depressurization caused by the ADS.

Following actuation of ADS-1, ADS-2 and ADS-3 activate via timers. Accumulator injection begins
once the pressure drops below 700 psia which reduces the flow delivered from the CMT, and CMT
flow may even be stopped temporarily due to pressurization of the DVI line by the accumulator. The
CMT drain rate, DVI line, and CLBL beliaviors are significant because the ADS-4 actuation is based
upon the CMT liquid level decreasing below a low-low setpoint value. Of somewhat less importance
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is the condensation of vapor on the CMT walls, since the recirculation has reswited in heating of the
CMT.

Critical flow through the ADS stages is the major factor in determining when the RCS has
depressurized to the extent that the gravity injection of waier from the IRWST can begin. Fourth-
stage ADS performance will be particularly affected by the nar - of flow in the hot legs. Successful
operation of the ADS leads into the IRWST imjection coolimg phase of the AP600 SBLOCA cvent,

The final stage of the SELOCA is IRW ST injection. At this point, the primary system is completely
depressurized and the transient continws into the long-term cooling phase of the accident. By the
time of IRWST injection, the CMT i« either completely empty or very nearly capty; therefore, CMT
phenomena have become relatively unimportant. whereas the IRWST gravity drain rate through the
DVI is important. The hot-leg flow phenome=a, 1opether with the ADS-4 flow, is also important.

Moreover, the break critical flow behavior is now less important than before because all the ADS flow

paths are open, providing a large area through which 10 vent stzam. Maintaining the core covered
with liguid or a two-phase mixture becomes a function of the decav heat lcvel and the IRWST flow.,

The impact of noncondensible gas released when the accumulators empty of liquid during AP600
SBLOC As is shown 1o be of low importance in the SBLOCA PIRT because of the large aumber of
vent paths for the gas.

1.3 Important Phenomena for Steam Generator Tube Rupture and Steam Line Break
Transients

The SPES-2 test program also examined SGTR accidents and a SLB transient for LOFTRAN and
LOFTR-2 computer code validation. A separate PIRT has been developed for the non-LOCA
transients; it is included in the LOFTRAN Code Applicability Document®' and is given in Table 1-2.
The key the “mial-hydraulic phenomena for the non-LOCA transients are identified in Table 1-2.
Columns 3 and 14 identify the phenomena of importance for the SLB and the SGTR transients.

Not all of the phenomena identified for the SLB in Table 1-2 will be addressed in the SPES-2 tests,
since neither the neutronic feedback nor boron mixing in the power channel are modeled for the steam
line break. However, the thermal-hydraulic systems’ effects (such as the fluid flashing in the reactor
head and the forced and natural circulation flow in the primary system) are simulated. The steam
generator heat transfer, CMT recirculation and the pressure drop and temperature distribution in the
balance lines are simulated also. All these items are indicated as high priority in the PIRT table and
were simulated in the SPES-2 facility.

The high ranking thermal-hydraulic phenomena identified for the SGTR transients can also be
simulated in the SPES-2 test facility. The critical flow through the faulted steam generator tube is
simulated. Also simulated are the steam generator s~condary-side conditions, the core decay power,
and the PRH ©  vhich also acts to depresswize the primary system). The recirculation behavior of the
CMTs and the primary system natural circulation behavior are simulated.
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Therefore, the thermal-hydraulic phenomena, which has been ranked high in the non-LOCA PIRT,
have been simulated successfully in the SPES-2 test facility such that AP600 safety analysis computer
codes can be validated.

1.4 Test Objectives
There are two primary objectives of the AP600, SPES-2 Integral Systems Test:

+ To simulate the AP600 thermal-hvdraulic phenomena and behavior of the passive safety
system identified in the PIRT tables for specific SBLOCAs, SGTRs, and an SLB.

* To obtain detailed experimental results for validation of safety analysis computer codes.
1.5 Test Matrix

The SPES-2 test matrix was developed to provide data for the important thermal-hydraulic phenomena
identified in the SBLOCA PIRT and the non-LOCA PIRT for the AP600 passive safety systems, for
computer code validation. The individual test initial and boundary conditions were selected to range
the thermal-hydraulic phenomena, to challenge the passive safety systems, to provide direct
comparisons between selected tests, and/or to match the limiting assumptions used in safety analysis
computer codes. The resulting test matrix is shown in Table 1-3 and is discusse 1 below.

There were seventeen tests performed at the SPES-2 facility— anirteen of which were successful and
are reported as valid tests. Four runs were considered either unsuccessful or inappropriate to report.
Table 14 lists all seventeen runs from WCAP-14309, Final Data Report,” the test date, a brief test
description, and a comment on the test acceptance.

Three of the SPES-2 matrix tests were designated as "blind" tests. The data for these three tests were
reviewed only by the Westinghouse Test Engineering group. However, the initial and boundary
conditions were provided to other Westinghouse personnel to allow "blind" computer code predictions
of the facility responses to be performed.

1.5.1 Small Break Loss-of-Coolant Accident Transients

The passive safety systems are designed to provide sufficient water for LOCA mitigation over a long
period of time: thus CMT draindown, ADS actuation, accumulator delivery, and primary system
depressurization to IRWST delivery all must occur. Eight different LOCA simulations with a wide
selection of break sizes and locations were tested 10 observe the integrated operation of the passive
system over a wide range of thexial-hydraulic conditions. All LOCA tests, with one exception, were
performed without operation of the act've, nonsafety pumped injection/heat removal. All tests were
initiated from fuli-power operating conditions and used the minimum pressure setpoints for reactor trip
and safety system actuations, as defined in the AP600 Standard Safety Analysis Report (SSAR)® .
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1.5.2 Steam Generator Tube Rupture Transients

Three SGTRs simulations were performed at SPES-2. All these tests modeled a full rupture of a
single steam generator tube, and all were initiated from full-power operating conditions and used low-
low pressurizer level 1o initiate reactor trip and safety system actuations.

Test No. 9 An SGTR with operator action and nonsafety systems operating in
conjunction with the passive safety systems was performed to observe the
combined effect of manual SGTR recovery actions and passive system
operation.

Test No. 10 An SGTR without operator actions and without operation of active,
nonsafety, pumped injection/heat removal was simulated to observe the
capability of the passive systems to terminate the event without intervention
and to identify if any different thermal-hydraulic behavior was observed.

Test No. 11 An SGTR without operator actions or nonsafety system operation but with
the inadvertent actuation of the ADS was performed to observe the thermal-
hydraulic effect of backflow from the faulted steam generator on ADS
depressurization capability.

1.53 Steam Line Break

This test was a simulation of a large single-ended SLB. It was performed to examine the thermal-
hydraulic behavior of a rapid intact primary system cooldown transient and to observe the ability of
the CMT to provide primary system mass addition without requiring ADS actuation.

Test No. 12 This test was performed at AP600 hot, zero power conditions, and no core
decay heat was used. Also, this test was performed with three PRHR HX
tubes to maximize primary system cooling and to better simulate two PRHR
HXs in operation in the AP600. The break size was scaled to simulate a
| ]*"* AP600 break area (full steam generator outlet area) and was
performed with no operator actions or active, nonsafety system operation.

1.6 SPES-2 Atypicalities Relative to the AP600 Plant

The SPES-2 test facility was scaled on a power-to-volume basis with full height being maintained for
all components except for the pressurizer vessel.”’ Using this scaling method, there is a distortion of
the test facility surface area-to-fluid volume that causes heat loss, which is surface-area dependent, to
become significant relative to the full AP600 plant. Similar scaling was used on the semi-scale test
facility SBLOCA experiments”’ and the same scaling distortion problem existed. For the semi-scale
tests, strip heaters also added additional thermal mass to pipes and vessels. This was not a significant
problem for semi-scale tests, since the test facility was not fully depressurized therefore, the excess
energy from the heaters did not effect fluid conditions. For the AP6(X), a different situation exists.
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The AP600 fully depressurizes during an SBLOCA transient, so that the pipes, which are initially at
high temperatures, transfer heat back to the fluid as the system depressurizes. Since the surface area
for the piping is larger per unit fluid volume, metal heat transfer to the coolant will be larger in the
SPES-2 facility compared to the AP600 plant.

The approach used to compensate for the larger than nominal heat losses, at full system pressure and
temperature, was 1o increase to the rod bundle power to compensate for the heat losses from the piping
and components. Calculations using the RELLAP 5 MOD 3 V80 code established the power
compensation level that best matched the AP600 transient. Calculations for the AP600 piant transient
established a baseline transient that the SPES-2 test facility should simulate. Increasing the power in
the 10d bundle by 150 kW until ADS-1 occurred compensated for the heat losses. After ADS-1, the
compensating power was eliminated and the power curve for the facility became the ANS 1979 decay
curve. Pre-test calculations were performed for all the tests simulated in the SPES-2 facility in which
the facility response was compared to the expected response for the AP600. The power used for heat
loss compensation was verified over the full test matrix. Figures 1-1 to 1-9 show the comparison of
the SPES-2 transient results with the calculated results for the AP600, As the figures indicate, using
the power compensation results in a similar response as the expected AP600 plant response. In
addition, calculations were also performed assuming that the SPES facility was perfectly insulated so
that heat losses were zero. For these calculations, the compensating power was not used. Figures 1-
10 1o 1-13 compare the two calculations and indicate that there is good agreement between the two
cases which also supports the use of the compensating power for the experiments. Therefore, the
power compensation was used on all SBLOCA experiments.

Scaling distortions result when using the power compensation method, before ADS activation, to
account for heat losses in the SPES-2 facility. By increasing rod bundle power to values greater than
the scaled amount, the void fraction in the simulated core is larger and additional steam is generated.
The additional steam will be condensed in the generators and in the PRHR. As a result, the heat
removal rate from the PRHR will be larger before ADS since it will condense more steam. In the
original scaling report for the SPES-2 facility,”’ scaling indicated that 1.7 PRHR tubes should be used
as scaled to the AP600 PRHR. Two PRHR tubes were planned to be used in the SPES experiments
since this would have been closest to the scaled value; however, when pre-test analysis was performed
using RELAP § MOD 3 VB0, it was found that using two PRHR tubes over estimated the PRHR heat
exchange by a factor of two. Greater heat exchange was due to the power compensation used in the
test bundle which increased the bundle steaming rate. Therefore, the number of PRHR tubes were
reduced to a single tube, which gave better agreement with the estimated AP600 PRHR heat exchange.

The original SPES facility used the Wilson™ bubble rise model fo: scaling the pressurizer bebavior.
This resulted in a shorter, larger diameier pressurizer then ihe iceally scaled pressurizer. Concerns
were raised on pressurizer behavior for SBLOCAs when the ADS activates. Additional calculations
were performed using the RELAP S MOD 3 V80 code to access the difference in the ideally scaled
pressurizer and the existing pressurizer in the facility. Figures 1-14 to 1-18 show that there is no
significant effect of the shorter pressurizer in the SPES-2 facility so the existing pressurizer is
sufficient for the AP600 SBLOCA tests.
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TTBLTE i-1
PHENOMENA IDENTIFICATION RANKING TABLE FOR AP600 SMALL-RREAK LOCA
Component Natural ADS IRWST injection
Phenomenon Blowdown Circulation Blowdown Cooling

Break

Cntical Flow H H H M

Subsonic Flow N/A N/A N/A M
ADS Stages 1 to 3 H* (inadvertenit ADS) H* (inadvertent ADS) H M

Crtical Flow

Two-Phase Pressure Drop N/A* N/A* H M

Valve Loss Coefficients N/A* N/A* H M

Single-Phase Pressure Drop N/A N/A N/A L
Vessel/Core

Decay Heat H H H H

Forced Convection M N/A N/A N/A

Flashing M N/A M L

Wall Stored Energy M N/A M M

Natural Circulation Flow and Heat Transfer M M M M

Mixture Level Mass Inventory H H H H
RCP

RCP Performance M N/A N/A N/A
Fressurnizer

Pressunizer Fluid Level M M M L

Wall Stored Heat M M M L

| Pressurizer Surge Line

Pressure Drop/Flow Regune L L M L
Downcomer/Lower Plenum L M M M
Upper Head/Upper Plenum L M M M
Cold Legs L M M M

*  The ADS is not normally opened during these phases unless the transient is an inadvertent ADS: for Ziat care, the ADS phenomena would be ranked as high (H).
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TABLE 1-1 (Cont.)
PHENOMENA IDENTIFICATION RANKING TABLE FOR AP600 SMALL-BREAK LOCA
IRWST
Component Natural ADS Injection
Phenomenon Blowdown Circulation Blowdown Cooling
Steam Generator
2¢ - Natural Circulation L M L L
SG Heat Transfer L M L L
Secondary Conditions L M L L
Hot Leg
Flow Pattern Transition L H H H
i ADS 14
Critical Flow N/A N/A H H
Subsonic Flow N/A N/A L H
CMT
Recirculation Injection M M L L
Gravity Draining Injection N/A M H L
Vapor Condensation Rate N/A M M L
CMT Balance Lines
Pressure Drop M H H L
Flow Composition M H H L
Accumulators
Injection Flow Rate N/A M H N/A
Noncondensible Gas Entramment N/A N/A L L
IRWST
Gravity Draining Injection N/A N/A N/A H
Vapor Condensation Rate N/A N/A M L
DVI Line
Pressure Drop M M M M
PRHR
Natural Circulation Flow and Heat Transfer L
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TABLE 12
PHENOMENA IDENTIFICATION RANKING TABLE FOR AP800 NON-LOCA AND
STEAM GENERATOR TUBE RUPTURE DESIGN BASIS ANALYSES

(2

(L1} inad
(L] i) LOSS ") vertent
mn Inad- Loss ac of LR oMT (o
Fw @ (L] vertent (L)) & Mm RCS & [§ 1.7 (an or RCS (1

Component & System Phenomenon Mulf ELI SLB PRHR LOL LONF FLB Flow BS SUIL RWAP Vs Dep. SGTR
Critical Flow N/A N/A H N/A N/A N/A H N/A N/A N/A N/A N/A M H
Vessel H L H H L M M L L H L M L M

Mining

Flashing i Upper Head N/A N/A M L N/A L N/A N/A N/A N/A L L L
Core H M H H M L M M M H M L i L

Reactivity Feedback

Reactor Trip H L H H H H H H H H H H H H

Decay Hest L L L H L H H L L L L H L H

Forced Convection H H H H H H H H H H H M H L

Natral Circulation Flow and M L H H L H H L L L i H L M

Heat Transfer
RCP Coastdown Performance A N/A L. L L L L H H N/A N/A L L L
Pressurizer L L M M L M L L L 2 L L M

Pressurizer Flwd Level

Surge Line Pressure Drop L - A L L H L M H L L L L L
Steam Generator (SG} Heat Transfer H H H L H H H L L L M L L

Secondary Conditsons M L H L L M M L L L L L L H
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Component & Sysiem Phenomenon

TABLE 1-2 (Cont.)
PHENOMENA IDENTIFICATION RANKING TABLE FOR AP600 NON-LOCA AND
STEAM GENERATOR TUBE RUPTURE DESIGN BASIS ANALYSES

RCS Wall Stored Heat

CMT

Recwculation Injection

N/A N/A H H N/A H M N/A N/A N/A N/A

Gravity Dyaining Injection

Vapor Condensation Rate

Balance Line Pressure Drop

Balance Line Initial Temperature N/A N/A H H N/A H M N/A N/A

Dhst.

Accumulators

Injection Flow Rate

N/A N/A M N/A N/A N/A N/A N/A N/A

1)
)
)
(4)
(5)
6)

(8}

9

(10)
(an
12)
an
(14)

H

PRHR
Flow Rate and Heat Transfer

FW Malf

ELI

SLB

Inadvertent PRHR
LOL

Loss ac & LONF
LB

Loss of RCS Flow
LR & BS

SUmL

kKWAP

Inadvertent CMT or CVS

RCS Dep
SGTR

=  High Importance

3] N/A N/A

Feedwater malfunction that results in a decrease in feedwater temperature or an increase in feedwater flow
Excessive increase in secondary steam flow

Steam line break

Inadvertent operation of the PRHR

Losz of secondary-side load events

Loss of ac power and loss of normal feedwater

Feed line break

Loss of forced RCS flow

Locked RCP rotor and broken RCP shaft

Startup of an ‘nactive reactor coolant pump at an incorrect temperature
ROCA withdrawal at power

Inadvertent operation of the CMT or chemical and volume contro! system
Inadvertent RCS depressunization

Steam generator tube rupture

M = Moderate Importance L = Low Importance N/A = Not Appheable
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Test Description
(AP60O Transient
Simulated)

TABLE 1.3
SPES-Z, TEST MATRIX

Status Nonsafety
Systems

AP600 Single Failure
Simulated

Comment

1-inch cold-leg break
(Note 2), bottom of
loop B (Note 1)

CVCS, NRHR, and
SFWS Off. No
operator actions (OAs).

One of two 4th-stage
valves on loop B

Maximize CMT heatup prior to
ADS actuation.

I-inch cold-leg break,
bottom of loop B

CVCS, NRHR Off;
SFWS On (Note 3).
No OAs.

Ome of two 4th-stage
valves on loop B

This test deleted due to AP600
design changes.

2-inch cold-leg break,
bottom of loop B

CVCS, NRHR, and
SFWS Off. No OAs.

One of two 4th-stage
valves on loop B

Reference cold-leg break.

2-inch cold-leg break,
bottom of loop B

CVCS, NRHR, and
SFWS On (Note 3).

One of two 4th-stage
valves on loop B

Nonsafety/passive system
interactions,

2-inch DVI break

CVCS, NRHR and
SFWS Off. No OAs.

One of two 4ith-stage
vaives on loop B

DEG break of DVI

CVCS, NRHR, and
SFWS Off. No OAs.

One of two stage |
and stage 3 valves

Complete loss of one-of-two
injection flow paths.

2-inch break in
CL/CMT-B baiance line

CVCS, NRHR, and
SFWS Off

One of two 4th-stage
valves on loop B

Examine effect on CMT drain
down.

DEG break of a
CL/CMT-B balance line

CVCS, NRHR, and
SFWS Off. No OAs.

One of two stage |
and stage 3 ADS
valves

No delivery from fanlted CMT.

Design basis SGTR
(1 tube)

CVCS, sFWS On;
Operator action to
isolate SG, subcool,
depressunize.

None

Recovery with operator action;
show recovery margin.
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TABLE 1.3

SPES-2, TEST MATRIX (Cont.)

(1 tube) with madvertent
ADS actuation.

Test (AP609 Transient
No. Test Type Simulated) Status Nonsafety Systems Single Failure Comment
10 SGTR Design basts SGTR No CVCS or SFWS. Ne. None. SGTR recovery with no
(1 tube) OAs. operator action.
11 SGTR Design basis SGTR No CVCS or SFWS. No OAs. | One of two ADS actuated to cause

4th-stage valves on
loop B.

steam generator to
primary flow. Observe
dilution rate and effect on

ADS performance.
12 SLB (with three | SL break at zero power. | No CVCS, NRHR, SFWS. None. Show CMTs do not drain
PRHR HX wbes | A 1.388 ft.” single-ended and no ADS actuation
in service). SLB on SG-A discharge. OCcurs,
13 Small Break Linch cold-leg break on | CVCS, NRHR, and SFWS off. | One of two Show effect of
LOCA (with bottom of loop B. No OAs. 4th-stage valves on three PRHR tubes,
three PRHR loop B. compare with matrix
HX tubes in test 1.
service).

Notes:

Loop B is the CMT side of plant; loop A is pressurizer and PRHR side of piant.

Break sizes are "a broken pipe of the indicated diameter,” ¢.g., 2-inch break is 3.146 in.?
SG main feedwater isolated on S signal and SFWS initiated, SFWS on until isolated on HI SG leve! v LO-Teold. '

Selected as repeat test to show facility repeatability. I

Cadth ol ol o
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TABLE 1-4
TEST RUNS AT SPIs-2
m
Test Run Test Date
Number Test Descriotion Comments
S00103 2/5/94 Successful, but not included in final report since AP6N)
SBLOCA - 2-inch cold-leg break at bottom of loop B ADS valve sizes and setpoints were changed.
S00203 4/9/94 Successful, but not included in final report since
pressurizer to CMT balance line was subseguentiy
SBLOCA - 2-inch cold-leg break at bottom of loop B deieted.
S00303 4/30/94 SBLOCA - 2-inch cold-leg break at bottom of loop B Successful.
SO0401 5/6/94 SBLOCA - l-inch cold-leg break at bottom of loop B Successful.
S00504 5/18/94 SBLOCA - 2-inch cold-leg break at boitom of loop B
with nonsafety systems Successful.
S00605 572794 SBLOCA - 2-inch DVI break Successful.
00706 6/10/94 SBLOCA - DEG break of DVI Successful.
SO0807 6/12/94 Unsuccessful - due to vaive misalignment in break
SBLOCA - 2-inch break in CL/CMT balance line piping to condenser.
SO0908 6/23/94
(blind) SBLOCA - DEG break of CL/CMT balance line Successful.
SO1007 77194 SBLOCA - 2-inch break in CL/CMT balance line Successful.
SOL110 /1494 SGTR - | tube; passive safety systems only Successful.
SO1211 91784
(blind) SGTR - 1 tube; inadvertent ADS actuation Successful,
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Test Run

TABLE 1-4 (Cont.)
TEST RUNS AT SPES-2

Number Test Date Test Description Comments

SO1309 972294 SGTR - 1 tube; nonsafety systems operational with
operator action for mitigation Successful.

S01412 1/7/94 Unsuccessful - Leak in several power channel heated
SLRB at hot, zero power conditions rods caused unisolable water loss from facility.

S01512 /1194

(blind) SLB at hot, zero power conditions Successful.

S01613 10/15/094 SBLOCA - l-inch cold-leg break at bottom of loop D Successful.

01703 11/1194 SBLOCA - 2-inch cold-leg break at bottom of loop B

Successful.




Figure 1-1 Comparison of AP600) to SPES-2 System Pressure
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Figure 1-2 Comparison of AP600 and SPES-2 CMT Injection Flows
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Figure 1-3 Comparison of AP600 and SPES-2 CMT Level
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Figure 1-4 Comparison of Pressurizer Level for AP600 and SPES-2
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Figure 1-§ Comparison of AP600 to SPES-2 Accumulator Flows




Figure 1-6 Comparison of AP600 and SPES-2 ADS-1 Discharge Flow
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Figure 1-7 4
omparison of AP600 and SPES-2 ADS-2 |
-2 ADS-2 Discharge Flow
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Figure 1-8 Comparison of AP600 and SPES-2 ADS-3 Discharge Flow




Figure 1.9 Comparison of AP600 and SPES-2 Total Primary System Mass
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Figure 1-10  Comparison of Ideally Scaled SPES-2 Primary- and Secondary-Side
Pressures to SPES-2 with Power Compensation
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Figure 1-11  Comparison of Ideally Scaled SPES-2 Break Flows to SPES-2 Response
with Power Compensation
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Figure 1-12  Compsrison of Ideally Scaled SPES-2 Response for the CMT Level to the
SPES-2 Respoase with Power Compensation
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Figure 1-13

Comparison of the CMT Injection Flows Between the Ideally Scaled SPES-2
Response to the SPES-2 Response with Power Compensation
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Figure 1-14  Comparison of the Pressurizer Collapsed Level with the ldeally Scaled
Pressurizer and the Existing Pressurizer for a 2-Inch Cold-Leg Break
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Figure 1-15  Comrparison of the ADS-1 Flows for the Ideally Scaled SPES-2 Pressurizer
to the Existing Pressurizer for a 2-lnch Cold-Leg Break
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Figure 1-16

Figure 1-17

Comparison of the ADS-2 Flow for the Ideally Scaled SPES-2 Pressurizer
to the Existing Pressurizer for a 2-Inch Cold-Leg Break

Comparison of the ADS-3 Flows for the Ideally Scaled Pressurizer to the
Existing Pressurizer for a 2-Inch Cold-Leg Break
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Figure 1-18  Comparison of the SPES-2 Primary System Mass with the Ideally Scaled
Pressurizer and the Existing Pressurizer for a 2-Inch Cold-Leg Break




2.0 SPES-2 ANALYSIS METHODOLOGY - COMPONENT ANALYSIS

The SPES-2 facility is a full-pressure, full-height representation of the AP600 design, which has been
used to simulate loss-of-coolant accident (LOCA) and non-LOCA accident scenarios. The primary
purpose of this facility is to investigate the behavior of the passive core cooling systems over a range
of faulted conditions. The SPES-2 facility represents the following components of the AP600:

* The primary circuit including the core, pressure vessel, loop pipework, and pressurizer.
¢ The steam generators.

* The passive salety systems (core makeup tanks (CMTs], in-containment refueling water storage
tank [IRWST], passive residual heat removal [PRHR] and automatic depressurization system
[ADS]) and the accumulators.

* Nonsafety systems (chemical volume and control system [CVCS), normal residual heat
removal [NRHR), and startup feedwater system [SFWS]).

A computer code has been developed to perform test analysis of the SPES-2 tests.

In analyzing the results this code performs a mass and energy balance has been undertaken for all the
“.ain system components, and an overall mass and energy balance assessment has been undertaken.
The models and data used in SPESAN to undertake this analysis are described in this section. All
dimension data used for this analysis were taken from WCAP-14073, SPES-2 Facility Description.”'

2.1 Core Makeup Tank (CMT)

The core makeup tank is a passive safety feature unique to the AP600. The CMTs consist of two
tanks of cold, borated water maintained at system pressure, each connected at the top to a cold leg and
connected at the bottom, through check valves and normally-closed isolation valves, to a direct vessel
injection line. The CMTs are designed to passively inject water into the core in the event of a LOCA.

In the SPES-2 facility, the CMT is surrounded by a steel guard vessel.”” The guard vessel is included
in the energy balance calculations.

2.1.1  CMT Mass Balance and Liguid Level Calculations

The mass inventory in each CMT is found directly from the vertical pressure difference across the
tank. The pressure difference is interpreted as an eievation heac since the frictional and acceleration
pressure drop terms are negligible due to the low flow rate in the CMT. The collapsed liquid level is
found from this same pressure difference using measured fluid temperatures and pressure to determine
fluid density distribution. The contribution of the CMT to the primary system mass balance is the
fluid mass inventory. Other calculations include the injection flow from the bottom of the CMT
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toward the direct vessel injection (DVI) line (which is measured directly) and the flow through the
cold-leg balance line (CLBL) from a cold leg to the top the CMT (which is found by a mass balance
in the CMT). These terms provide bases for comparison to computer models.

CMT Mass Inventory

The mass of fluid in each CMT is calculated as the sum of four vertical differential pressure
measurements, multiplied by the effective average cross-sectional area of the tank as shown in
Table 2.1.1-1. This area was found by dividing the measured total tank volume by the total height
between the top and bottom differential pressure taps.

4
g (2.1-1)

Mon = Aoy [ZIAPLcm-. ]?
where:
Moy = mass of water and steam in the CMT (Ibm)
Acaer = horizontal inner cross-sectional area of the CMT; | e
AP cvp, = one of four adjacent vertical differential pressures measured in the CMT (Ib/ft.?)
g = gravity (ft/sec’)
g = gravitational constant (Ibm-ft.)/(1bf-sec.?)
CMT Flow Rates

The CMT drain flow rate is directly measured in the drain line and is expected to always show
positive flow because of the check valve in the line.

'l‘hcﬂowmebetweenmecoldlcgandmetopofmcCM’risequalwmesumofthedrainﬂowmc
and the rate of change of the CMT fluid mass.

m, = m, + (Mcm,, * Mo i)/ g-t) 2.1-2)

"

mass flow rate into the top of the CMT (Ibm/sec.)

measured drain flow rate from the CMT (Ibm/sec.)

Mo | = CMT fluid mass at time t (Ibm)
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M = (CMT fluid mass at time t., (Ibm)

0}

The CMT drain instrumentation are given in Table 2.1.1-2

CMT Coliapsed Liguid Level

The collapsed liquid level is calculated based on the sum of four vertical differential pressure
measurements. The liquid level is that level for which the integral of fluid density times incremental
height is equal 1o the total vertical pressure drop. The density of liguid is calculated based on the
temperature at each fluid thermocouple, or saturation temperature if that is lower. The liquid density
for the span between each adjacent pair of fluid thermocouples is assumed to be the average of the
densities at those two thermocouple locations. Above the top thermocouple and below the bottom
thermocouple, the density is assumed to be the same as that at the nearest thermocouple. Saturated
steam 1s assumed above the collapsed liquid level. Pressure at the top of the CMT is used to find all

fluid densities. The liquid level is limited to be between the bottom and top differential pressure taps

. £ %
| p2ydz +(z,. -1 p, (Py,) = X ar .. - (2.1-3)
Except that
Z, sSLsz
whert
I pressure in the top of the CMT (psia)
I elevation of the liquid level in the CMT (ft.)
Z, =0 elevation of the bottom CMT differential pressure instrument tap (ft.)
elevation of the bottom CMT fluid thermocouple (ft.)
Z elevation of the second CMT fluid thermocouple (ft.)
i elevation of the top CMT fluid thermocouple (ft.)
elevation of the top CMT differential pressure instrument tap (ft.)
P, (P density of saturated steam at P, (Ibm/ft”)
p(z = PAP;.. T(2)) + pdP,.. T(2.,,)))2 (Ibm/ft") for 2. Sz <., j= 1, 2 nTX
and whert
pAP.T) = density of liquid water at pressure P, temperature = min (1 T, (P)) (Ibm/ft.")
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T(z) = temperature indicated by the CMT fluid thermocouple at z,, or by the nearest
fluid thermocouple for j = 0 or j = nTC+1 (°F)
T (P) = saturation temperature at pressure P (°F)

The instrumentation used to calculate the collapsed liquid level is given in Table 2.1.1-3.
CMT Mixture Level

To determine whether significant steam is stored with the liquid region in the CMTs, an attempt is
made to calculate a mixture level (that is, the lower limit of the region containing essentially no

liquid).

A local liquid level is first calculated within each of the four ranges of elevation in the CMT for
which elevation pressure drop is measured. Exactly the same logic is used within each range as is
used to find collapsed water level using the sum of the four pressure drops.

L

Zp(z) @ + (z, - Lp, Py,) = AP\ % 2.14)

where:

h
"

local elevation of the liquid level based on AP ., (ft.)
elevation of bottom tap of AP ., (f.)
elevation of top tap of AP, ., (ft.)

NN

Normally this analysis is expected to show that, in the range which contains the collapsed level, the
steam/water interface level is the same as the collapsed level. Ranges below this interface are full of
liquid, and ranges above this interface are full of steam only.

When significant flashing occurs in a range below the steam/water interface, a void fraction will be
found in that range. Also, in the range containing the collapsed level the local liquid level will be
higher by a corresponding amount. In such a case, the void fraction in the range containing a level,
below the interface, is assumed equal to the void fraction in the range below it. To avoid large
misinterpretations resulting from small errors in data, we exclude ranges where the calculated local
level is below 2 percent of the range (that is, essentially empty range) is excluded. Thus a mixture
level is defined as follows:
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Lo =max [L, fz,, - L ) /Z,, -2, (2.1-5)

for L, >z, +002(@Z,-2Z,)
where:

L., = mixture level (ft.)
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Description

Instrumentation Tag

| Elevauon pressure difference,
I CMT-A

DP-A41E, DP-A42E, DP-A43E,
DP-A44E

| Elevation pressure difference,

DP-B41E, DP-B42E, DP-B43E,
DP-B44E

| Drain flow. CMT-A

| Dramn flow, CMT-B

Description

Instrumentation Tag

| Elevation pressure difference, CMT-A DP-A41E. DP-A42E, DP-A42E, DP-A44E

i Fluid temperatures, CMT-B

T-B409E, T-B411E, T-B413E, T-B415E,
T-B417E, T-B420E

APL-CM’T«
| Elevation pressure difference, CMT-B DP-B41E, DP-B4.E, DP-B42E, DP-BME | AP .,
i Top pressure, CMT-A P-A40E Pre
| Top pressure, CMT-A P-B40E -

Fluid temperatures, CMT-A T-A401E, T-A402E, T-A403E, T-A44E, | T (z)
T-A405E, T-A406E, T-A407E, T-A408E,
T-A400E, T-A410E, T-A411E, T-A412E,
T-A413E, T-A414E, T-A415E, T-A416E,
T-A417E, T-A418E, T-A419E, T-A420E
T-B40I1E, T-B403E, T-B40SE, T-B407E, T (z)
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2.1.2 CMT Energy Balance Calculations

Several components of energy transfer must be determined (o establish an overall energy balance for
the CMT. These include the energy flow into the CMT from the CLBL, the energy flow out of the
CMT through the drain line, energy storage in the CMT fluid, heat storage in the CMT vessel and
guard vessel, and metal and heat loss to the surroundings. Each component is calculated from the
instrumentation available in the tests. The overall CMT energy balance is used to determine the
relative magnitudes of each component and to provide a basis for comparison to computer models.

The total of the fluid energy storage metal energy stored and energy loss is used in the overall energy
balance.

Energy Storage in the CMT Fluid

The rate of change of internal energy in the CMT fluid is determined by calculating the internal
energy at each time step and differentiating with respect to ime. The internal energy is found as the
integral of the product of fluid density times specific enthalpy in the CMT, minus the product of
pressure and volume of the CMi. The specific enthalpy and density of fluid below the calculated
liguid level are assumed to be the averages of the properties of the liquid at the temperatures at the
two nearest fluid thermocouples, or at the nearest thermocouple for the regions below the bottom
thermocouple or above the top thermocouple, or at saturation temperature if that is lower. The fluid
above the liquid level is assumed to be saturated steam. The pressure measured in the top of the CMT
is used for all properties.

L
Uy * Ac.,{’f P@) h@) dz + (2., L) ph, Br) = Py (2., =20 @16

where:
U, = total fluid internal energy in the CMT (Btu)
h(Py.0) = enthalpy of saturated steam at P, (Bw/lbm)
h(z) = (hdPy,, T(z)) + h(Py,, T(z, )2 for z £z<2z,, j=12 ... aTC
J = Joules constant
and where:
h{P.T) = specific enthalpy of liquid water at pressure P, temperature T (Btu/ibm)

Other terms are defined under collapsed liquid level calculation in Section 2.1.1.
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Thermocouples used in ihe fluid energy calculations are listed in Tables 2.12-4 and 2.1.2-5.

The fluid thermocouples along with the elevation and associated volume are shown in Table 2.1.2-4
for CMT-A, and Table 2.1.2-5 for CMT-B.

The rate of energy storage in the CMT fluid is given by the following equation:
Quuae = AUt = ( Uy, = Uiy )/ (4~ 8,) (@1-7)
where:

Quuesae = rate of change of energy storage in CMT (Btu/sec.)

U = total energy of fluid at time t (Btu)
Upeis = total energy of fluid at time t, (Btu)
L = present time (sec.)

L, = previous time (sec.)

Heat Loss to the Surroundings
The heat transfer from the CMT fluid to the surroundings consists of the heat stored in the guard

vessel wall, and the heat loss from guard vessel to the ambient. The thermocouples used to determine
these heat losses are summarized in Table 2.1.2-1.

Heat Storage in the CMT Wall

The heat storage rate in the CMT wall is given by the following equation:

T
Quarr - e = Mestrwar g (2.1-8)

where:

Qemraoe = heat storage rate in the CMT wall (Btu/sec.)

Movrew = mass of the CMT tank (Ibm)

¢, = specific heat of the CMT tank (0.123 Btw/lbm-°F for stainless steel) (Btw/1bm-°F)
dT/an = time raie of change of the CMT wall temperature (“F/sec.)

The CMT wall temperature is measured at several axial segments; with eight thermocouples for
CMT-A, and four thermocouples for CMT-B.
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Thus the total heat storage ra‘e is

Qereraeme = G 2M, [ T(L) - Tt 1AL - 1,) 2.19)
where:
M, masses of the CMT wall associated with each thermocouple (Ibm)
L = prevent time (sec)
L, = previous time (sec)
T, = measured temperatures o' times ¢ and t; (°F)

The CMT wall mass associated with each thermocouple is summarized in Table 2.1.2-2.

The heat transfer from the CMT wall to the guard vessel is given by the following equation:

Qarov = Que + Qs (2.1-10)
where:
Qevroy = heat transfer from the CMT wall to the guard vessel (Btwsec.)
Q.. = heat transfer due to convection and conduction through the air gap (Btu/sec.)
Q.. = heat transfer via radiation (Btuw/sec.)

The heat transfer through the air gap depends strongly on the fraction of the CMT wall that is heated.
Free convection cells, caused by the temperature difference between the hot CMT wall and the cold
guard vessel wall, can significantly enhance the heat transfer across the air gap. Holman® defines an
equivalent thermal conductivity for the air in the gap, as enhanced by free convection:

k. = k 0.197 (Gr P)"* (L/§)"" (2.1-11)

Ky the equivalent thermal conductivity across the gap (Buw/sec -ft.-°F)
k = thermal conductivity of the air in the gap (Bw/sec.-ft.-°F)

L = heated length of the CMT wall (fi.)

6 = distance between the walls (ft.)

Pr Prandtl number of the air in the gap

Gr Grashof number
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The Grashof number is given by the following:

Gfgt ﬂ('rm‘-rov.‘)balvz (2.1'12)
where:
v = kinematic viscosity of the air (ft."/sec.)
B = coefficient of volumetric expansion, 1/T(R) (°R")
Tewr = average CMT wall temperature (°F)

Tove = average guard vessel temperature at the inside diameter (°F)
Thus, the heat transfer via condu tion/convection through the enclosed air space is
Quc = Acwr keg ( Toner  1ijyiq VO (2.1-13)
where:
Acyr = surface area of the CMT (ft.”)
Radiation heat transfer from the CMT wall to the guard vessel is given by the following equation:
Qus = O &y Acrr ( Towr' - Tovia ) (2.1-14)
where:
Q.« = radiation heat transfer from the CMT wall to the guard vessel (Btu/sec.)
o = Stefan-Boltzmann constant (Bru/sec.-ft.”-°R%)
£, = average surface emissivity
The average surface emissivity is given by the following equation:
€y = W Vegyy +1/Egy, - 1) (2.1-15)
where:

€y = emissivity of the CMT wall
Eove = emissivity of the guard vessel (assumed to be 0.5)
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Heal Storage in the Guard Vessel

The heat storage rate in the guard vessel wall is given by the following equation:

dT
Qovaes ® Moy €, 1;"1 (2.1-16)

Qov.ae = heat storage rate in the guard vessel wall (Btw/sec.)

Moy eai = mass of the guard vessel (Ibm)

<, = specific heat of the guard vessel (0.1 Buw/lIbm°F for steel)

T, = time rate of change of the guard vessel temperature, which is caiculated by averaging
I the inside and outside wall temperatures (°F/sec.)

The guard vessel lemperature is measured at two axial segments for both CMTs.
Thus, the total heat storage rate is
Qov.ae = € EM. [T - T 1At -¢,) 2.1-17)
where:
M, = masses associated with each thermocouple (Ibm)

The guard vessel mass associated with each thermocouple is shown in Table 2.1.2-3.

The heat transfer from the guard vessel to the surroundings is comprised of free convection and
radiation from the outer surface of the guard vessel. The free convection component is given by the
following equation:

e = Agy A (Toy - Teas ) (2.1-18)

Q. = free convection component (Btu/sec.)

Agy = guard vessel surface area (ft.*)

Toves = guard vessel temperature (°F)

T.e = ambient temperature (°F)

free convection heat transfer coefficient (Btu/sec.-ft.*-°F)

7
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The free convection heat transfer coefficient is given by the following equation:

Agee = k/H [0.13 (Gr P ) (2.1-19)

= air thermal conductivity (Btw/sec.-ft.-’F)
= height of the guard vessel (ft.)
= Prandtl number of the air

FEpr ?

The Grashof number is given by the following equation:
GfggB(Tovod’Tm)Halvz (2."20)

Radiation heat transfer from the guard vessel to the ambient is given by the following equation:

Qusov = O € Agyee ( Tey* - T' ) .12
where:
Queov = radiation heat transfer fiom the guard vessel to the ambient (Buw/sec.)
o = Stefan-Boltzmann constant (Btw/sec.-ft.’-°R*)

3 = guard vessel surface emissivity (assumed 0.5)

The steam equation is applied to the steam region, and the water equation is applied to the liguid
region of the tank. The measured water level is used to determine which thermocouples are measuring
water or steam. The elevations of the thermocouples are compared to the level and the steam
equations are applied to the thermocouples above the interface, and the liquid equations are applied to
the thermocouples below the interface.

Overall Energy Balance for the CMT

The overall energy balance for the CMT is given by the following equation:

Qm - Q»om * and‘un + Qvn.ll (21'22)
where:
Q. = heat carried into the CMT from the CLBL (Btw/sec.)
¢ " = heat camried out of the CMT through the discharge line (Btw/sec.)
Quat = heat transferred from the fluid to the CMT wall (Btw/sec.)
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The heat transferred from the fluid to the CMT wall is given by the following equation:
Quar = Qoo + Qovassore + Qe + Qusov (2.1-23)

The heat carried out of the CMT is given by the following equation:

Q, =h, (2.1-24)
where:
Q. = heat carried out of the CMT (Btu/sec.)
. = enthalpy of the liquid in the discharge line (Btu/lbm)
] = flow rate in the discharge line (Ibm/sec.)

Alternatively, the heat carried into the CMT by the fluid from the balance line is given by the
following equation:

Q. =h, m (2.1-25)

where.

h,, = enthalpy of the liquid or steam entering the CMT (Btw/lbm)
m = flow rate into the CMT from the CLBL (Ibmvsec.)

The mass flow rate into the CMT is calculated from the mass flow out the discharge line and the
change in mass inside the CMT.

h, =, +{ Mg, 1) -M (S W (N AN (2.1-26)

Moo = fluid mass in the CMT at times j and j-1 (Ibm)
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Thus, an estimate of the validity of the energy balai.ce can be determined by comparing the caiculated
value of Q,, from Equation (2.1-21) with h_m_ as follows:

Qe = Qs - by, m,, (2.1-27)
where:
Qe = difference in the CMT energy balance (Btu/sec.)
The instruments used to perform the overall energy balance are summarized in Table 2.1.2-6.

An alternate estimate of error is found by comparing different methods of determining the heat transfer
to the guard vessel.

Qerortn = Qemrov = ( Qoveaere + Qpesoy + Quscv ) (2.1-28)
where:
Qerwte = error in heat balance resulting from heat transfer to guard vessel (Btw/sec.)
Queecy = free convection heat loss from guard vessel (Btw/sec.)
Q.eov = radiation heat loss from guard vessel (Btw/sec.)
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Description

TABLE 2.12-1
TEMPERATURES FOR CALCULATING CMT ENERGY BALANCE

Instrumentation Tag

| Outer CMT wall, lower half - A

TW-A4SE, TW-A46E, TW-A47E, TW-A4BE

Outer CMT wall, lower balf - B

TW-B46E, TW-B4SE

Air space, lower half - A T-A42A
[_Air space, lower half - B T-B42A
I Guard vessel inner diameter, lower half - A TW-A42A]
Guard vessel mner diameter, lower half - B TW-B42Al
Guard vessel outer diameter, lower half - A TW-A42AE
Guard vessel outer diameter, lower half - B TW-B42AE

Outer CMT wall, upper half - A

TW-A41E, TW-A42E, TW-A43E, TW-A4E

Outer CMT wall, upper half - B

TW-B41E, TW-B4E

lAnrspace,uwcme-A T-A41A
Air space, upper half - B T-BAl1A
Guard vessel inner diameter, upper balf - A TW-A41A]
Guard vessel inner diameter, upper half - B TW-B4]Al
Guard vessel outer diameter, upper half - A TW-A41AE
Guard vessel outer diameter, upper half - B TW-B41AE
Ambient temperature TPLANT
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CMT Wall Mass A

TABLE 2.12-2
CMT WALL MASSES ASSOCIATED WITH THERMOCOUPLES :

Thermocouple -

CMT Wall Mass B

]l. b

]Lb.c

]n.b.(

]l.b.c

]A.b_&

'l,h.t

]l.b.c

]I.D\c

Thermocouple -
CMT-A

]l be

Guard Vessel Mass A

Guard Vessel Mass B

| TW-A41Al

]LM

]u‘b.:

| TW-A42Al

]Lb.c

]l.b.r
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TABLE 2.1.24
THERMOCOUPLES USED TO
CALCULATE INTERNAL ENERGY FOR CMT-A
I

Instrument Tag Elevation (ft.)

T-A401F

T-A4021

T-A403E

T-A44E

A40SE

AdO6

A407E

A408]

A409F

-A410k

Ad411E

A412E

T-Ad13E

A414E

-A415}

A416E

A417E

-Ad18I

A419%

A420F




TABLE 2.12-5
THERMOCOUPLES USED TO

CALCULATE INTERNAL ENERGY FOR CMT-B

Number Instrument Tag I Elevation (ft.)
! T-B401E
2 T-B403E
3 T-B40SE
4 T-B407E
5 T-B40vk
6 T-B411E
7 | T-B4131
¥ | T-B415}k
9 T-B417k
10 } T-B420E =
TABLE 2.1.2-6
THERMOCOUPLES USED TO
CALCULATE OVERALL CMT ENERGY BALANCE
Description Instrument Tag
Inlet emperawre, CMT-A T-A29P
Inlet temperature, CMT-B T-B29P
Outlet temperature, CMT-A T-A4211
Oudet temperature, CMT-B T-B421}
Level, CMT-A L_A40F
| Level, CMT-B L_B40E
Discharge flow, CMT-A F_A40F
Discharge flow, CMT-B F_BA40E
Pressure, CMT-A P-A40F
! Pressure, CMT-B P-B40F

.18




2.2 Passive Residual Heat Removal System

The PRHR passively removes the primary system heat via natural circulation flow from the hot leg to

a heat exchanger (HX) located in the IRWST

For SPES-2, this HX consists of either single or

multiple tubes that enter the IRWST near the top of the tank, traverse horizontally for a short distance

1 [**), turn 90 degrees downward to include a vertical section (| [**%), turn 90 degrees
into a second horizontal section (| |**€), and then exit the IRWST near the bottom of the tank
2.2.1 Io-Containment Refueling Water Storage Tank (IRWST) Mass Inventory

The mass of water in the IRWST has been determined from the water level (differential pressure) and

temperature instruments listed in Table 2.2.1-1, assuming the water is always at atmospheric pressure

e mass inventory is calculated using the following equation

Mowsr = ( Liwsro Prawsr; + 144 AP oo B A

v

where

M mass of water in the IRWST (Ibm)

AP, nw differential pressure acioss the IRWST (Ib/it.*)

Lyw length of the IRWST below the bottom of the level measuring

instruments; | ™
Axw = Cross-sectional area of the IRWST
Puw lensity of water at the bottom of the IRWST (Ibm/ft

g
{ - = { AP Rpee—
o
wher
Luw measured IRWST water level (ft
\ = 144 power (fL/psi); a conversion from di: i zrential pressure to
current density
Ihe density of water has been calculated, at each time point, from water table
. Assuming the water in the IRWST is at atmospheric pressure (14.7 psi

calculated

lemperat

e ic
aC 1

level allowing for the

properues as follows

thie

saturanor




* If the measured water temperature is at or exceeds the saturation temperature, L3¢ dewsity is
determined from tables for saturated liquid using the current water temperature.

» If the measured water temperature is below the saturation temperature, the density is calculated
from tabies for subcooled liquid using the current temperature and an assumed pressure
of 14.7 psi.

For the calculation of the water density in the entire IRWST, the volume-weighted mean temperature
of the measurements listed in Table 2.2.1-1 has been used. For the mass calculation, the water density
at the bottom of the IRWST has been calculated using the temperature reading of "¢ lowest
thermocouple.

IRWST Mass Balance

The IRWST discharges to the power channel through direct vessel injection (DVI) lines A and B. The
flow to each of the DVIs has been monitored via two venturi differential pressure devices, as listed in
Table 2.2.1-2.

The IRWST flow devices provided valid measurements in all tests except S00303 when alternatives
from F_A61E and F_B61E were used.

The mass discharged through each DVI line, in each time step, is calculated by muitiplying the current
discharge flow rate by the time step length, provided that the flow rate exceeds 0.05 Ibm/sec. which is
the minimum detectible signal relative to the noise in the measurement. A running total of the
integrated mass discharged through each DVI line is determined by adding the mass discharged during
the time step to the integrated mass from the end of the previous time step.

The PRHR HX deposits heat into the IRWST, so it is possible for water to boil off as well as to be
injected to the DVIs. However, it is expected that the boil-off will recondense within the tank, thus
there is no need to make ailowance for this.

The calculated mass inventory in the IRWST for two successive time points has been used to
determine a rate of change of mass using the following equation:

M s = merr“,) . Mll‘f!’f“y-l)
dt Lt -1,

(2.2-3)
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where:

anﬂ = mass of water in the IRWST ﬂhm)
L = current time (sec.)
L = previous time (sec.)

The mass of water in the IRWST has previously been calculated as given in Equation 2.2-1. For the
first ime point processed, a zero rate of mass change is assigned.
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TABLE 2.2.1-1

Description

IRWST INSTRUMENTATION FOR
CALCULATING IRWST MAES INVENTORY

Variable

| Level of water in IRWST (differential pressure) L-060E AP, wwst

| Temperature of water in IRWST (lowest thermocoupie) T-061E Tiawst:
Temperature of water in IRWST (second lowest thermocouple) T-062E Tirwsr2
Temperature of water in IRWST (midpoint thermocouple) T-063E Tirwsrs
Temperature of water in IRWST ‘second highest thermocouple) T-064E Tirwsta

Temperature of water in [IRWST (uppermost thermocouple)

TABLE 2.2.1-2

FLOW MEASURING INSTRUMENTS FOR

DISCHARGE FROM IRWST TO THE DVI LINES

vescription

TllWS‘Y}

I Flow out of IRWST o DVI-A

Flow out of IRWST w DVI-B

L]
'

o

e
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2.2.2 Energy Balance on the PRHRARWST

To determine the effectiveness of the PRHR during an accident sequence, an energy balance is
performed to determine the integrated heat transfer from the PRHR tube(s) to the IRWST water. This
guantity can be calculated in a variety of ways:

1. Determine the calorimetric heat balance on the primary (tube) side.

2. Determine the heat transfer via natural convection and boiling from the tubes to the IRWST
water.

3. Determine the time rate of change of the IRWST internal energy.
Each method is. used to calculate and compare the PRHR/IRWST heat transfer as # function of time.
The instruments used to determine these quantities are summarized in Tabie 2.2.2-1.
Calorimetric Heat Balance on the Primary Side
The heat balance on the primary side is given by the following equation:
Q. =m(, ~h) (2.2-4)

where:

Q. = heat transfer determined by the primary (tube side) conditions (Btu/sec.)

m_ = mass flow rate through the PRHR tube(s) (Ibm/sec.)
h, = PRHR inlet enthalpy (Btwlbm)
h,, = PRHR discharge enthalpy evaluated at T, (Btw/lbm)

During the tests, it is po:sible for the PRHR inlet flow to be two-phase. For the PRHR inlet, a
U-tube is provided, and two differential pressure cells are used to estimate the inlet void fraction. The
signals from the two differential pressure cells are added together to cancel the friction component of
the pressure drop. The void fraction is estimated by the following equation:

a=1- (AP, - APy) / (2AP,) (2.2-5)
where:

« PRHR inlet void fraction
AP, differential pressure measurement of the riser portion of the U-tube (Ib/ft.)

i
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AP, = differential pressure measurement of the downward portion of the U-tube (Ib/ft.)
AP, = elevation hydrostatic pressure due to the water in each side of the U-tube

The elevation hydrostatic pressure due to the water in each side of the U-tube is given by the
following equation:

AP.I i H * p( g”gc
(2.2-6)

where:

H = height of the U-tube (fi.)
p, = liquid density (Ibm/ft.’)

The quality of the inlet flow is then estimated from the void fraction to determine the inlet enthalpy.
Assuming a two-phase homogeneous flow (no slip), the quality can be calculated from the void
fraction by the following equation:

:» Py (2.2-7)
1) p, + ap,

The quality is then used to caiculate the inlet enthalpy:
h, = b + &0, - hy) (2.2-8)
where:
h, inlet enthalpy (Btw/lbm)
h, = saturated liquid enthalpy evaluated at T, (Buw/lbm)

h, saturate vapor enthalpy evaluated at T (Btuw/lbm)

Thus the total integrated energy transfer is given by the following equation:

Uy = [ at =% Q& (2.2-9)
' :
where:
U, = integrated heat transfer (Btu)
Q. = heat transfer across the PRHR tube at time step, At (Buw/sec.)
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Heat Transfer Between the PRHR Tubes and the IRWST

The heat transfer between the PRHR tubes and the IRWST is characterized by subcooled boiling at the
PRHR inlet and free convection along the vertical and lower horizontal sections of the tubes. Boiling
occurs due to the combination of high PRHR inlet temperature, and the lower saturation temperature
associated with the lower hydrostatic pressure at the top of the IRWST.

The temperature of the tube wall and the bulk temperature in the tank are used to determine the heat
transfer coefficient. If the wall temperature is greater than the bulk temperature in the tank, subcooled
boiling occurs, greatly increasing the local heat transfer relative to free convection. Due to the lack of
detailed wall temperature measurements, it is necessary to interpolate and extrapolate to provide the
detail needed to perform the heat balance.

Heat T er from the Horizontal Tube

The inlet tube contains a two-phase mixture that readily condenses. The high heat fluxes associated
with condensation on the inside of the tubes are matched on the outside, creating the potential for
subcooled boiling. Subcooled boiling is assumed to occur when the external wall temperature of the
tube exceeds the saturation temperature in the tank in the vicinity of the tube. The subcooled boiling
correlation, from Lahey and Moody™ is

A=C (T, - Ty )/ (T, - Tow ) (2.2-10)
where
A = the boiling heat transfer coefficient (Btu/sec.-ft.’-°F)
T, = tube wall temperature (°F)
; w = saturation temperature in the tank (°F)
Tows = bulk temperature in the tank in the vicinity of the tubes (°F)

C, and n are constants given by the following equations:

C, = 15.6 P1'%
n=23/pros

where P is the pressure in the tank in the vicinity of the tubes (Ib/ft.%).
For the case where the tube wall temperature is less than the saturation temperature, the heat transfer
coefficient is calculated using the free convection correlation for horizontal tubes from Holman® as

follows:

A =k/d 053 ( GrPr )™ (2.2-11)
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the free convection heat transfer coefficient (Btu/sec.-ft.*-°F)
liguid thermal conductivity in the tank (Btw/sec.-ft.-F)

tube outer diameter (ft.)

liquio Prandtl number

liquid Grashof number
I'he liquid Grashof number is given by the following equation
Gr=gB(T, - T, d/v
where
gravitational constant (ft./sec )
liquid kinematic viscosity (fi."/sec.)
volumetric expansion coefficient (1/°R)
The volumetric expansion coefficient is given by the following equation
P=(Pous~Pu)/[PlTy~Tog) )
where

Poud liquid density evaluated at the bulk tank temperature (Ibm/f.*)

P, liquid density evaluated at the wall temperature (Ibm/ft.*)

The energy transfer in this section of the PRHR tubes is given by the following equation
AT

v

where

energy transierred from the tube wall to the IRWST fluid for the horizontal inlet tube

section (Btu/sec.)

number of PRHR tubes in operation

surtace area of the inlet tube (ft.”)

efer the subcooled boiling or free convection heat transfer coefficient (Btw/sec.-ft.’-°F)
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The heat transfer rate in the vertical segment was evaluated in the same way except that the free
convection corrclation for vertical cylinders was used. The free convection heai transfer coefficient is

given by Holman™ as follows:
A=KkO013[ gB(T, - Toy ) Pr/v " (2.2-15)

Subcooled boiling may occur near the top of the vertical segment, but the combination of cooler fluid
inside the tubes and increased saturation temperature as the tube descends makes boiling unlikely
anywhere else. The energy transfer in this section is given by the following equation:

Quper ® Nuww. Avgr A (T, - T,) (2.2-16)
where:

Quger = energy transferred from the tube wall to the IRWST fluid for the vertical section (Btu/sec.)
Avger = surface area of the vertical tubes (ft.%)

H i on

The heat transfer from the outlet horizontal section is due to free convection and is calculated as given
in Equation (2.2-14) as foliows:

Quons ® Now. Aponz A (T, = T,) (2.2-17)

Because the heat transfer coefficient is dependent on the local wall temperature, the calculations on the
inlet horizontal and vertical tube segments are divided into ten sections, each using the local value of
the wall temperature. The tube wall temperature is measured at the center of the horizontal inlet
section, the center of the vertical section, and the center of the horizontal outlet section. It is
necessary, therefore, to linearly interpolate between the measured temperature and to extrapolate
betweer - wneasured temperature at the cen'er of the horizontal inlet section and the point where the
w'c first enters the tank. 1t is proposed that the wall temperature is greater than the value measured
in the center of the section by AT,,... To determine the value of the offset, the calorimetric heat
balance is evaluated at some time in the transient. The value is chosen 1o match the calorimetric heat
transfer rate. The offset value is then held constant over the entire test. This correction was found to
be necessary due 10 underprediction of the heat transfer rate relative to the calorimetric rate. The
effects of this assumption are discussed in Section 4.0.

Thus the total energy transfer from the PRHR tube walls to the IRWST water is

s ® Gni * i * Binia (2.2-18)
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Change in the Internal Energy of the IRWST

Aﬁnalmuﬂntofmchcatnnsfcrmccanbcap;xoximatedfromﬂudnngeinﬂtimmalmy
of the IRWST. The tank is measurcd at five elevations, each is assumed to represent some fraction of
the tank volume. The design of the PRHR insures that the tank will remain highly stratified with
warm water on top, and cold water on the bottom. The internal energy at a point in time is given by
the following equation:

U=2(h-Pipl), Vp, (2.2-19)
where:
U = IRWST fluid internal energy (Btu)
h = liquid enthalpy (Btw/ibm)
P = pressure (Ib/ft.%)
p = density (Ibm/ft.’)
V = volume associated with the thermocouple (ft.”)
J = Joules constant

The fluid internal energy is used in the overall energy balance.

The five thermocouples that measure the tank water temperature are located near the PRHR tubes.
When the PRHR is operating, the measured temperatures are approximately 2.5°F higher than the
temperature of the water volume represented by the thermocouple. Thus, the model assumes a 2.5°F
reduction in the measured thermocouple temperatures when the PRHR is operational. The effects of
this assumption are discussed in Section 4.0.

The total increase in the tank internal energy is calculated by subtracting the calculated internal energy
from the initial value. In addition, the energy of the discharge flow is added to this difference to
determine the integrated energy increase at the end of the transient. There are three methods of
determining the PRHR/IRWST energy transfer: the tube-side heat balance, the external tube heat
transfer, and the change in the IRWST fluid energy provide independent calculations of the
IRWST/PRHR performance during PRHR operation.
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TABLE 2.2.2-1
INSTRUMENTATION FOR
CALCULATING THE PRHRARWST HEAT BALANCE

Description
| PRHR inlet temperature T-AR2E
PRHR outlet temperature T-A83E
| PRHR fluid temp - upper piping T-AI81E
PRHR fluid temp - lower piping T-AI82E
PRHR tube wall temperatures TW-AS1E, TW-AISIE, TW-A182E, TW-AI83E
IRWST tank temperatures T-061E, T-062E, T-063E, T-064E, T-065E

| PRHR flow F_ABOE

Differential pressure cells to DP-A81AE, DP-B81BE
| determine void fraction

IRWST higuid level L_060E
| PRHR pressure P-017P

o
'

r

O
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2.3 Accumulator

The accumulators provide a source of cold, borated water to the core after the primary system pressure
reaches the accumulator pressure (~700 psia). The desired pressure is maintained by pressurizing a
gas space at the top of the accumulators. As the system pressure falls below the accumulator pressure,
a valve in the accumulator discharge line opens, and the gas in the accumulators expands, forcing
liquid into the primary system. After the accumulators have completely discharged, the gas is injected
into the reactor coolant system (RCS). The presence of noncondensible gas may have an effect on the
performance of the passive heat removal systems, especially the PRHR.

2.3.1 Accumulator Mass Inventory

The mass of water in the two accumn!z.ors 1as been determined from the predetermined water level
temperature, and pressure instruments listed in Table 2.3.1-1.

While the measured water level is greater than zero, the mass inventory is calculated using the
following equation:

Muc ® (Vacen * Lace Asee) Pace (2.3-1)

where:
M, = mass of water in the accumulator (1bm)
Pace = density of water in the accumulator (Ibmv/ft.*)
Vaicco = volume of the accumulator below the bottom of the level measuring

instruments; | pas
Ascx: = cross-sectional area of the accumulator over the length of the level instruments;

[ ]l.bc
Lice = measured accumulator water level (ft.)

The density of water has been calculated, at each time point, from water table properties as follows:
* Given the current measured pressure, the saturation temperature is calculated.

» If the current water temperature is at or exceeds the saturation temperature, the density is
determined from tables for saturated liquid using the cwicat water temperature.,

* If the current water temperature is below the saturation temperature, the density is calculated
from tables for subcooled liquid using the current temperature and pressure.

When the measured water level falls to zero (that is, to the lower pressure tap), the mass in the
accumulator is calculated by subtracting the mass discharged during that time step frcm the mass
present al the start of the time step. The mass discharged is determined from the flow measurements
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listed in Table 2.3.1-2. The mass of water is not allowed to fall below zero, and only flows greater
than 0.05 Ibmy/s (which is necessary to neglect noise in the measurement) are included.

Accumuiator Mass Balance

The two accumulators discharge to the power channel through DVI lines A and B. The flow to the
DVIs has been monitored via two venturi differential pressure devices as listed in Table 2.3.1-2.

The accumulator flow devices provided reliable measurements in all tests except S00706. The mass
discharged by each accumulator, in each time step, is calculated by multiplying the current discharge
flow rate by the time siep length, provided the flow rate exceeds 0.05 Ibms’. A running total of the
integrated mass discharged by each accumulator is determined by adding the mass discharged during
the time step 1o the integrated mass from the end of the previous time step.

Since the downcomer injection represents the only flow to or from the accumulators, the change of
mass inventory over any time step should balance with the mass flow rate determined by the

respective discnarge line. The calculated mass inventories in each of the two accumulators for two
successive time points, have been used to determine a rate of change of mass using the following

equation:

M, | Mdt) - Mt ) (23.2)
dt L - L, )
where:
M,cc = mass of fluid in the accumulator (Ibm)

L = cument time (sec.)
L, }revious time (sec.)

The mass of fluid in each accumulator has previously been calculated as described above. For the first
time point processed, a zero rate of mass change is assigned.

"
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TABLE 2.3.1-1
INSTRUMENTATION FOR
CALCULATING ACCUMULATOR MASS INVENTORY

Description

Level of water in accumulator-A L_A20E Lacea
Pressure at top of accumulator-A P-A20E Paoca
Temperature of water in accumuiator-A T-A22E

Level of water in accumulator-B

Pressure at top of accumulator-B

Temperature of water in accumulator-B

TABLE 2.3.1-2
FLOW MEASURING INSTRUMENTS FOR
DISCHARGE FROM ACCUMULATORS TO THE DVI LINES

Description

| Flow out of accumulator-A to DVI-A

: Flow out of accumulator-B to DVI-B
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2.3.2 Energy Balance on the Accumulators

To determine the performance of the accumulators during accident sequences, an energy balance is
performed which consists of determining the internal energy in the accumulator water as a function of
time. In addition, the energy leaving the accumulator, which consists of the measured flow multiplied
by the liquid enthalpy, is compared to the change in the accumulator internal energy with respect to
time.

A second calculation is performed to determine the expansion characteristics of the gas in the
accumulators Juring the injection phase and the total mass of gas injected into the RCS.

The instruments used to determine these quantitie: are summarized in Table 2.3.2-1.
Internal Energy of the Accumulator Fluid

The internal energy of the water in the tank is given by the following equation:

U=(h-Pph'p (2.3-3)
where:
h = liquid enthalpy (Btw/lbm)
P = pressure (Ib/ft%)
p = density (Ibm/ft.’)
V = volume (ft.")
J = Joule's constant

The liquid enthalpy and density are evaluated at the liquid temperature.
The fluid internal energy relative to the start of the test is used to determine an overall energy balance.
Behavior of the Noncondensible Gas in the Accumulators

The noncondensible gas expands as the pressure decreases and the tank empties. The relationship
governing the expansion of an ideal gas is given by the following equation:

P V* = const. (2.34)
where:
P = gas pressure (Ib/ft.”)
V = gas volume (ft.’)
K = gas expansion exponent
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For adiabatic expansion, which occurs rapidly,

For isothermal expansion, which occurs siowly,
k=10
The expansion exponent is determined from the test data by using the measured pressure and the
volume at the start of accumulator discharge, and at the end of accumulator discharge. The exponent is
derived from the Ideal Gas Law which is applied at the gas temperature.
K= (P2 - P[)(vz + vl)/{ (P: + Pl)(vz - Vl) } (23'5)

Finally, the mass of gas discharged from the accumulators into the RCS is given by the following
equation:

M = M(1) - M (D (2.3-6)
where:
M, = mass of gas discharged (Ibm)
M, () = mass of the gas at time zero (Ibm)
M,.(D) = mass of the gas at some point in time (Ibm)

The mass of the gas is calculated using the Ideal Gas Law:

M, = PVIRRT (2.3-7)
where:
M,. = mass of gas in the accumulator (Ibm)
P = gas pressure (Ib/ft.?)
R = ideal gas constant
T = absolute temperature of the gas (°R)

The mass of the gas is constant until the accumulators are completely drained.
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Change in the Energy of the Accumulator Tank Metal

The change of metal temperature over the course of the test must be accounted to provide an accurate

estmate of the overall energy balance. The energy in the metal as a function of time is given by the

following equation

Upel(l) = quantty of heat cctained in the metal (Btu)

M = mass of metal in the accemulator (Ibm)

C = specific heat of the metal (Btw/lbm-°F)

T(t) = absolute temperature of the metal as a function of time (°F)

The change in the energy contained in the metal is given by the following equation

AU, = (U0 - U__)) (2.3-9)
where
AU pes = change in the metal energy relative to time zero
Upeni(t) = energy content of the metal at time t
Upeai(ts) = energy content of the metal at time t

I'he mass metal in the accumulator is ** per loop, and the specific heat is 0.108 Buw/lbm-°F




TABLE 2.32-1
INSTRUMENTATION FOR
CALCULATING ACCUMULATOR ENERGY BALANCE

Description
Pressure - accumulator-A P-A20E
Pressure - accumulator-B P-B20E

| Gas temperature - A T-A21E

| Gas temperature - B T-B21E

Liguid temperature - A T-A22E

| Liquid temperature - B T-B22E
Discharge flow - A F_A20E
Discharge flow - B F_B20E
Liguid level - A As calculated for mass balance
Liguid level - B As calculated for mass balance
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2.4 Steam Generator

The SPES-2 facility represents two steam generators with both primary and secondary sides. The
primary side is composed of the U-tubes and an inlet and an outlet plenum. The secondary side
consists of a riser region, a separator, and a steam dome with an outlet to the main steam lines. Water
is supplied to the secondary side by feedwater and start-up feedwater pipe work.

During normal operation and the initial stages of a fault, the steam generators remove heat from the
prir-ary circuit via the steam generator U-tubes. During all but the steam line break simulations, the
sec 1 Jary-side steam lines are isolated and heat transfer from the primary ceases rapidly.
Subsequently, there may be a small reverse flow of heat (secondary to primary); however, this is very
difficult to measure.

2.4.1 Steam Generator Mass Inventory

Both primary and secondary sides of the steam generator have been considered for both loops of the
SPES-2 system. The hot and cold halves of the primary side have been treated separately. Only the
riser region of the secondary has been considered; that is, up to the top of the level measuring
differential pressure tap (DP-A10S and DP-B10S).

Steam Generator Primary-Side Mass Inventory

The steam generator primary side consists of an inlet and an outlet volume plus the U-tubes. The
U-tubes themselves can be considered as a region within the tube plate, a straight active length and a
bent length. This defines the following volumes:

abgc

——

The mass of water in the steam generator primary side has been determined from the differential
pressure, temperature, and pressure instruments listed in Table 2.4.1-1.

The level of water in the hot and cold halves of the two steam generator primary sides have been
determined from the relevant summed differential pressure measurements using the follewing equation:

Lsov - C: APs(w 'gi' (24-1)
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calculated water level (ft.). The maximum allowed level is the span of the differential

pressure measurements, which is | e
APy, = differential pressure across the hot or cold side of the steam generator primary (psi)
C, = 144 py,,' (fi/psi) conversion from differential pressure to level allowing for the

current density

The calculated water level is used to determine the volume of the steam generator primary side filled
b, the collapsed ligquid using linear interpolation in a tabulation of volume versus level defined by the
dimensions listed above. Since the above dimensions are for the entire primary side and each
calculation considers the separate halves, half the indicated volume is used. The mass inventory is
then calculated using the following equation:

Mo * Vi s (24-2)
where:
Mg = mass of water in the segment of the primary side (Ibm)
Poce = density of water in the segment of the primary side (Ibm/ft.”)
Vsor = volume of the primary side filled with water (ft.") as determined from the collapsed

liquid level
The density of water has been calculated, at each time point, from water table properties as follows:
* Given the current measured pressure, the saturation temperature is calculated.

e If the current water temperature is at or exceeds the saturation temperature, the density is
determined from tables for saturated liquid using the current water temperature.

* If the current water temperature is below the saturation temperature, the density is calculated
from tables for subcooled liquid using the current temperature and pressure.

The current temperature for the hot side is the steam generator inlet temperature, while the steam
generator outlet temperature is used for the cold side.

Steam Generator Primary-Side Mass Balance

The calculated mass inventory, for each half of the steam generator primary side, for two successive
time points, has been used to determine a rate of change of mass using the following equation:

M, [ M) - Myt ) |
- - }l (2.4-3)
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where:

Mo = mass of fluid in the steam generator primary side (Ibm)
L = current time (sec.)
b = previous time (sec.)

The mass of fluid has previously been calculated as described above. For the first time point
processed, a zero rate of mass change is assigned.

Steam Generator Secondary-Side Mass Inventory

The steam generator secondary consists of a riser, downcomers, a separator, and a steam dome. To
calculate the secondary-side mass inventory, the region covered by the level measurement (up to an
elevation of 17.807 m) has been considered. All other regions, including the tubular downcomer, have
been neglected since no DP-cells are available. The region modeled includes the following volumes:
abo

Riser Volume:

Lower Separator Volume:

The mass of water in the secondary side has been determined from the differential pressure,
temperature, and pressure instruments listed in Table 2.4.1-2.

Two values for the level of water in each of the steam generator secondary sides have been determined
by using both the single level measurement and the summed individual differential pressure
measurements in the following:

Ly = C, AP, E{ (2.4-4)
where:
Lsas = calculated water level (ft.); the maxiwnum allowed level is the span of the differential

pressure measurements, which is | |t

APgos = differential pressure across the steam generator secondary side (psi)
144 py. " (ft/psi); conversion from differential pressure to level allowing for the
current density

‘O
L}

The calculated water level is used to determine the volume of the steam generator secondary side filled
by the collapsed liquid using linear interpolation in a tabulation of volume versus leve! defined by the
dimensions listed above. The mass inventory is then calculated using:

Mygs ® Veos Pocs (24-5)
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where:

Msas = mass of water in the secondary side (Ibin)

P = density of water in the secondary side (Ibm/ft.%)
Y = volume of the secondary side filled with water (ft.”) as determined from the collapsed
liquid level

The density of water has been calculated, at each time point, from water table properties as follows:
* Given the current measured pressure, the saturation temperature is calculated.

* If the current water temperature is at or exceeds the saturation temperature, the density is
determined from tables for saturated liquid using the current water temperature.

* If the current water temperature is below the saturation temperature, the density is calculated
from tabies for subcooled liquid using the current temperature and pressure.

The current temperature for the steam generator secondary side is calculated as the arithmetic mean of
the temperature measurements listed in Table 2.4.1-2, for the relevant steam generator.

Steam Generator Secondary-Side Mass Balance

The calculated mass inventory, for each steam generator secondary side, for two successive time
points, has been used to determine a rate of change of mass using the following equation:

aM, '[ Mggilt) = Myei(t ) ] (2.4-6)
dt L *%,
where:
Mg = mass of fluid in the lower plenum (Ibm)
t = curment time (sec.)
i, = previous time (sec.)

The mass of fluid has previously been calculated as described above. For the first time point
processed, a zero rate of mass change is assigned.
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TABLE 2.4.1-1

INSTRUMENTATION FOR CALCULATING

STEAM GENERATOR PRIMARY-SIDE MASS INVENTORIES

Description

Instrument

| Differenual pressure lower hot side - steam generator-A

DP-AO5P

Differential pressure upper hot side - steam generator-A

DP-AO6P

Differential pressure upper cold side - steam generator-A

DP-AO7P

Differential pressure lower cold side - steam generator-A

DP-AO8P

Pressure at steam generator-A inlet

P-AO4P

I Temperature at steam generator-A inlet

T-AD4P

hanpemm'e at steam generator-A outlet

T-AlOP

Differential pressure lower hot side - steam generator-B

DP-BOSP

Differential pressure upper hot side - steam generator-B

DP-BO6P

lDtlfercnual pressure upper cold side - steam generator-B

DP-BO7P

Differential pressure lower cold side - steam generator-B

DP-BO8P

Pressure at steam generator-B inlet

P-BO4P

Temperature at steam generator-A inlet

T-BO4P

Temperature at steam generator-A outlet

T-B10P
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TABLE 2.4.1-2
INSTRUMENTATION FOR CALCULATING
STEAM GENERATOR SECONDARY-SIDE MASS INVENTORIES

Description Instrument

Level (differential pressure) measurement - steam generator-A L-Al10S
Differential pressure lower riser region - steam generator-A DP-A01S

| Differential pressure upper riser region - steam generator-A DP-A02S

| Difierential pressure lower separator - steam generator-A DP-A03S

| Pressure at steamn generator-A outlet (steam dome) P-AMS

| Temperature in niser region - steam generator-A (4.357 m hot) T-A05S

| Temperature i niser region - steam generator-A (8.357 m hot) T-A06S

| Temperature in nser region - steam generator-A (12.357 m hot) T-A07S

| Temperature in riser region - steam generator-A (8.357 m hot) T-A08S Tsasas

| Temperature in riser region - steam generator-A (4.357 m hot) T-A09S Toosns
Level (differential pressure) measurement - steam generator-B L-B10S Lscss
Differential pressure lower riser region - steam generator-B DP-BO1S APgqis

E Differential pressure upper riser region - steam generator-B DP-B(2S APgosn s
Differential pressure lower separator - stcam generator-B DP-B02S APgsisp s
Pressure at steam generator-B outlet (steam dome) P-B0O4S Pecss
Temperature in riser region - steam generator-B (4.357 m hot) T-BOSS Teasn 1

' Temperature in riser region - steam generator-B (8.357 m hot) T-B06S Tocsns
Temperature in riser region - steam generator-B (12.357 m hot) T-B0O7S Tecssa

Temperature in riser region - steam gererator-B (8.357 m hot) T-B0O8S

Temperature in riser region - steam generator-B (4.357 m hot) T-B09S
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2.4.2 Energy Balance on the Steam Generators

At the initiation of an accident, the steam generators are isolated from the secondary side by actuating
the main steam isolation valves (MSIVs). The exception to this is the affected steam generator during
a steam line break event. Thus, for nearly all the events, heat transfer between the primary and
secondary sides quickly drops as the flow through the tubes stops. This causes the entire steam
generator 10 reach equilibrium temperature, which slowly decays as heat is lost to the environment.

For LOCA events, the primary pressure decreases rapidly, while the secondary pressure drops very
slowly. The temperature on the primary side drops until the primary side pressure reaches a value
slightly larger than the secondary-side pressure. At this time, both sides are at saturated conditions at
their representative pressures, and the generators are heat sinks. As the primary pressure continues to
fall, the vapor in the tubes superheats due to reverse heat transfer from the secondary side, which
vapor-locks the steam generator, effectively preventing flow of colder fluid into the primary side from
the hot leg.

The energy balance on the steam generators consists of determining the heat transfer rate between the
primary and secondary sides. For most accident scenarios, thermal equilibrium occurs at the point
where the primary and secondary pressures are nearly equal and the energy transfer from the primary
to secondary is small after this time. For LOCA events, thermal equilibrium occurs relatively quickly;
whereas for the steam line break, heat transfer in the affected steam generator continues until later in

the event.

In the region of the tubes, three temperature measurements are available; the primary fluid temperature
inside the tubes, the external tube wall temperature, and the fluid temperature on the secondary side.
For the LOCA events, the fluid conditions on the primary side are expected to vary from single-phase
liquid at the start of the event, 10 two-phase liquid as the primary pressure falls and the flow stops, to
superheated steam when the primary pressure falls to below the secondary pressure. By contrast,
single-phase liquid at or near the saturation temperature is expected on the secondary side for the
duration of the transient. Thus, it is easier to determine the heat transfer from the external tube walls
to the secondary fluid.

A second measure of the heat transfer can be determined by calculating the change in the internal
energy for the secondary side.

The instruments used to determine these quantities are summarized in Table 2.4.2-1.
Heat Transfer Between the Tube Walls and the Secondary Fluid
The primary-to-secondary energy transfer raie at operating conditions is determined from the steady-

state hot-preoperational tests™ and the difference between the measured input power and the heat loss
10 the surroundings.
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Qe * Quu - Q.. (2.4-7)

where:

Qs = heat transfer from the primary system to the secondary system in the steam generators
(Btu/sec.)

6 = power output from the core (Btu/sec.)

Qo = heat loss to the surroundings (Btu/sec.)

For full-power operation, the total energy transfer for both steam generators is approximately
Q,, = 5000 kW (2.4-8)

The overal' heat transfer coefficient, A, between the primary and secondary sides is defined as

Qsc
- (2.49
AL, -T) )
where:
A, = total heat transfer area of the U tube (ft.?)
: = average tube-side-temperature during normal operation (°F)
P = average shell-side-temperature during normal operation (°F)

For normal operating conditions,

Ay = 1324 Bui/sec. ~ft*-°F (2.4-10)
This value is used to evaluate the primary-to-secondary heat transfer until the primary pressure falls
below the secondary pressure. At this point, the small amount of reverse heat transfer is governed by
free convection on the secondary side to the primary side.

The heat transfer between the tube walls and the secondary fluid is determined by calculating the free
convection heat transfer coefficient:

A =013 k [g B abs (T, - T) Priv?) (2.4-11)
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fluid thermal conductivity (Btw/sec.-fi.-°F)

wall temperature, defined as the average between the primary and secondary temperatures
(°F)

secondary fluid temperature near the wall (°F)

fluid Prandtl number

volumetric expansion coefficient (1/°R)

The volumetric expansion coefficient is given by the following equation
P=(p
where

liquid density evaluated at the bulk tank temperature (1bm/ft.")

liquid density evaluated at the wall temperature (Ibm/ft.*)

Internal Energy of the Primary Side
The internal energy of the water in the primary side is given by the following equation

U=(h- l’r‘p.h M

liquid enthalpy (Btu/lbm)
pressure (Ib/ft.”)
density (Ibm/ft.”)
primary fluid mass (Ibm)

Joule's constant
Ihe liquid enthalpy and density are evaluated at the liquid temperature
Change in the Energy of the Steam Generator Tube Metal
Since the overall heat balance is to be performed over the primary system, only the metal mass of the
steam generator tubes is considered. The change of metal temperature over the course of the test must
be accounted to provide an accurate estimate of the overall energy balance. The energy in the metal

as a function of time is given by the following equation

W=Mc T(@®
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Upew () = quantity of heat contained in the metal (Btu)
M = mass of metal in the steam generator tubes (Ibm)
8 = specific heat of the metal (Bw/lbm-°F)

T() absolute temperature of the metal as a function of time (°F)

The change in the energy contained in the metal is given by the following:

AU_, =U_., ® -U__ )] (24-15)
where:
AU, = change in the metal energy relative to time zero
Upetl) = energy content of the metal at time t

Ugei(t,) = energy content of the metal at time ¢,

The metal mass of the steam generator tubes is | 1*"* per loop, and the specific heat is
0.123 Btw/lbm-°F.
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TABLE 2.42-1

INSTRUMENTATION FOR
CALCULATING STEAM GENERATOR ENERGY BALANCE

Instrum entation Tag

Description
Pressure - primary - A P-A(4P
Pressure - primary - B P-BO4P
Pressure - secondary - A P-A(4S
Pressure - secondary - B P-B(M4S

Differential pressure cells - secondary -A

DP-A01S, DP-A02S, DP-A03S,
DP-A04S, DP-A0SS, DP-A06S

Differential pressure cells - secondary - B

DP-BO1S, DP-B02S, DP-BO3S,
DP-B04S, DP-B0SS, DP-B06S

| Primary fluid temperatures - A

T-AOSP, TAO6P, T-AO7P, T-AO8P, TA(OP

Primary fluid temperatures - B

T-BOSF, T-BO6P, T-BOTP, T-BOSP, T-B(O9P

Secondary fluid temperatures - A

T-A0SS, T-A06S, T-A07S,
T-A08S, T-A09S

| Secondary fluid temperatures - B

T-BOSS, T-BO6S, T-B0O7S,
T-BO8S, T-B09S

Secondary level

As calculated for mass balance
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2.5 Pressurizer

I'he pressurizer provides control over the primary system pressure and temperature. During normal
operation, the pressurizer is partly full of water and partly full of steam. During an accident sequence,
the pressurizer is part of the depressurization system as the first-, second-, and third-stage automatic
depressurization system (ADS) lines are located at the top of the pressurizer

2.5.! Pressurizer and Surge Line Mass Inventory

Pressurizer Mass Inventory

The mass of water in the pressurizer has been determined from the individual differential pressure
measurements. The level of water in the pressurizer is also determined from the single differential

pressure reading included for this purpose. During some transients the water level may exceed the

upper tap of this measurement. The level, differential pressure, pressure, and temperature instruments

used are listed in Table 2.5.1-1

Using the measured differential pressures, the water level is determined in two ways. First, it is

calculated using the following eguation

where

calculate pressurizer water level (ft)
total pressure change across the pressurizer (psi), as determined from the sum of the

idividual pressure drop readings listed in Table 2.5.1-1

That is, the sum of the individual pressure drop readings is

144 ppzp  (1/psi); conversion from differential pressure to level allowing for the current

density
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The mass of water in the pressurizer is then calculated using the following equation:

My = Loy Ap Prax (2.5-3)

where:

My = mass of water in the pressurizer (Ibm)

Prw = density of water in the pressurizer (Ibm/ft.*)

Apzy = cross-sectional area of the pressurizer; [ P

Lyz = calculated collapsed water level (ft.)
The density of water has been calculated, at each time point, from water table properties as follows:

* The saturation temperature is calculated from the pressure at the bottom of the pressurizer.
The pressure al the bottom of the pressurizer is determined using the following equation:

Pogsor = Py * Z APy, 2.54)

» If the current average water temperature in the pressurizer is at or exceeds the saturation
temperature, the density is determined from tables for saturated liquid using the current

average water temperature.

* If the current average water temperature in the pressurizer is below the saturation temperature,
the density is calculated from tables for subcooled liquid using the current averags temperature
and the pressure at the bottom of the pressurizer.

The second method of calculating the collapsed water level from the individual differential pressure
readings determines the level of water indicated for each individual differential pressure measurement
cell. The total water level is calculated using the following equation:

7
Loz = E C,, APy, E (2.5-5)
=l 8
where:
APpy = differential pressure across the cell (psi)
C,; = local conversion factor allowing for the density in the cell (ft./psi)
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In this case, the total mass of water in the pressurizer is calculated from the following equation:

,
My = 144 A, T AP, %‘ (2.5-6)
1wl

Thedensityinﬂwcelliscalculatadusingtheptesmatthebouomofthecellnndttwtempermat
the cell midpoint. The temperature at the cell midpoint is calculated by linear interpolation in tle
measured temperature data.

An alternative collapsed water level can be calculated from the level measuring differential pressure
reading using the following equation:

g :
L = C; AP, = (2.5-7)

where C, is the same conversion factor used for calculating the water level from the summed
individual differential pressure measurements. While the level remains below the upper tap of the
single differential pressure cell, this level should be very similar to that determined from the summed
readings.

Pressurizer Mass Balance

The pressurizer is connected to hot leg-A via the surge line. The pressurizer can also discharge via the
first three stages of the ADS. Flow through the surge line and the ADS trains should have been
monitored by turbine flow meters (F-015P and F-030P, respectively). Unfortunately, these meters did
not operate properly throughout the experiments. The calculated mass inventory in the pressurizer for
two successive time points have been used to determine a rate of change of mass using:

M, ( M) = Myt ) (25-8)
dt k l, - l'_l
where:
M = mass of water in the pressurizer (Ibm)
t = current time (sec.)
L, = previous time (sec.)
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The mass of water in the pressurizer has previously been calculated as described above. The rate of
Change of mass has been calculated for both methods of determining the mass. The automatic
depressurization system (ADS) flow is estimated by differentiating the mass of water in the ADS catch
tanks over successive time steps. In all cases, for the first time point processed, a zero rate of change

of mass 15 assigned
Surge Line Mass Inventory

The mass of water in the pressurizer surge line has been determined from the differential pressure

temperature, and pressure instruments listed in Table 2.5.1-2

The fraction of the surge line that is filled with water is calculzted for each differential pressure cell

using the following equation

where

fracuonal length of water in the portion of the surge line covered by the differential
pressure cell

differential pressure across the portion of the surge line (psi)

144 py, | (ft/psi) is a conversion factor from differential pressure to collapsed liquid

level allowing for the current local water densiiy

span of surge line differential pressure measurements (which are | gl
DP-020P, | |*** for DP-019P, and | |**¢ for DP-018P)

The total surge line mass inventory is calculated using the following equation

(2.5-10)

where

mass in the surge line (Ibm)

local density in the surge line (Ibm/ft.”)

volume of the portion of the surge line covered by the differential pressure
measurement (which are | |**¢ for DP-020P, | I**¢ for DP-019P, and
1 *»¢ for DP-018P)
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The density of water has been calculaed, at each time point, from water table properties as follows:

* Given the current measured pressure, the saturation temperature is calculated. The measured
pressure is calculated at the bottom of each differential pressure measurement cell using the
pressure at the bottom of the pressurizer and the pressure change down the surge line to that

point.

* If the current water temperature is at, or exceeds the saturation temperature, the density is
determined from tables for saturated liquid using the current water temperature.

» If the current water temperature is below the saturation temperature, the density is calculated
from tables for subcooled liquid using the current temperature and pressure.

The current water temperature in each of the surge line differential pressure cells is that given by the
appropriate local thermocouple listed in Table 2.5.1-2.

Surge Line Mass Balance

The SPES-2 facility included a turbine flow measuring device in the pressurizer surge line (F-015P).
This meter did not operate properly in any of the tests. The calculated mass inventories in the surge
line, for two successive time points, have been used to determine a rate of change of mass using:

dM, (2.5-11)

dt

MSL(tJ) ot MSL(t' 1)
t -4,

where

Mg, = mass of fluid in the surge line (Ibm)
L = current time (sec.)

L = previous time (sec.)

The mass of fluid in the surge line has previously been calculated as described above. For the first
ume point processed, a zero rate of change of mass is assigned.
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Description

TABI * 2.5.1-1 é
INSTRUMENTATION FOR CALCULATING PRESSURIZER MASS INVENTORY

Instrument

| Level of water in pressurizer (differeutial pressure)

L-010P

Pressure at top of pressurizer

P-027P

| Differential pressure (5.871 m t0 7.314 m)

DP-021P

| Differential pressure (7.314 m to 8.758 m)

DP-022P

Differential pressure (8.758 m to 10.202 m)

DP-023P

Differential pressure (10.202 m to 11.164 m)

DP-024P

Differential pressure (11.164 m to 12.076 m)

DP-025P

Differential pressure (12.076 m to 12.396 m)

DP-026P

Differential pressure (12.396 m to 12.631 m)

DP-027P

Temperature of water in pressurizer (6.106 m)

T-021P

Temperature of water in pressurizer (7.364 m)

T-022P

Temperature of water in pressurizer (8.622 m)

T-023P

Temperature of water in pressurizer (9.880 m)

T-024P

| Temperature of water in pressurizer (11.138 m)

T-025P

Temperature of water in pressurizer (12,369 m)

TABLE 2.5.1-2

T-026P

INSTRUMENTATION FOR CALCULATING SURGE LINE MASS INVENTORY
Ducripuon Instrument Variable

| Differential pressure upper iength of surge line DP-020P APy, ,
Differential pressure middle length of surge line DP-019P APy, |

| Differential pressure lower length of surge line DP-018P APy, 4
Temperature of surge line upper thermocouple (5.371 m) T-020F Taa _
Temperature of surge line middle thermocouple (2.255 m) T-019PL =l -
T-018P PP

Temperature of surge line lower thermocouple (1.002 m)
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2.5.2 Energy Balance on the Pressurizer

To determine the performance of the pressurizer during accident sequences, an enc.gy balance is
performed which consists of determining the internal energy in the accumulator water as a function of
time. The energy leaving the pressurizer via ADS-1, ADS-2, ADS-3 is discussed in Section 2.7.4

Internal Energy of the Pressurizer Fluid

e internal energy of the water in the tank is calculated for six volumes where temperature

measurements are available. The total internal energy is given by the foll wing equation

Y 2.5-12
{ Xu’. rip. D V.p + (h p./p, ».\‘ P, (£.9-12)
where
{ total pressurizer flud energy (Btu)
h,, = liquid enthalpy in volume i (Btuw/lbm)
P, = pressure in volume i (Ih/fi
p hgud density in volume i (Ibm/ft
Vi, = liquid volume in volume i (ft.”)
h,, = vapor enthalpy in volume i (Btu/lbm)
P = vapor density in volume i (Ibm/ft.”)
V.. = vapor volume in volume i (ft.")
J = Joule’s constant

The fluid internal energy relative to the start of the test is used to determine an overall energy balance
Change in the Energy of the Pressurizer Metal

he change of metal temperature over the course of the test must be accounted to provide an accurate
esumate of the overall energy balance. The energy in the metal as a function of time is given by the

following equation

-
N
4
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where:

Ugewa () = quantity of heat contained in the metal as a function of time (Btu)

M = mass of metal in the pressurizer (1bm)
< = specific heat of the metal (Brw/lbm-°F)
T = absolute temperature of the mctal as a function of time (°R)

The change in the energy contained in the metal is given by the following equation:
AUy = [Up® - Uit (2.5-14)
where:

AU, = change in the metal energy relative to time t,
Upe(t,y) = energy content of the metal at time t,

The metal mass of the pressurizer is | ]**“, and the specific heat is 0.123 Btw/lbm-°F,

2.6 Power Channel and Downcomer

For the SPES-2 tests, the AP600 core is represented by the power channel. The power channel
consists of a core region; a downcomer, which collects flow from the cold legs and delivers it to the
lower plenum; and an upper pienum-head assembly, which distributes flow to the hot legs. The active
fuel region of the core contains [ ]**° full length, electrically heated, simulated fuel rods.

2.6.1 Power Channel Mass Inventory

The SPES-2 power channel is divided into the following regions in order to determine the total mass
inventory:

¢ The annuiar downcomer

* The tubular downcomer

* The lower plenum - the region below the tubular downcomer outlet
* The core (the heated rod bundle)

¢ The upper plenum consisting of three parts: the fuel exit cell, a region below the hot-leg
elevation, and onc above the hot-lep elevation

* The upper head
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The total mass inventory (Mp,,,) at any time is given by the some of the inventories for the
aforementioned regions. The calculated mass inventory for two successive time points has been used
to determine a rate of change of mass using the following equation:

dM_an o mec“,) £ Mmm(‘;-l) (2.6-1)
dt t~-t,

= total mass of fluid in the power channel (Ibm)
current time (sec.)
previous time (sec.)

f-"'é: ?

Except for the annular and tubular downcomers, the power channel divisions given above do not
entirely correspond to those given in the SPES-2 Facility Description™ (Table 5 and Figure B1). They
have instead been defined relative o the spans of the differential pressure cells (see Figure 3 of the
SPES-2 Facility Description™) that have been used to determine the collapsed liquid levels and, hence,
the mass inventories as follows:

Lower Plenum DP-O04P

Core DP-000P (DP-SP, DP-011P, DPO12P and DP-013P)
Upper Plenwn DP-014P (the fuel exit cell) DP-015 and DP-016
Upper Head DP-O17P

Further details on the assumptions regarding the extent of each region are given below. The upper
head bypass and the core bypass have been neglected in calculating the total power channel mass
inventory.

Annviar Downcomer Mass Inventory

The annular downcomer is considered as extending fiom the outlet of the upper-head bypass to the top
of the tubular downcomer. The total volume of this region is | < ]**%; Table §
of the SPES-2 Facility Description™). The four cold legs and the two DVI lines deliver their mass
inventory to the core via this annular downcomer.

The mass of water in the annular downcomer has been determined from the differential pressure,
tempersture, and pressure instruments listed in Table 2.6.1-1.
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The fraction of the annular downcomer filled with water is calculated using the following equation:

C, AP,

i
. & 262)

Fae =  fractional water level in the annular downcomer. If this is greater than unity, then unity
is assumed. Such a situation may arise during forced flow when there is a dynamic
contribution to the measured differential pressure. However, during such periods the
annular downcomer will be water solid.

AP, =  arithmetic mean differential pressure from the cold legs to the tubular
downcomer (Ibf/ft.%)

C = 144 p,," (fi/psi); conversion factor from differential pressure to collapsed liquid level
allowing for the current water density in the hot leg

L. =  span of annular downcomer differential pressure measurements (which is | gt |

The mass inventory is calculated using the following equation:

v (2.6-3)

Muoc = Faoe Pane Vanc

M,oc = mass in the annular downcomer (Ibm)

Panc =  demsity in the annular downcomer (Ibav/fi.”)

Vioe = total volume of the annular downcomer (| 1**%). That is, the fractional level is
taken to include the volume above the top of the differential pressure cells.

The density of water has been calcuiated, at each time point, from water table properties as follows:
* Given the current measured pressure, the saturation temperature is calculated.

* If the current water temperature is at or exceeds the saturation temperature, the density is
determined from tables for saturated liquid using the current water temperature.

* If the current water temperature is below the saturation temperature the density is calcu'ated
from ables for subcooled liquid using the current temperature and pressure.
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cold legs and the tubular downcomer as calculated from the arithmetic mean of the instruments listed
in Table 2.6.1-1.

Annular Downcomer Mass Balance

The calcul#ted mass inventory for the annular downcomer for two successive time points has been
used 1o determine a rate of change of mass using the following equation:

dM, . M pdt) - Mt ) (2.64)
dt Lt -,
where:
M, e = mass of fluid in the annular downcomer (Ibm)
L = current time (sec.)
L, = previous time (sec.)

The mass of fluid has been calculated previously as described above. For the first time point
processed, a zero rate of mass change is assigned.

Tubular Downcomer Mass Inventory

The tubular downcomer extends from the annular downcomer to the bottom of the core region. The
total volume of the tubular downcomer is | ol | ]** see Table 5 of the SPES-2
Facility Description™).

The mass of water in the tubular downcomer has been determined from the differential pressure,
temperature, and pressure instruments listed in Table 2.6.1-2.

The fraction of the tubular downcomer filled with water is calculated using the following equation:

(2.6-5)

™C

F = 2 APmc &
L £

= fractional water level in the tubular downcomer. If this is greater than unity, then
unity is assumed. Such a situation may arise during forced flow when there is a
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dynamic contribution to the measured differential pressure. However, during such
periods the tubular downcomer will be water solid. To ensure this, a value of
unity is assumed when the measured flow in the tbular downcomer () is

greater than | 1** The initial flow is of order |

AP, = total differential pressure from the annular downcomer to the bottom of the tubular
downcomer (bf/ft.%)

G = 144 p,,," (ft/psi); conversion factor from differential pressure to coliapsed liquid
level allowing for the current water density in the hot leg

Lo = span of tubular downcomer differential pressure measurements; | e

The mass inventory is calculated using the following equation:

My = Froe Proc Vane (2.6-6)

density in the tubular downcomer (Ibm/ft.”)
= total volume of the tubular downcomer (| ™

where

Mo = mass in the tubular downcomer (Ibm)

Proc

VTDC

The density of water has been calculated, at each time point, from water table properties as follows:
* Given the current measured pressure, the saturation temperature is calculated.

* If the current water temperature is at or exceeds the saturation temperature, the density is
determined from tables for saturated liquid using the current water temperature.

* If the current water temperature s below the saturation temperature the density is calculated
from tables for subcooled liquid using the current temperature and pressure.

The current temperature for the tubular downcomer is taken as the average temperature between the
iniet and outlet as calculated from the arithmetic mean of the instruments listed in Table 2.6.1-2.

Tubular Downcomer Mass Balance
The calculated mass inventory for the tubular downcomer for two successive time points, has been

used to determine & rate of change of mass using the following equation:

dM,c
at

M) = Myt ) ] (2.6-7)

L -,
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mass of fluid in the tubular downcomer (Ibm)
= current time (sec.)
previous time (sec.)

where:

Mipe -
t

b

The mass of fluid has previously been calculated as described above. For the first time point
processed, a zero rate of mass change is assigned.

Lower-Plenum Mass Inventory

The lower plenum is below the outlet of the tubular downcomer. For the purpose of mass inventory
calculations, the lower plenum has been defined as the region encompassed by the differential pressure
cell DP-004 plus the volume below the bottom tap of this cell. This covers three separate volumes as
listed below (with respect to a zero elevation at the lower differential pressure tap):

abge
The mass of water in the lower plenum has been determined from the differential pressure,
temperature, and pressure instruments listed in Table 2.6.1-3.
The level of water in the lower plenum is calculated using the following equation:
£ (2.6-8)
Liowe = C; AP o "E '
where:
beowe = calculated water level (ft.). The maximum allowed level is [ o

AP owr = differential pressure across the lower plenum (Ibf/ft.”)
o 144 p,ouy ' (ft/psi); conversion from differential pressure to level allowing for the
current density

f
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The calculated water level is used to determine the volume of the lower plenum filled by the collapsed
liquid using linear interpolation in a tabulation of volume versus level defined by the dimensions listed
above. The zero level volume is set to allow for the region of the lower plenum below the differential
pressure lower tap. The mass inventory is then calculated using the following equation:

v (2.6-9)

Miowr = Viowr Prows

where:

M, owp = mass of water in the lower plenum (lbm)

Puowr = density of water in the lower plenum (Ibm/ft.”)

volume of the lower plenum filled with water (ft.”), as determined from the coliapsed
liquid level

Viowr -

The density of water has been calculated, at each time point, from water table properties as follows:
* Given the current measu: 2d pressure, the saturation temperature is calculated.

* If the current water temperature is at or exceeds the saturation temperature, the density is
determined from tables for saturated liquid using the current water temperature.

* If the current water temperature is below the saturation temperature the density is calculated
from tables for subcooled liquid using the current lemperature and pressure.

The current temperature for the lower plenum is calculated as the arithmetic mean of the
measurements listed in Table 2.6.1-3.

Lower-Plenum Mass Balance

The calculated mass inventory for the lower plenum for two successive time points has been used to
determine a rate of change of mass using the following equation:

M, oup _ | Miows(t) = Migelt,,) (2.6-10)
at AR W
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)

mass of fluid in the lower plenum (Ibm)
current time (sec.)
previous time (sec.)

where
M owp
L

b

The mass of fluid has previously been calculated as described above. For the first time point
processed, a zero rate of mass change is assigned.

Core Mass Inventory

The core region encompasses the volume at the level of the tubular downcomer outlet and the fuel to
near the top of the heated lengths, as « fined by the differential pressure cell DP-000P. This includes

five separate volumes as listed below « with zero elevation at the lower tap of DP-000P):
abe

—

The mass of water in the core has been determined from the differential pressure, temperature, and
pressure instruments listed in Table 2.6.1-4,

The collapsed level of water in the core is calculated in two ways: using either the measured total
differential pressure or the sum of the individual differential pressure measurements.

s # B i (2.6-11)
- - = g
where:
Looss = calculated water level (ft.). The maximum allowed level is | it
AP . = differential pressure across the core (Ibf/ft.?)
C, = 144 peoge ' (ft/psi); conversion from differential pressure to level allowing for the

current water density

The calculated water level is used to determine the volume of the core filled by the collapsed liguid
using linear interpolation in a tabuiation of volume versus level defined by the dimensions listed
above. The mass inventory is then calculated (for both liquid levels calculated from the single
measured and summed core differential pressures) using the following eguation:
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\Y (2.6-12)

Meoss = Veors Pooss

Meoge = mass of water in the core (Ibm)
Pooss = density of water in the core (Ibm/ft.”)
= volume of the core filled with water (ft.”) as determined from the collapsed liquid level
The density of water has been calculated, at each time point, from water table properties as follows:
* Given the current measured pressure, the saturation temperature is calculated.

* If the current water temperature is at or exceeds the saturation temperature, the density is
determined from tables for saturated liquid using the current water temperature.

* If the current water temperature is below the saturation temperature the density is calculated
from tables for subcooled liquid using the current temperature and pressure.

The current temperature for the core has been calculated as the arithmetic mean of the core inlet and
outlet temperatures as listed in Table 2.6.1-4.

Core Mass Balance

The calculated mass inventory for the core region, for two successive time points, has been used to
determine a rate of change of mass using the following equation:

dM e o | Moore(t) = Mggg(t, ) (2.6-13)
di tJ - lx-l
where:
Moms = mass of fluid in the core region (Ibm)
t = current time (sec.)

The mass of fluid has previously been calculated as described above. For the first time point
processed, a zero rate of mass change is assigned. This calculation has been undertaken for the mass
inventories calcaated both from the single differential pressure cell and the four individual cells.
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Upper-Plenum Mass Inventory

The upper plenum has been considered to extend from the top of the core (as defined above) to the
bottom of the upper head (see below). As such it consists of three regions: a fuel exit cell (the span
of DP-014P), a region from the fuel exit cell to the hot-leg elevation, and a region from the hot-leg
elevation to the upper head. The dimensions of these regions are listed below:

Fuel exit celi: This contains the top of the fuel rods and therefore includes an area change.
There are two volume regions as follows:

b
Region below hot legs:

abc
Region above hot legs:

abe

[ ]

The mass of water in each of the three upper plenum regions has been determined from the differential
pressure, temperature, and pressure instruments listed in Table 2.6.1-5.

The level of water in each of the three upper plenum regions is calculated using the following
equation:

Lop = G, APy — 2619

where:

calculated water level (ft.). The maximum allowed level within each region of the upper
plenum corresponds to the total length listed above.

AP = differential pressure across the upper pienum region being considered (Ibf/ft.?)

C, = 144 p.y "' (ft/psi); conversion from differential pressure to level allowing for the current
donsity

=
3
i

For the heated rod bundle exit cell the calculated water level is used 1o determine the collapsed liguid
level. The fluid volume is determined by linear interpolation in a tabulation of water volume versus
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level as defined by the dimensions listed above. The mass inventory is then calculated using the
following equation:

Meor = Veoor Proor (2.6-15)

where:

Mior = mass of water in the heated rod bundle exit cell (Ibm)

Prur = density of water in the heated rod bundle exit cell (Ibm/ft.*)

Viorr = volume of the heated rod bundle exit cell filled with water (in cubic feet) as determined
from the collapsed liquid level

Within the other two regions of the upper plenum, there is no flow area change and the mass within
each region is calculated using the following equation:

My = Lo Aupr Pose (2.6-16)

where:

My = mass of water in the upper-plenum region (Ibm)

Puow density of water in the upper-plenum region (Ibm/ft.*)

Ly = calculated collapsed liquid level within the upper-plenum region being considered (ft.)
Aupp = flow area for the upper-plenum region (ft.?)

The density of water has been calculated, at each time point, for each upper-plenum region, from
water table properties as follows:

* Given the current measured pressure, the saturation temperature is calculated.

* If the current water temperature is at or exceeds the saturation temperature, the density is
determined from tables for saturated liquid using the current water temperature.

* If the current water temperature is below the saturation temperature the density is calculated
from tables for subcooled liquid using the current temperature and pressure.

The current temperature for the fuel exit cell is taken as the fuel exit temperature. For the other two
upper plenum volumes the arithmetic mean of the measured hot-leg temperatures listed in
Table 2.6.1-5 is used.
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Upper-Plenum Mass Balance

The calculated mass inventory for each of the upper-plenum volumes, for two successive time points,
has been used 1 determine a rate of change of mass using the following equation:

My | Myglt) = Myt ) (2.6-17)
dt = »

M = mass of fluid in the upper-plenum volume (Ibm)
t = current time (sec.)
L, = previous time (sec.)

The mass of fluid has previously been calculated as described above. For the first time point
processed, a zero rate of mass change is assigned.

Upper-Head Mass Inventory
The upper bead lies above the upper pienum. For the purpose of mass inventory calculations the head
has been defined as the region encompassed by the differential pressure cell DP-017 plus the volume

above the upper tap of this cell. This includes three separate volumes as listed below (with elevations
reiative to the bottom of the differential pressure cell):

abc

The mass of water in the lower plenum has been determined from the differential pressure,
temperature, and pressure instruments listed in Table 2.6.1-6.

The level of water in the upper head is calculated using:

& .
Ligan = C; APy, — AR

B

where:

Luygap = calculated water level (ft.)
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APy, = differential pressure across the upper head (Ibf/ft.%)
G = 144 pye.p ' (ft/psi); conversion from differential pressure to level allowing for the current
density

If the indicated level is greater than or equal to the span of the differential pressure cell (that

is | ]**%) then the entire upper head volume is assumed to be filled. Otherwise, the calculaied
waler level is used to determine the volume of the upper head filled by the collapsed liquid using
linear interpolation in a tabulation of volume versus level defined by the dimensions listed above. The
mass inventory is then calculated using:

Y (2.6-19)

Mieao™ Vieao Pugan

where:

My = mass of water in the upper head (Ibm)

Pusan = density of water in the upper head (Ibm/ft.%)

volume of the upper head filled with water (ft.”) as determined from the collapsed liquid
level

VHSAD

The density of water has been calculated, at each time point, from water table properties as follows:
* Given the current measured pressure, the saturation temperature is calculated.

« If the current water temperature is at or exceeds the saturation temperature, the density is
determined from tables for saturated liguid using the current water temperature,

e If the current water temperature is below the saturation temperature, the density is calculated
from tables for subcooled liquid using the current temperature and pressure.

Upper-Head Mass Balance

The calculated mass inventory for the upper head for two successive time points has been used to
determine a rate of change of mass using the following equation:

My N Myeap() = Myg(t, ) (2.6-20)
dt L ~L,
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where:

Mysan = mass of fluid in the upper head (Ibm)
L = current time (sec.)
L, = previous time (sec.)

The mass of fluid has previously been calculated as described above. For the first time point
processed, a zero rate of mass change is assigned.

Calculation of Power Channel Two-Phase Level

Once forced flow is lost, there will be a variation in water phase throughout the power channel, from
liquid, through two phase to steam. At any point in the transient, calculated collapsed liquid levels
can be used to calculate the mass distribution in the power channel and to estimate the void fraction.
This has been done using the following algorithm:

* Starting from DP-O13P in the riser region to the upper head, the first differential pressure cell
in which the collapsed liquid level is less than four inches, for two consecutive time sieps, is
located. The ywo-phase \evel and mixture is assumed to exist in the cell below this one. The
first empty cell is denoted the ith cell, so the two-phase level exists in the i-1 cell.

* The average static void fraction, for the differential pressure cell below the one in which the
two-phase level exists, is calculated assuming the frictional and acceleration pressure drops are

negligible as:
L
@, =10 - 2 (2.6-21)

aP,-2

where:

a, = void fraction for the cell below that containing the two-phase level (as calculated

above)
L. = collapsed liquid level in the cell below that in which the two-phase level exists (ft.)

Lyp,2 = span of the differential pressure taps in the cell below that in which the two-phase
level exists (ft.)

* The level of the two-phase interface is calculated by assuming that the two-phase fluid within
that cell has the same void fraction as the fluid in the cell below, so that:
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(2.6-22)

. Ll-l
Lu'ELn.,’Mm L » oo = Loyor

- -2

calculated level of the two-phase to steam interface relative to the top of the heated rod
bundie (ft.)

span of the ith differential pressure cell (ft.). All cells beiow that containing the two-phase
level are included.

span of the differential pressure cell containing the two-phase level (ft.). This is used to
ensure that the expanded level for this ceil does not exceed the span of the differential
pressure measurement.

collapsed liquid level in the cell containing the two-phase level (ft.)

void fraction for the cell below that containing the two-phase level (as calculated above)
level of the top of the fuel relative to the lower tap of DP-013P (ft.}. This adjusts the
two-phase level to be relative to the top of the heated rod bundle.

If all differential pressure cells have a level in excess of four inches, then either a water solid power
channel is assumed for cases when the head level exceeds the span of the upper-head differential
pressure cell, or the above two phase level is applied to the upper head collapsed liquid level.

If the two-phase level is indicated to be within the DP-013P differential pressure cell, then the
two-phase level is set to the collapsed liquid level for that cell less the top of fuel elevation. If the
collapsed level for DP-013P cell is less than four inches, then the two phase level is set to minus the
elevation of the top of the heated rod bundle. Analysis undertaken for the SPES-2 Final Data Report”
indicate that neither situation will arise. However, noise in the data may lead to spurious indications of
levels within the core. Using two consecutive time steps to check for a low level will remove some of
this noise, but not necessarily all. Messages are therefore issued by the data analysis code, SPESAN,
on the main output along with the setting of a negative level.

w\ap6O0\ B92-nou\1 892w-2a.00n: 1 b-061395 2-69



TABLE 2.6.1-1

INSTRUMENTATION FOR CALCULATING ANNULAR DOWNCOMER MASS INVENTORY

Description Instrument Variable
Pressure at bottom of tubular downcomer P-001P Proc
| Temperature at nozzie from cold leg-Al T-A021PLO Tova
| Temperature at nozzle from cold leg-Bi T-BO21PLO Tews:
Temperature at nozzle from cold leg-A2 T-A022PLO Tou
| Temperature at nozzle from cold leg-B2 T-BO22PLO A
| Temperature at mlet to twbular downcomer T-001P
| Differential pressure - cold leg-Al to twbular downcomer DP-AO21P AP
Differential pressure - cold leg-Bl to wbular downcomer DP-BO21P AP, 5
| Differential pressure - cold leg-A2 w wbular downcomer DP-A022P AP,pcs
l Differential pressure - cold leg-B2 to tubular downcomer DP-B022P AP, e

TABLE 2.6.1-2
it

Description

STRUMENTATION FOR CALCULATING TUBULAR DOWNCOMER MASS INVENTORY

Pressure at bottom of tubular downcomer

P-O01P

Temperature at inlet to twbular downcomer T-001P
Temperature at midpoint of tubular downcomer T-002P
Lrpcmmt at outlet of tubular downcomer T-003P

[ Differental pressure - upper tubular downcomer

Differential pressure - lower wbular downcomer

Flow through tubular downcomer
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Description

TABLE 2.6.1-3
INSTRUMENTATION FOR CALCULATING LOWER PLENUM MASS INVENTORY

Differential pressure across lower plenum

Pressure at bottom of twbular downcomer

Temperature of water at bottom of tubular downcomer

Temperature of water at bottom of lower plenum

Description

Instrument

Total diffcrential pressure across core

DP-000P

Differenual pressure (| |

DP-005P

Differential pressure (| **9)

DP-O11P

| Differential pressure (| I**)

DP-012P

Differential pressure (| ™)

DP-013P

Pressure at bottom of tubular downcomer

P-001P

| Temperature of water at core inlet (tubular downcomer outlet)

T-003P

| Temperature of water at core outlet

T-015P
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TABLE 2.6.1-5

INSTRUMENTATION FOR CALCULATING UPPER-PLENUM MASS INVENTORY

Description Instrument Variable

Pressure at bottom of tubular downcomer P-001P Proc
Pressure at top of head (for regions below 2 above hot legs) P-017P Pugan
Differental pressure across fuel exit cell DP-014P APpour .
Differential pressure across upper plenum region below hot legs from DP-A15p AP e 1a
hot leg- to fuel exit cell
Differential pressure across upper plenum region below hot legs from DP-B15P AP pp.1n
hot ieg-B to fuel exat cell

| Differential pressure across upper plenum region above hot legs from DP-A16P APypp2a

| hot leg-A 10 upper head

| Differential pressure across upper plenum region above hot legs from DP-B16P APypp2p

| hot leg-B o upper head

| Temperature of water at core outlet T-015P Teour

| Temperature of water in hot leg-A T-A03PO T

| Temperature of water in hot leg-B T-BO3PO Tus |

|

Description

Instrument

Differential pressure across upper head

DP-017P

| Pressure at top of upper head

P-017P

; Temperature of water at top of upper head

T-016P
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2.6.2 Energy Balance on the Power Channel
The energy balance on the power channel is used to determine the following:

e Core average void fraction during accident conditions

¢ Quality of the flow exiting the core

e Steam generation rate
The instruments used to determine these quantities are summarized in Table 2.6 £-1.
Core Heat Balance
The heat balance on the fluid passing through the core is given by the following equation:

Q.. =m, (h, -h,) (2.6-23)

where:

m = mass flow rate through the core (Ibm/sec.)

h,, = core inlet enthalpy (Btuw/l1bm)
R core outiet enthalpy (Btw/libm)

During these tests, it is possible for the core flow to exit as a two-phase mixture. Thus, the core outlet
enthalpy can be wriiten in terms of the quality x:

ho = hy+ x (hy - hy) (2.6-24)
where:

h, = saturated liquid enthalpy (Btu/lbm)
h, = saturated vapor enthalpy (Buw/lbm)

The void fraction from the core outlet is used to determine the quality. The void fraction is
determined from the collapsed liguid level at the core outlet:

Oy =1 - (AP, C; /L) (2.6-25)

Uy = core outlet void fraction
differential pressure cell measurement at the core exit (Ibf/ft.”)
144 peap ' (ft/psi) conversion to feet for the fluid density

0
R Q%
now
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L. =  elevation difference between the taps of the differential pressure cell (ft.)

The exit guality is estimated from the void fraction, assuming homogeneous flow, (no slip) which is
calculated from the pressure drop measurements as:

i YenilP g (2.6-26)
= (I-uml { ” aunP;

where:

R core outlet quality
Py = liquid density (Ibm/f.’)
P, = vapor density (Ibm/ft.")

Finally, the steam generation rate is given by the following equation:

m =m X (2.6-27)

seean ex

The core average void fraction is estimated from the collapsed liquid level in the core.

uu.-‘vl » l B (Apm C2 / 'Egi) (2.6.28)
where:
N = core average void fraction
ar.. = differential pressure cell measurement over the core region (Ibf/ft.?)
Ko = elevation difference between the taps of the differentiai pressure cell (ft.)

Internal Energy of the Power Channel Fluid

The internal energy of the fluid in each of the power channel regions is given by the following
equation:

Usth -PlpHM (26-29)
where:
h = fluid entt2lpy (Btu/lbm)
P = fluid pressire (Ibm/ft.%)
p = fluid density (Ibm/ft.*)
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M = mass of the fiuid in a region (Ibm)
J = Joule's constant

The fluid internal energy is determined for the tabular downcomer, annular downcomer, lower plenum,
core region, fuel outlet region, upper plenum, and head regions. These values are summed and used 1o
determine the overall energy balance.

Change in the Energy of the Power Channel Metal

The change of metal temperature over the course of the test must be accounted to provide an accurate
estimate of the overall energy balance. The energy in the metal as a function of time is given by the
following equation:

Upei(® = M ¢, T(1) (2.6-30)

where

Ugew (1) = quantity of heat contained in the metal as a function of time (Btu)
M mass of metal in the power channel (Ibm)

¢ specific heat of the metal (Bww/lbm-°F)

T = ahsolute temperature of the metal as a function of time (°F)

The change in the energy contained in the metal is given by the following equation:
AU = { Upeai®) - Upgeual(ty) } (2.6-31)
where:

AU, = change in the metal energy relative to time to (Btu)
Ugen(l,) = energy content of the metal at time to (Btu)

The metal mass of the power channel is | ]**“, and the specific heat is 0.123 Btw/lbm-°F.

The quantities needed to perform these calculations are presented in Table 2.6.2-2.
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Description

TABLE 2.62-1
| INSTRUMENTATION FOR CALCULATING THE POWER CHANNEL HEAT BALANCE :

Instrumentation Tag

TW-011011, TW-012P50, TW-014P49, TW-015P23,
TW-016P14, TW-018P20,
TW-019P82, TW-020P61

I Core power

W_00P

Core exit differential pressure measurement

DP-014P

Overall core differential pressure measurement

DP-000P

Fluid temperature at fuel mlet

T-003P

Fluid wemperature at fuel outlet

Description

) TABLE 2.62-2
| QUANTITIES NEEDED TO CALCULATE THE POWER CHANNEL HEAT BALANCE

T-015P

Value

| Tap elevation difference for DP-014P

Tap elevation difference for DP-000P

| Number of rods in the core

Rod outer diameter

Rod length
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2.7 Hot- and Cold-Leg Piping

The mass and energy balance for the SPES-2 piping has been limited to the hot legs, cold legs and
surge line. The error introduced by neglecting the remaining piping is discussed in Section 4.0.

2.7.1 Hot-Leg Mass Inventory

The mass of water in the two hot legs has been determined from the differential pressure, temperature
and pressure instruments listed in Table 2.7.1-1.

The fraction of the hot leg that is filled with water is calculated using the following equation:

G AP B @7-1)

F -
puli =y

Fy, = fractional level of water in the hot leg. If the calculated fraction is greater than unity, which
is possible while water is still flowing through the hot leg, then the hot leg is assumed to be
filled with water (that is, Fy, = 1)

AP, = differential pressure across the hot leg (Ibf/ft.%)

C, = 144 p, " (ft/psi); conversion factor from differential pressure to collapsed liquid level
allowing for the current water density in the hot leg

Ly, = span of hot leg differential pressure measurement (| e

The mass inventory is calculated assuming that the same homogeneous two-phase mixture is present in
all segments of the hot leg. Thus,

M, *F, Py Vi (2.7-2)
where:
M, = mass in the hot leg (Ibm)
Py, = density in the hot leg (Ibm/ft.%)
Vi = total volume of the hot leg (| 9

The density of water has been calculated, at each time point, from water table properties as follows:
¢ Given the current measured pressure, the saturation temperature is calculated.

« If the current water temperature is at or exceeds the saturation temperature, the density is
determined from tables for saturated liquid using the current water temperature.
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* If the current water temperature is below the saturation temperature the density is calculated
from tables for subcooled liquid using the current temperature and pressure.

Hot-Leg Mass Balance

The SPES-2 facility included turbine/meters for measuring hot leg-A, pressurizer surge line, and
ADS-4 volumerric flow rates. Unfortunately, these meters did not operate properly for the majority of
the tests. No flow measurement was performed for hot leg-B. It is therefore not possible to perform a
direct mass balance for the hot legs. The calculated mass inventories in each of the two hot legs, for
two successive time points have been used 1o determine a rate of change of mass using the following
equation;

aM, 2 M, ()-M, (@ ) (2.7-3)
dt L1,
where:
My, = mass of fluid in the hot leg (Ibm)
L = current time (sec.)
L, = previous time (sec.)

The mass of fluid in each hot leg has previously been calculated as described above.

TABLE 2.7.1-1 |
INSTRUMENTATION FOR CALCULATING HOT-LEG MASS INVENTORY

Description Instrument Variable

Differential pressure across hot leg-A DP-A(MP APy
Pressure of hot leg-A at inlet to steam generator-A P-A(4P |
| Temperature of hot leg-A at core outlet from vertical thermocouple T-AO03PL Tia

Differential pressurc across hot leg-B

| Pressure of hot leg-B at inlet to steam generator-B

Temperature of hot leg-B at core outlet from vertical thermocouple
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2.7.2 Cold-Leg/Pump Suction Mass Inventory

dos

The complete pipe run from the steam generator outlet to the power channel inlet has been considered
The variaticn in volume

This includes the pump suction, the pumps, and the cold legs themselves
with height (relative to the boitom of the relevant differential pressure lower tap) in these pipe lengths

18 given below

Cold leg-1 and cold leg-2 on each loop

b

It has been assumed that the whole cold leg has drained when the fluid level fails below 0.246 fi

Pump suction on each loop

in addition, each pump has a volume o1 |**¢ which is included in the pump suction volume
when the calculated pump suction level is greater than six inches. When the pump suction is full, the
volume of the final bend into the steam generator (| |**“y is also included

The mass of water in the cold legs has been determined from the differential pressure, temperature

and pressure instruments listed in Table 2.7.1-2 and Table 2.7.1-3
Both the cold leg and pump suction pipe lengths have been treated in similar ways. The level of

water in each pipe length has been determined from the following




= calculated water level (ft.). The maximum allowed level is the span of the differential
pressure measurements, which is [ J**¢ for the cold legs and | **¢ for each
pump suction. If the measured flow in the relevant cold leg exceeds S Ibm/sec., then that
cold leg is assumed to be water solid. If the flow exceeds this value for any cold leg on
the same loop then the pump suction is also assumed to be water solid.

APpye = differential pressure across the relevant pipe (Ibf/ft.?)

Cs 144 pyye”’ (ft/psi); conversion from differential pressure to level allowing for the current

density

The caiculated water level is used to determine the volume of the relevant pipe filled by the collapsed
liquid using linear interpolation in a tabulation of volume versus level defined by the dimensions listed
above. The mass inventory is then caiculated using the following equation:

Mppe = Ve P e (2.7-5)
where:
Mppe = mass of water in the pipe (1bm)
Pepe = density of water in the pipe (Ibmv/ft.%)
Vewe = volume of the pipe filled with water (ft.”) as determined from the collapsed liquid level

For the pump suction, if the calculated level is greater than six inches, then the pump is assumed to be
water solid and the mass of water within it is added to that for the pump suction using the same water
density as the pump suction. Furthermore, if the level calculated from the differential pressure is equal
10 the span of the measurement taps, then the volume of the final bend into the steam generator is
included.

The density of water has been calculated, at each time point, from water table properties as follows:
* Given the current measured pressure, the saturation temperature is calculated.

* If the current water temperature is at or exceeds the saturation temperature, the density is
determined from tables for saturated liquid using the current water temperature.

* If the current water temperature is below the saturation temperature the density is calculated
from tables for subcooled liquid using the current temperature and pressure.

The current temperature for the pipe is calculated as the arithmetic mean of the temperature
mea-urements listed in Table 2.7.2-1 for the relevant pipe.
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A total mass of water in the compiete pipe run from the steam generator outlet to the power channel
inlet is calculated by sumuiing the inventories for the three components to each loop, that is the two
cold legs and the pump suction {including the pump).

Cold-Leg/Pump Suction Mass Falance

The calculated mass inventory, foi cach cold leg and pump suction pipe length, for two successive
time points, has been used to determine a rate of change of mass using the following equation:

dM g Mipe(t) = Mype(t,,) (2.7-6)
dt t -t
where:
Mppe = mass of fluid in the lower plenum (Ibm)
t = current time (sec.)
L. = previous time (sec.)

The mass of fluid has previously been calculated as described above. For the first time point
processed, a zero rate of mass change is assigned.
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TABLE 2.7.2-1 |
INSTRUMENTATION FOR CALCULATING COLD-LEG MASS INVENTORIES :

Description Instrument Variable

Differential pressure cold leg-Al DP-AO01P AP
Differential pressure cold leg-A2 DP-A002P AP¢ 4z
Pressure in hot leg-A at steam generator-A inet P-AO4P Pua

| Temperature in common length of cold leg-A T-ACIP Taa
Temperature in cold leg-Al pipe T-AO11P T owa
Temperature in cold leg-A2 pipe T-A012P T oz
Differential pressure cold leg-B1 DP-BOOIP APq g,
Differential pressure cold leg-B2 DP-BOO2P APqipa
Pressur- in hot leg-B at steam generator-B inlet P-B4P Pus
Temperatwe in common length of cold leg-B T-BO1P Tas
Temperature in cold leg-Bi pipe T-BO11P T o
Temperature in cold leg-B2 pipe T-BO12P T s
Differential pressure pump suction A DP-A09P AP,
Pressure in hot leg-A at steam geunerator-A inlet P-AO4P Puia
Flow in cold leg-Al pipe F_AOIP M
Flow in cold leg-A2 pipe F_AO2P Mg
Temperature at top of pump suction A T-A10P T s
Temperature at bottom of pump suction A T-AllP T psa
Differenual pressure pump suction B DP-BO9P APy,
Pressure in hot leg-B at steam generator-B inlet P-BO4P . Py
Flow m cold leg-B1 pipe F_BO1P ¥
Flow in cold leg-B2 pipe F_BO2P o
Temperature at top of pump suction B T-B10OP T
Temperature #t bottom of pump suction B T-BA11P Trs

-
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2.7.3 Energy Balance on the Primary System Piping

An energy balance on the primary system piping is provided to account for the energy in the fluid and
pipe walls to accurately predict an overall system energy balance. The primary system piping consists
of the cold legs, hot legs, and the surge line. The remainder of the piping runs; the DVI lines, cold
leg-10-CMT balance lines, etc., have not been included due to the lack of instrumentation.

The instruments used to determine these quantities are summarized in Table 2.7.3-1.

Change in the Internal Energy of the Fluid in the Piping

The internal energy of the fluid in the piping is given by the following equation:

U=(h-Pp ) Vp (2.7-7)
where:
h = fluid enthalpy (Btw/1bm)
P = fluid pressure (Ibf/ft.’)
p = fluid density (Ibm/ft.’)
V = volume inside the pipe (ft.")
J = Joules constant

The fluid enthalpy and density are evaluated at the fluid temperature.

The net chaage in the fluid internal energy is given by the following equation:

AU =U@) - U, (2.7-8)
where:
Uy = fluid internal energy as a function of time (Btu)
U, = fluid internal energy at the start of the test (Btu)

Change in the Energy of the Piping Metal

The change of metal ‘emperature over the course of the test must be accounted to provide an accurate
estimate of the overall energy balance. The energy in the metal as a function of time is given by the

followiag equation:

Upeu(®) = M ¢, T(D) (2.7-9)
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where:

ULet) = quantity of heat contained in the metal as a function of time (Btu)
M = mass of a section of piping (Ibm)
¢ = specific heat of the metal (Btw/lbm-°F)

13
Tty absolute temperature of the metal as a function of time (°R)

The change in the energy contained in the metal is given by the following equation:
AUge = { Upea(®) - Upeual(to) } (2.7-10)
where:

AU,., = change in the metal energy relative to time to (Btu)
Ugeu(t,) = energy content of the metal at time to (Btu)

The metal masses for the primary system piping is summarized in Table 2.7.3-2.

As with the other components, the heat losses to the surroundings are accounted for in the overall
energy balance.
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TABLE 2.73-1
INSTRUMENTATION FOR CALCULATING THE PIPING ENERGY BALANCE

Hot-leg temperature (A & B)
Hot-leg pressure (A & B)

Cold-leg temperature (A & B)
Cold-leg pressure (A & B)

Surge line temperature (A & B)
Surge line pressure (A & B)

Description
Hot legs (per loop)
Cold legs (per loop)
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2.8 Fluid Exiting Through ADS and Breaks

The mass of the fluid exiting the primary system via the ADS and breaks is measured in catch tanks.
No measurement of the flow quality is available, but approximations are made to estimate the energy
loss.

2.8.1 Rate of Mass Loss to ADS and Break Catch Tanks

The imposed break in LOCA simulations, ADS lines 1 to 3 and ADS line 4 all feed to catch tanks,
which give integrated measures of the total mass lost from the system to date through these routes.
These masses are measured using the devices as listed in Table 2.8.2-1.

The rate flow 1o each catch tank is then calculated using the integrated mass measurements from two
consecutive times. That is,

dM, ik B Moon(t) = My ft.) (2.8-1)
dt -1

where:

Mo = measured mass of fluid in the tank (Ibm)
L current time (sec.)
L, = previous time (sec.)

L]

The ADS lines also included turbine flow meters. Unfortunately, these meters failed to operate
properly in all the experiments.

2.8.2 Energy Released Through the ADS and Break
The total energy of the fluid exiting the primary system is determined by the following equation:

Ucaer = Uppsizs + Uppss + Upeu (2.8-2)

= total energy of the fluid exiting the primary system (Btu)
Urpsins = energy of the fluid exiting ADS-1, ADS-2, and ADS-3 (Btu)
= energy of the fluid exiting ADS-4 (Btu)

U = energy of the fluid exiting the break (for LOCA) (Btu)
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The quantity of energy loss from the pressurizer during ADS-1, ADS-2, and ADS-3 operation is given
by the following equation:

Unosizs = Mapsizs hapsizs (2.8-3)
where:

Uspsizs = energy exiting through ADS-1, ADS-2, and ADS-3 (Btu)
M, si2s = mass accumulated in the catch tank (Ibm)
hypsizs = enthalpy of the flow leaving the pressurizer (Btu/lbm)

To determine the exit enthalpy, the differential pressure cell at the top of the pressurizer is used to
estimate the void fraction.

@, =1-(@4P,C,/ L__i;.) 284)

where:
AP, = differential pressure cell measurement at the top of the pressurizer (Ibf/ft.?)

C, = conversion to feet for the actual fluid density
L = elevation difference between the taps of the differential pressure cell (ft.)

The exit quality can be calculated from the void fraction for homogeneous flow (no slip) by the
following equation:

Xewt = OgeitPy / { (1-0)Py - OladPy } (2.8-5)
where:
Xgu = exit quality
p, = liquid density (Ibm/ft.’)
p, = vapor density (Ibm/ft.")

Finally, the enthalpy of the fluid leaving the pressurizer via the ADS is

Dapsias = by + X (hy - by ) (2.8-6)
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where:

h, = saturated liquid enthalpy (Btw/lbm)
h, = sawrated vapor enthalpy (Btu/lbm)

Energy Lost Through ADS-4

The quantity of cnergy loss from the primary system during ADS-4 operation is given by the
following equation:

Unpse = Myapss hapse (2.8-7)

Uupse = energy exiting through ADS-4 (Btu)
= mass accumulated in the ADS-4 catch tank (Ibm)
enthalpy of the flow leaving hot leg (Btu/lbm)

The enthalpy of the flow through ADS-4 is approximated by using assuming that only saturated liquid
is discharged out ADS-4. The effects of this assumption will be evaluated in Section 4.0.

Encrgy Lost Through the Break

The quantity of energy loss from the primary system through the break is given by the following
equation:

Ut = My Drens (2.8-8)
where:
U, = energy exiting through break (Btu)
M.« = mass accumulated in the break catch tank (lbm)
hyea = enthalpy of the flow leaving the break (Btu/lbm)

The enthalpy of the flow out the break is approximated by using the enthalpy of saturated liquid at the
break location temperature. The effects of this assumption will be evaluated in Section 4.0.

For the double-ended guillotine (DEG) break tests, and for the steam generator tube rupture (SGTR)
tests, the ADS-4 caich tank doubles as either a second break catch tank, or a receptacle for steam
gencrator secondary side overflow. The energy associated with the mass is calculated by assuming
saturated liquid at break location temperatures.

The instruments used to evaluate the enercy loss through the ADS and break are summarized in
Table 2.8.2-1.
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TABLE 2821 :
INSTRUMENTATION FOR CALCULATING THE ADS AND BREAK ENERGY BALANCE

Description Instrumentation Tag
Hot-leg temperature (A & B) T-AO3PL, T-BO3PL
Hot-leg pressure (A & B) P-AO4P, P-B(MP
| Pressurizer pressure P-027P

Differential pressure at top of pressunizer DP-026P

| Break catch tank mass [F-005P
I ADS-1,-2,-3 catch tank mass [F-030P
| ADS-4 catch tank mass IF-040P
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29 System Analysis

To determine the validity of the individual component mass and energy inventories, an overall system
mass and energy balance is calculated.

2.9.1 Total System Mass Inventory

For each transient time, the total system mass inventory is determined by summing the contributions
from all the components considered except the steam generator secondary side. That is,

* Two accumulators

* ADS-1 to -3, ADS4 and break catch tanks

*  Two core makeup tanks

* Four cold legs, two pumps, and two pump suction pipes
¢  Two hot legs

e IRWST tank

* Power channel

* Pressurizer and surge line

* Steam generator tubes

For the three catch tanks, the initial measured mass may be nonzero. This is allowed for in calculating
the total system mass. The percentage system mass relative to time zero, and the rate of change over
each time step are also calculated at each time point.

In addition, the mass within the power channel, hot legs, cold legs, pump, pump suction, and steam
generator primary side is determined for each time step. The percentage of the initial value for this
mass is also determined. An alternative system mass, which excludes the contribution from the
IRWST tank is also included.

Total System Mass Balance
The primary system has been grouped under the following categories:
* The loops containing the power channel, two hot legs, two pumps with their associated pump
suction and cold leg lines, two sets of steam generator U-tubes, the surge line, and the
pressurizer.

* The sources, which are the two accumulators, the two CMTs, and the IRWST. For two of the
tests (SO0504 and S01309), this includes the nonsafety systems (that is, the CVCS and the
NRHR).
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¢ The sinks, which are the break and ADS catch tanks, and the CMTs, which received water
from the loops via the CLBLs.

The mass in each of these three parts of the system has been determined for each time point, together
with the integrated mass discharged from the loops to each of the sinks and the integrated mass
injected from each source. The latter has been determined from the following:

* The available flow measuring devices. For test S00504, the flow measurements for the CVCS

and NRHR have been included. For test S01309, a constant CVCS flow of | i
has been assumed for the CVCS, for the entire transient, in line with the data supplied in the
Final Data Report."

* From the change in calculated component water mass since the start of the test. For the
CMTs, this includes an allowance for the flow of water into the CMTs via the cold leg balance
lines; that is,

Marour® = Maa(0) + M, (0 = M (0 29-D

The system mass balance error is computed at each transient time using the following equation:

Mot = f%"’_’ dt - ]m__ dt + }m“ dt (2.9-2)

which is integrated to give the following:

Megor® = M 00 = (M (00 ¢ Mo 0 = M (0) 29-3)
where:
Mype = mass flow from sources
- = mass flow out sinks
Mueox() = current mass balance error (Ibm)
M oop(t) = current total mass in all the loop components (Ibm)
M oos(0) = initial total mass in all the loop components (Ibm)
Mgomee(t) = current integrated mass injected to the loops from all sources (Ibm)
Mank(t) = current integrated mass discharged from the loops to all the sinks (Ibm)
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2.9.2 Overall System Energy Balance

An overall energy balance on the test facility is achieved by considering the primary system, including
the IRWST tank water as a control volume. Energy is added to the volume through the heated rods in
the power channel. Energy is extracted from the following: the volume through the heat losses to the
environment; the fluid loss through the break; ADS-1, ADS-2, ADS-3, and ADS-4; and the energy
loss through the steam generators. Finally, the change in the internal energy of the fluid and metal
inside the control volume is determined to complete the energy balance. The overall system energy
balance primary for SPES-2 is written as follows:

U ®= Ups " Up e " U ~ Uy ~ (U - U, Ys = (U + U, Yoo # Ups (2.9-4)
where:
Ugw = error in the overall energy balance (Btu)
U, = integrated power in the heated rods (Btu)
Ugow = energy of the fluid leaving the control volume (Btu)
Uy = integrated heat transfer in the steam generators (Btu)
AU, = change in the energy of the fluid in the control volume (Btu)
AU, = change in the energy of the metal in the control volume (Btu)
U, = integrated heat loss to the surroundings (Btu)
Uy = energy of the fluid injected via nonsafety systems (Btu)

The heat loss to the surroundings is given in the SPES-2 Hot Pre-Operational Tests Results™ as

Qur = 00015 T, + 00175 T, - 0.72 (2.9-5)
where:
Q.. = heat loss to the surroundings (Btu/sec.)
G i = cold-leg temperature in °C

The integrated heat loss to the surroundings is given by the following equation:
U, = [ Quy 01 = 2 Q. AL (2.9-6)
where:

Q. = heat loss over a given time step, At, (Btu/sec.)
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The change in the fluid energy relative to time zero is calculated by summing the fid energy for each
component at each time step, then subtracting the value at time zero.

AUn = Z Un_.,’ 1nd 2 UEM (2-9-7)
where:

Ug,, = energy content of the fluid in component i at time { (Btu)

|

U,,., = energy content of the fluid in component i at time ¢, (Bt)
The integrated rod power is defined by the following equation:

U=t oud=X oL A (2.9-8)
where:
Qa, = measured power over time step, At (Btw/sec.)
Finally, the integrated steam generator power is defined by the following equation:

u,=J o a=Lo, a (2.9-9)

where:
Q,,, = heat transferred from the primary side to the secondary side at time step, At (Btu/sec.)

The entor in the energy balance, U_ ., gives an indication of the applicakility of the various
assumptions which were used to calculate the energy balance.

2.9.3 System Event Timings

The timing of key events in each transient have been determined using the instruments listed in
Table 2.9.3-1.

For each of the limit switches, the event actuation is determined by any one of the two switches
changing state. The only exception to this is CMT-B, as only one of the limit switches was good in all
tests, this has been used to determine the actuation time. For the other events, the following logic is
used:

* The initiating event is always assumed to occur at time zero.
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* Reactor trip is determined when the core power falls to 90 percent of the value at time zero
for three consecutive time points,

* Reactor coolant pump trip is determined to occur when the measured differential pressure falls
10 90 percent of the value at time zero for three consecutive time points.

* Accumulator injection is determined to occur when the measured injection flow, associated
with each accumulator, first exceeds 0.05 Ibm/sec. for three consecutive time steps. The time
the accumulators are fully drained is determined when the accumulator mass falls to zero.

e IRWST injection is determined to occur when the measured injection flow, to either DVI line,
first exceeds 0.05 Ibm/sec.

The system pressure, that is the pressure at the top of the pressurizer, is stored at the time when each
of the events is detected. At the end of the main calculation loop a list of any events occurring after
the initiating event, is given in the order they occur along with the associated system pressure.
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Description

TABLE 2.93.1 ‘
INSTRUMENTATION FOR DETERMINING THE TIMING OF TRANSIENT EVENTS

Instrument

| CMT-A injection line limit switches

Z_A40EC, Z_A40EO

CMT-B njection line limit switches

Z_B40EO

CMT-A w0 cold-leg balance line limit switches

Z_AA4SPC, Z_A45PO

CMT-B w0 cold leg balance line limit switches

A_B45PC, Z_B45SPO

ADS-1 lamit switches

Z_001PC, Z_001PO

ADS-2 limit switches

Z_002PC, Z_002PO

ADS-3 limit switches

Z_003PC, Z_A03PO

ADS-4A lunit switches

Z_AO4PC, Z_AD4PO

ADS-4B limit switches

Z_B04PC, Z_BOMPO

PRHR supply line lumit switches

Z_ASRIEC, Z_ABIEO

Main feedwater isolation iunit switches - loop A

Z_A028C, Z_A0280

Main feedwater isolation limit switches - loop B

Z_B02SC, Z_B02SO

Main steam line isolation limit switches - loop A

Z_AMMSC, Z_A0450

Main steam line isolation limit switches - loop B

Z_BO4SC, Z_B04SO

Steam generator PORV operation limit switches - loop A

Z_A06SC, Z_A06S0

Steam generator PORV operation limit < . hes - loop B

Z_B06SC, Z_B065O

Core power generation

W-00pP

Reactor coolant pump-A differential pressure DP-AOOP

Reactor coolant pump-B differential pressure DP-BOOP
I Accumulator-A mjection flow F_A20E

Accumulator-B injection flow F_B20E

| IRWST injection flows to DVI line A and DV line B

F_AG60E, F_B60E

]
L)

O

o
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2.10 Nomenclature

area (f.%)
conversion from differential pressure to level (144/p ft./psia)
specific heat (Btw/1bm-°F)
= tube diameter (ft.)
fractional level
gravity (ft./sec’)
= gravitational constant (Ibm-ft/Ibf-sec.’)
Grashof number
specific enthalpy (Btuw/l1bm)
height (ft.)
= Joules constant (778 Btu/ft-1bf)
thermal conductivity (Btu/sec.-ft.-°F)
= level (ft.)
= mass of fluid (Ibm)
= exponent on subcooled boiling correlation
= number
= pressure (1bf/ft’)
= Prandtl number
energy transfer rate (Btu/sec)
ideal gas constant
= time (sec.)
= temperature (°F)
= internal energy of fluid (Btu)
= volume (ft.”)
= quality
= elevation (ft.)
= mass flow raic (Ibm/sec.)
= void fraction
= coefficient of volumetric expansion (1/°R)
= gap between walls for free convection (ft.)
= differential pressure (psid)
change in internal energy (Btu)
= emissivity
= gas expansion exponent
= convective heat transfer coefficient (Btu/sec.-ft.’-°F)
Kinematic viscosity (fi."/sec.)
= density (Ibm/ft.")
= Stefan-Boltzmann constant (Btwsec.-ft.°-°R*)
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Subscripts

A

ACC
ADC
ADS123

EE
e

avg

Bot, b
break
bulk
cle

CL

CMT
CMT-GV
CMT-Store
CORE

error-ht
exit

fl-out
fluid, f
fluid-store
Fout

free

gas
GV-Store
GVid
GVod
HEAD
HL
HOR-1
HOR-2
in

i

LI LI

W n o n

component A

pertains to accumulators
pertains to annular downcomer
pertains to ADS-1, ADS-2, and ADS-3
pertains to ADS-4

pertains to air

alternative calculation

ambient

average

component B

bottom

pertains to the break

pertains to bulk fluid conditions

pertains to combined convective and conductive heat transfer

calorimetric heat balance

pertains to cold leg

core makeup tank

guard vessel to CMT

stored in CMT wall

pertains to core

equivalent

difference in mass or energy balance
difference in heat transfer calculation
pertains to discharge or exit conditions
pertains to saturated liquid

fluid out

pertains to fluid

pertains to fluid storage

pertains to fuel outlet region
pertains to free convection

pertains to saturated vapor

pertains 1o accumulator charging gas
stored in CMT guard vessel wall
CMT guard vessel inside diameter
CMT guard vessel outside diameter
pertains to upper head

pertains 1o hot leg

pertains to IRWST inlet tube
pertains to IRWST outlet tube
pertains to flow into a component

w\ap6OO\] §92-pon\1 892w- 2a.non: 1 b-061395

297



IRWST = pertains to the IRWST

| = perains 1o ame 1

}-1 = pertains 10 tme {

LOOP = pertains to prumary system
LOWP = pertains to lower plenum

metal pertains 10 component metal
mix pertains to mixture

NS pertains to non-safety systems
out = pertains to flow out of a component
p primary

PCHAN = pertains to power channel

PIPt = pertains o pipes

PZR pertains to pressurizer

rad pertains to radiative heat transfer
rods = pertains to heater rods in core

S : secondary

sat pertains to saturated conditions
SG = steam generator

SINK pertains to sinks

51 pertains to surge line

SOURCH = pertains to safety injection sources
SUrt = surroundings

TANK pertains to catch tanks

taps between differential pressure-cell taps

IC thermo-couple

DX pertains to tabular downcomer
lol top of fuel

Top, 1 = top of CM1

tot total

tubes = pertains to IRWST tubes

UPP = pertains to upper plenum

vert pertains to IRWST vertical tube section
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3.0 ANALYSIS OF SPES-2 TEST DATA

The phenomena identification ranking table (PIRT) for AP600 small-break loss-of-coolant accident
(SBLOCA) provided a guide for the SPES-2 testing (Tabie 1-2). The table helped identify the
instrumentation needed to record specific phenomena and also the manner in which the tests were
performed. An initial acceptance evaluation of the tests against meeting the needs documented in the
PIRT was performed in WCAP-14309, Final Data Report.”’ This evaluation included the functioning
of critical instruments and the acceptability of the initial test conditions.

The analysis of the test data documented in this report is divided into two sections. This section
evaluates each event in general terms and presents the general results of the analysis represented by
the standard package of analysis data. Loss-of-coolant accident (LOCA) events in the SPES-2 test
were marked by different phases as identified in the phenomenon identification ranking table (PIRT) in
Section 1.0. These phases were characterized by the primary system pressure and the thermal-
hydraulic phenomena occurring within the primary and safety systems. The different event phases
selected for the purpose of detailed evaluation of the LOCA events are as follows:

* Blowdown phase

* Natural circulation phase

* Automatic depressurization system (ADS) phase

* ln-containment refueling water storage tank (IRWST) injection phase

Seciion 4.0 evaluates some of the most important specific phenomena identified in the PIRT for the
SPES-2 testing and how these phenomena affected critical parameters during the test.

3.1 Introduction

The analysis of the SPES-2 test data was performed by the SPESAN computer code. This code was
developed specifically to perform a continuous mass and energy balance for the primary side in each
test, including the accumulators, the core makeup tanks (CMTs), the IRWST, and the passive residual
heat removal (PRHR). Also part of these calculations were the collapsed levels in the various
components, including the power channel. The actual two-phase level was calculated in the power
channel to establish the actual coverage of the heater bundle during the test.

The SPES-2 facility was not required to be instrumented to allow a rigorous energy balance performed
for the tests,” since measurements of the quality of the fluid leaving the system through the break and
the ADS was not performed. However, by applying some reasonable assumptions about the quality of
the break flow and the ADS-4 flow and by determining the void fraction (and accordingly the quality)
of the fluid leaving the system through ADS-1, ADS-2, and ADS-3 from differential pressure
measurements in the pressurizer, a coarse overall energy balance can be derived for the system for the
LOCA tests,
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3.2 Analysis of the Two-Inch Cold-Leg Break without Nonsafety Systems (S00303)

This matrix test simulated a 2-in. break in the bottom of cold leg-B2. The test began with the
initiation of the break in cold leg-B2, which was the cold leg with the CMT-B pressure balance line
connection. The break location was on the power channel side of the cold leg from the core makeup
tank (CMT) balance line connection. This test was performed without any nonsafety systems’ pumps
operating. That is, it was performed without the chemical and volume control system (CVCS) makeup
pumps, steam generator startup feedwater (SFW) pumps, and normal residual heat removal system
(NRHR) pumps.

3.2.1 Summary of Test Observations
Blowdown Phase

Figure 3.2-83 shows plant primary system pressure during matrix test S00303 (as measured at the top
of the pressurizer) during the S00303 test, with selected component actuations and plant responses
shown in relation to primary system pressure.

The blowdown phase began with the initiation of the break, which caused the pressurizer to drain.
This resulted in a rapid reduction in pressure. The reactor trip (R) signal initiated at | J**¢ psia,
and the safety systems actuation (S) signal initiated at | ]** psia. The R and the S signals
initiated the following actions:

* Decay heat simulation (with heat loss compensation) initiated.

¢ The main steam hine isolation valves (MSLIVs) closed.

* The main feedwater isolation valves (MFWIVs) shut off.

* The CMT injection valves opened.

* The passive residual heat removal (PRHR) return flow valve opened.
* The reactor coolant pumps (RCPs) shut down.

The recirculation flow through the CMTs and the flow through the PRHR began immediately after the
isolation valve opened. Boiling in the heated rod bundle was initiated by the reduction of the system
pressure to saturation level. The upper plenum flashed while the fluid level dropped to hot-leg
elevation based on the level measurements. The flashing on the hot-leg side of the heated rod bundle
stopped the rapid drop in primary system pressure. When the RCPs shut down (at | o),
the flow through the rod bundle began to oscillate (approximately | 1** period). This
resulted in oscillations in the rod bundle and the upper-plenum void fraction, upper-plenum
temperature, and system pressure.

Natural Circulation Phase

After the primary system pressure reached a near steady-state condition, the system transitioned into
the natural circulation phase. During the initial stages of the natural circulaiion phase, the rod bundle
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void fractioc increased. This resulted in two-phase fluid and a void in the upper plenum and also two-
phase fluid in the hot legs. The hot leg-B fluid had a void fraction very ciose to that observed in the
upper plenum. The void fraction in hot leg-A was much lower due to the selective removal of vapor
from the hot leg by the PRHR inlet line.

As the system continued to drain, me two-phase flow in the hot legs resulted in a break in the
single-phase and two-phase natu-al circulation in the steam generator U-tubes. Steam from the
two-phase mixture collected in the top of the U-tubes, thereby draining the steam generator U-tubes.
This stopped the flow through the pr'mary system, and the power channel flow was predominantly
composed of the flow through the PRHR an1 the CMT injection. Some reflux condensing of the
steam may have continued to occur in the U-wbes since the steam generaiors were still a heat sink at
this time. The oscillations of the collapsed level observed through the rod bundle and in the upper
plenum terminated when the natural circulation ended in the steam generators. Approximately

[ J*"* into the event, the natural circulation was broken in steam generator-B due 10 the
higher void fraction in hot leg-B. Approximately | ]“*“ later, the natural circulation was
broken in steam generator-A.

A two-phase flow through the PRHR, consisting of alternating slugs of steam and saturated water, had
an oerage integrated void fraction significantly greater than that seen in the upper plenum. Due to
boiling in the rod bundle, two-phase flow entered the hot leg from the upper plenum and flowed
through the PRHR heat exchanger (HX), which is located in the in-containment refueling water storage
tank (IRWST). The average void fraction in the PRHR inlet was as high as | P
which erhanced the PRHR flow and heat transfer from the primary system when compared with
single-phase saturated or subcooled water. When the flow stabilized after the initial flow oscillations,
a heat removal rate of | J** was calculated. This calculation was based on the void fraction of
the flow in the PRHR supply line, the flow rate, the temperature, and the pressure. This calculation
assumes a slip coefficient of 1 between steam and water.

When the natural circulation was broken in the B-side cold legs (that is, when the cold legs had
partially emptied), the CMTs converted from the recirculation mode to the draindown mode of
injection. This increased the cold injection flow and the rate of system pressure decay. This occurred
at approximately | 1*" for CMT-B and | 1" for CMT-A. When system
pressure dropped to the saturation pressure for the upper head, the upper head began to drain (at

400 seconds).

During the first [ ]“*< of this event, | 1" of water were expelled through the break
while draining the pressurizer, the steam generator U-tubes, the power channel upper head, the power
channel upper plenum above the hot leg, most of the cold legs, and approximately [ 1™ of
the CMTs. The heated rods in the power channel that simulated the core decay heat reduced the
power level to approximately | 1> at | J**. This value consisted of | o
decay heat and | |** heat loss compensation. The break flow was steady, indicating that cold
leg-B2 was not totally empty.
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Automatic Depressurization System Phase

The ADS phase of the transient began with the actuation of ADS-1 (at approximately 900 seconds into
the event). ADS-2 and ADS-3 occurred within the next | ]*"“. The heat loss compensation
was terminated from the decay heat simulation when ADS-1 occurred, and the rod bundle power level
was reduced to approximately | P,

The ADS actuation increased the rate of primary system depressurization and resulted in a high level
of injection flow from the accumulators. The rapid injection of cold fluid from the accumulators (at

{ J*" into the event) subcooied the whole primary system, temporarily refilling the
power channel/upper plenum and the pressurizez. When the accumulator discharge ended, the flow
through the heater bundie was reduced to the injection rate of the CMTs and the PRHR HX flow, and
boiling occurred again in the heater bundle. Two-phase flow occurred again in hot leg-A, the PRHR
HX, and the ADS via the pressurizer.

The liquid discharge through the break was replaced by saturated steam at approximately

| **“ (Figure 3.2-68). During the ADS period, approximately | 1**¢ of subcooled
water were discharged from ADS-1, ADS-2, and AD3-3. This water was primarily supplied by the
accumulator discharge and was fcllowed by an increase in the heater bundle void fraction after the
accumulators drained and only the CMTs provided power channel injection. ADS-4 occurred at

[ 1**<, and the pressurizer water level fell. The fluid discharge through ADS-1, ADS-2,
and ADS-3 ended, and fluid was discharged through ADS-4. The pressurizer drained again, and a
small amount of CMT flow still entered the direct vessel injection (DVI) line.

IRWST Injection Phase

When system pressure had been reduced below the pressure corresponding to the water elevation head
of the IRWST, flow from the IRWST entered the DVI line and the IRWST injection phase began.
Shortly thereafter, the CMT flow ended. The flow from the IRWST subcooled the primary system,
the core boiling slowly ended, and the upper plenum partially refilled above the hot-leg elevation. The
PRHR drained approximately | J**“ into the event and was no longer effective. A steady
flow of subcooled water was then flowing from the IRWST into the DVI line, through the power
channel, and left the primary system through ADS-4.

The heater bundle (active core) remained fully covered by a two-phase mixture at all times during this
event. There was no indication of an increase in heater rod temperatures due to lack of coo.ing.

3.2.2 Analysis of the S00303 Test Data

The analysis of the SPES-2 test was performed using the SPESAN computer code. The code performs
a detailed accounting of the coolant inventory in all parts of the system from the start to the end of the
test. Also, the internal energy of all components and parts of the facility, including the energy losses
from the break and ADS flows, are calculated throughout the event. It is noted that the mass balance

u\ap6O0\] 892 w-non'\1 892w- 3b. wpt: 1b-061395 3.2-3



and the energy transfer calculations are performed in much greater detail than was performed in
WCAP-14309, Final Data Report””’ The results of the test data analysis are presented in

Figures 3.2-1 through 3.2-82. Mass balance snapshots for all the major primary system components,
at various points of interest throughout the transient, are presented in Table 3.2-1.

Mass Balance

Qverall Mass Balance

The uncertainty in the overall mass balance is an indication of the overall quality of the test. The total
water inventory is tracked from the start unti) the end of the test. Figures 3.2-74, 3.2.75, and 3.2-76
show the overall mass balance and the error (uncertainty) in mass balance for S00303.

The overall mass balance for SO0303 (Figure 3.2-74) shows a small variation of water inventory
during the event, resulting from the overall uncertainty in the instrumentation and the assumptions of
the mass balance model used to determine the total water inventory. The average total inventory
during the test was indicated to be approximately 30 Ibm higher than the initial system mass, and a
final mass was indicated to be approximately 50 'bm above the initial mass. Figure 3.2-75 shows the
difterence between the total mass during the event and the initial mase (mass balance error) when the
inventory was calculated by integrating the flows. Figure 3.2-76 shows the mass balance error when
inventory was calculated based on the catch tank weight and component level measurements. The
mass balance error based on flow measurements varied from +50 Ibm to -50 Ibm, while the weight
and level measurements resulted in an average error of approximately +40 Ibm during the event, and a
final error of +50 Ibm at the end of the event.

W Inv i Wi |

Maintenance of coolant coverage of the heater bundle is the most critical issue for the power channel.
The heater bundle coverage during a loss-of-coolant accident (LOCA) event often consists of
two-phase fluid, which can have a very high void fraction. Figure 3.2-40 shows the level of
two-phase fluid in the power chanvel as cilculated from the measured pressure drop data, which was
then used 1o infer a void fraction and two-phase ievel. Since this represents the true two-phase level,
it will be different than the collapsed liquid level in the heater bundle.

For S00303, the calculated two-phase fluid level in the upper plenum decreased to the hot-leg
elevation (Figure 3.2-40), and it remains at this elevation for most of the event. The accumulator
injection (| 1*%) partially condensed the steam bubble in the upper plenum causing
the level to rise. Following the end of the accumulator injection, the two-phase level again decreased
this time to approximately [ ** below the hot-leg elevation. This occurred at the time of
minimum power channel water inventory (Figure 3.2-39), before the IRWST injection started to refill
the power channel (at | J**9). The IRWST injection also partially condensed the steam
bubble in the upper plenum causing the level to rise above the hot-leg elevation again.
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The collapsed level in the annular downcomer and tubular downcomer are shown in Figures 3.2-42
(annular downcomer) and 3.2-44 (tubular downcomer). The annular downcomer was full until

approximately | ]**< into the event. At that time, the level starts to decrease, but it is
maintained above the elevation of the hot leg untii after the end of the accumulator injection
(approximately | 1**). The level then deceased and drained the annular downcomer by

[ **, and reached & minimum level in the tubular downcomer at approximately

[ J*"*. This corresponded to the time of minimum water inventory in the power channel
shown in Figure 3.2-39.  Figure 3.2-62 shows the maximum cladding temperature during the event
and compares this temperature with the saturation temperature. There were no indications of loss of
cooling for the heater rods during this event, which confirms that the estimated two-phase level in the
power channel remains above the top of the heated rod bundle.

Collapsed fluid level in the rod bundle (Figure 3.2-48), and the rod bundle exit void fraction

(Figure 3.2-61) show that the rod bundle was water solid before the break was initiated. The rod
bundle exit void fraction was determined from DP-014P which covers the span from rod bundle near
the top of the active fuel (TAF) elevation to the lower part of the upper plenum. Two-phase flow with
approximately | 1" average void fraction existed in the rod bundle prior to the accumulator
injection. During the accumulator ingection, the rod bundle became essentially water solid. However,
when the accumulator injection ended, the collapsed level again started to decrease. The rod bundle
exit void fraction reached approximately | ]*¢ prior to the start of the IRWST injection
phase, starting at approximately | e,

The collapsed level in the upper plenum (Figures 3.2-52 and 3.2-54) decreased to approximately

[ ]*" below the hot leg before the accumulator injection, followed by a period when the level in
the upper plenum increased above the hot leg during the accumulator injection. This period was
followed by a drop in the collapsed level to approximately [ ]**° below the hot leg at the time of
minimum water inventory before the IRWST injection started.

The water inventory in the power channel (Figure 3.2-39) had two minima: before the accumulator
injection, and before the IRWST injection. The second minimum was more severe, showing a total
power channel inventory of approximately | J**“ of starting inventory) at that time.
The total primary system inventory (power channel, pressurizer, and loops), shown in Figure 3.2-77,
reaches approximately [ ]** of starting inventory) for this minimum.

Water Injection/Ejection

The injected fluid mass from all injection sources is shown in Figure 3.2-78. Figure 3.2-79 shows the
total source inventory and the injected and ejected masses during the event. Starting with 2 total of
approximately | J*** source inventory, only [ 1 (q ]*** of available
source water) was used by the end of the event.

L]
N

u\apbO\ ] B2 w-nop\1 892 w- 3t wpf  1h-06 1395 32.



Energy Balance

PRHR Heat Transfer

The heat transfer from the PRHR to the IRWST gives a unique possibility of comparing heat transfer
on the primary and the secondary side. A method of calculating the heat rejection by the PRHR HX
into the IRWST is described in Section 2.2-2, and a4 comparison of three heat transfer calculations is
given in Section 4.0. The PRHR primary-side heat transfer was calculated based on the measured exit
flow rate and the difference in enthalpy of the inlet and exit flows. Since the S00303 test had
two-phase flow conditions in the hot legs and PRHR, the inlet flow void fraction was determined
(Figure 3.2-21) and used to establish the effective enthalpy of the two-phase inlet flow. The outlet
flow from the PRHR HX was always subcooled water. The primary side two-phase heat transfer for
S00303 (shown in Figure 3.2-19) was considerably greater than the heat transfer measured for
single-phase flow through the PRHR during the hot preoperational testing (see WCAP-14309,

Final Data Report)."’ Figure 3.2-18 shows the calculated heat transfer from the PRHR external tube
surface to the water in the IRWST by the three-tube sections of the HX. On the inside, the top part of
the PRHR HX acted as a condenser, where the steam of the two-phase fluid extracted from hot leg-A
was condensed. The top horizontal tube transfers the greatest amount of heat. The condensation
process on the inside effectively heated this tube wall temperature above the boiling point for the
water in the IRWST, resulting in very effective nucleate boiling heat transfer from the outside surface.
The vertical and the bottom horizontal sections of the HX, for the most part, subcooled with a less
effective free convection heat transfer to the IRWST water, and they contributed less to the overall
heat transfer of the PRHR.

Figure 3.2-17 shows the internal energy of the IRWST water, the integrated power from the primary
side of the PRHR HX, and the heat transfer from the PRHR HX external surfaces. The internal
energy in the IRWST water was calculated based on thermocouples located at various elevations in the
IWRST tank, which were allocated different control volumes to arrive at an effective average
temperature. Due to the severe temperature stratification in the IRWST tank, this technigue only
produces good results until the IRWST stants to drain.

For S00302, there was a good correlation between the three heat transfer calculations. Up to

[ J**<, the PRHR primary-side calculation and the IRWST internal energy calculation were
very close. After | ]**¢, the IRWST internal energy appeared to increase significantly due
to the effect of draindown on the thermocouple readings. However, since there is very little energy
being provided by the PRHR after | |**“, this apparent increase does not reflect an actual
increase in the average water temperature and IRWS internal energy. The comparison shown in
Figure 3.2-17 indicates that the PRHR primary-side hea transfer calculation is valid for this test.

Steam Generator Heat Transfer

Figure 3.2-32 shows the heat transfer in the steam generators for S00303. Heat transfer from the
primary to secondary side is significantly reduced after the pumps trip. This is due to reduced flow,
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and decreased heat transfer coefficients in the tubes. Figure 3.2-33 shows the pressures on the primary
side and the secondary side of the steam generators. The pressures show that the steam generators
were available as heat sinks until approximately | 1*** into the event, at which time the
primary-side pressure dropped below the secondary, and heat transfer ceases. Also shown in Figure
3.2-32 is the PRHR heat transfer, which removed heat from the system after the steam generators heat
transfer had ended. Figure 3.2-28 shows the water inventory in the steam generators primary side,
which includes inlet and outlet plena and U-tubes. When full, the steam generator inlet and outlet
plena contain approximately | J*** of water. When the primary-side pressure dropped below the
secondary-side pressure (approximately | 1*"9), the steam generator’s U-tubes are essentially
drained of water and contain trapped steam which becomes more and more c»erheated as the
primary-side pressure decays.

Overall B

Figure 3.2-80 shows the integrated energy of the fluid streams leaving the system. The energy content
of the break flow was greatly reauced when ADS-1 occurred since, although the break flow converted
to steam, the mass flowrate became very low. For ADS-1, ADS-2 and ADS-3 the same happened
when ADS-4 sccurred.

Figure 3.2-81 shows all the energy components in the heat balance for the system. Throughout the
event, heated rod bundle power was the dominant heat input to the system, and during the initial part
of the event the steam generators provided the dominant heat extraction. When the primary and
secondary system pressures equalized, and the steam generator U-tubes drained (about

[ ]**), the steam generator became thermally isolated from the primary system and did not
affect the rest of the event. Figure 3.2-80 shows the energy loss from the break and the ADS flows as
calculated based on assumptions described in Section 2.0. The average energy loss from the fluids

ejected from the system during the first | ]** of the event was approximately

[ ]*"<, which was reduced to approximately | 1** from
about | ]**“ to the end of the test.

From approximateiy | [**<, more energy left the system through the break

and ADS flows than was generated by the heater bundle, and the overall energy stored within the
system (fluid and metal mass) decreased to compensate. The average loss of the metal thermal energy
for the first | |** was approximately | 1***, which was greater than
the heated rod power for most of this period. After approximately | 1*** the metal and
fluid energy stabilized in the system, and the rate of the fluid energy leaving the system (primarily via
ADS-4) matched the core input pover well. This steady-state condition existed for the rest of the
event.

Figure 3.2-82 shows that the accumulated error in the energy balance increased rapidly from

[ ]*" (during the accumulator discharge into the primary system). This
error was a consequence of the rapid drop in the metal energy seen in Figure 3 2-81, which was
calculated based on fluid temperatures. In reality, the calculated decrease of metal energy occurs at a
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slower rate than indicated by the fluid thermocouples due to the large thermal inertia of the heavy
walled components. The increasing error and the error peak shown in Figure 3.2-82 at

[ ]**“ are therefore a consequence of taking credit for metal heat too fast during the event,
and this error largely disappeared within the following | ]**¢ when the metal temperatures
catches up with the fluid temperatures. In evaluating the overall error in the accuracy of the energy
balance this peak was disregarded. On this basis the maximum error band for Figure 3.2-82 is
approximately -50000/+100000 Btu, which corresponds a maximum error of 10 percent of the total
fluid energy ejected from the system. The error at the end of the event is approximately 8 percent of
the total ejected fluid energy.

Other Observations

Pressure Decay

Figure 3.2-3 shows the primary system pressure during the S00303 test. Throughout this event, the
pressure was controlled by the saturation pressure of the hottest fluid volume in the primary system.
At the initiation of the break, the controlling fluid volume was in the pressurizer and surge line;
however, within the first | ]**¢ (after the initial blowdown phase) this shifted to the power
channel upper plenum. Figure 3.2-2 shows that the temperature of the upper plenum was equal to the
saturation temperature corresponding to the primary system pressure measured in the upper head
during the natural circulation phase and into the ADS phase. The pressure stabilized at the saturation
pressure for the upper plenum and then continued a slow pressure decay responding to the cooling
caused by the CMTs injection. Figure 3.2-3 shows an increase in the pressure decay rate occurred at
approximately | 1**¢, when the CMTs transitioned from natural circulation injection to
draindown injection, which essentially doubled the injection rate of cold water into the DVI. The
higher injection rate resulted in a more rapid temperature drop in the upper plenum (fuel exit in
Figure 3.2-2), which was reflected in a more rapid pressure decay. With the actuation of ADS-1 at
approximately | ]**<, the pressure dropped rapidly due to the increase rate of mass ejected
from the system (Figure 3.2-68), and the increased flow of cold water being injected into the annular
downcomer and flowing through the core. This continued to reduce the power channel inlet plenum
temperature, and subcool the heated rod bundle due to the higher flow. Since the power channel
outlet plenum became subcooled at approximately | J**, the hottest fluid in the system
was in the pressurizer, the cold legs, and the CMTs, and the pressure was partially supported by the
flashing of the fluid in one or several of these locations. When the accumulator discharge ended
(approximately [ 1**), the lower-plenum temperature increased due to the metal heat, and
the upper-plenum temperature increased to the saturation temperature and again took control of the
system pressure for the rest of the event. It is noted here that, at the end of the accumulator injection,
a large amount of nitrogen from th. accumulators was injected into the primary system. This injection
had very litle immediate effect on the primary system, but as wiil be discussed in Section 4.0,
affected the upper plenum the PRHR HX, and the CMT at later stages of the event.

The actuation of ADS-4 (at approximately [ 1) lowered the system pressure sufficiently
to allow gravity injection flow from the IRWST into the DVI nozzles. This flow was sufficiently high
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10 subcool the primary system, ending core boiling and partially collapsing the steam bubble in the
upper plenum and bringing the system to a near atmospheric internal pressure.

Eiection Flow

Figure 3.2-68 shows the individual mass flows leaving the system via the break and the ADS. The
individual flow rates are given in Figures 3.2-69, 3.2.70, and 3.2-71. The break and ADS-4 flows are
assumed to consist of saturated water. For ADS-1, ADS-2, and ADS-3, it was assumed that the flow
consisted of saturated water if the void fraction measured in the top of the pressurizer (Figure 3.2-73)
was less than | 1**; and it was assumed that the flow consisted of saturated steam if it was
greater than | .

The total mass flow rate leaving the system was reasonably steady for S00303 (as seen in

Figure 3.2-79). Figure 3.2-80 shows that the energy of the fluid ejection was steady, at an average
rate of [ |*** for the first [ ]**<, and then decreased to 125 Btw/sec. for the rest
of the event. The change in energy ejection rate was related to actuation of ADS-4, which canead the
pressurizer to drain, converted the ADS-1, ADS-2, and ADS-3 flow to steam with a fow ruass flow
rate, ar 1 simultapeously started fluid ejection through ADS-4.

ADS-1 opened at approximately | ]**¢, followed by ADS-2 and ADS-3 within the next

[ **<. The break flow changed from saturated water to steam; however, due to the low
mass flow rate (Figure 3.2-68), the energy removal by the break flow (Figure 3.2-80) became very
low. The energy leaving the system through ADS-1, ADS-2, and ADS-3 was greater than that through
the break and ADS-4, and it provided an effective means of removing the stored metal energy from
the system (as seen in Figure 3.2-%1).

The mass leaving the system via ADS-1, ADS-2, and ADS-3 during the next 1000 seconds was greater
than the break flow, and also the energy loss through the ADS 1-5 exceeded the energy loss by the
break flow (Figure 3.2-80).

ADS-4 opened at approximately | ]**, and the ADS-1, ADS-2, and ADS-3 flows
converted to steam with a very low mass flow rate and energy loss rate. The ADS-4 flow stabilized at
a rate that matched the injection rate from the IRWST (Figure 3.2-79), and the energy removal via
ADS-4 was comparable to the heated rod power (Figure 3.2-81).

Comparison to the Small Break LOCA PIRT Phenomena

Table 1-1 shows the identified and ranked small-break LOCA (SBLOCA) phenomena that are of
importance for the AP600 SB LOCA. SPES-2 test S00303 provides data that will address the
phenomena marked high and medium such that computer code validation using this data will cover the
phenomena of importance for the AP60X).
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Examining the blowdown period, the break and ADS flows were measured as well as the decay power
and mixture leve! in the differont components. The effects of flashing were inferred from the levels
and the flows in the system as SPES depressurized. The stored energy in the vessel and other
components was calculated as part of the test energy balance. The natural circulation behavior in the
system and CMTs was measured. The pressurizer flow regime was not directly measured, but the
mixture ievel in this line was measured. The steam generator heat transfer was calculated from the
measurements, as well as the PRHR heat transfer.

During the natural circulati~= ~eriod, the phenomena ranked high and medium were also addressed in
the SPLS Tacility, with “.c exception of the hot-leg pattern. The particular phenomena is indirectly
addressed in the SPET facility, with the exception of the hot-leg flow pattern. This particular
phenomena is indirectly addressed by the mixture level, which is measured in the hot leg, as well as
the mixture leveis, which are measured in the steam generator tubes and plena. As these components
drain, the hot leg remains full. Once these components have drained, the core steaming rate and the
mixture levels measured in the hot leg can be used to infer the flow regime. The break flow, decay
power, vessel, and component mixture levels are all measured. The CMT flow and temperature
behavior and the PRHR heat transfer are also measured. The mixture levels and energy storage in the
components, both metal and fluid, are also measured, as well as the injection flows and pressure drogs.

For the ADS neriod, the ADS flows are measured for all flow paths. The CMT and accumulator
flows and drair ' » behavior are measured, as well as the mixture levels in all components. Again, the
hot-leg flow foevt «, not directly measured; but it can be inferred by the mixture level, the core
steaming rates, aus the ADS-4 behavior.

The IRWST period is the conclusion of the SBLOCA transient. Once stable IRWST injection has
occurred, the transient transitions into long-term cooling. The key phenomena for this period (as
identfied 1o Table 1-1) include the IRWST injection flow, the. hot-leg behavior, the ADS-4 flow rate
(which is now the main vent path for the system) and the mixture levels in the simulated reactor
vessel. These phenomena are all captured in the SPES test facility.

The PIRT table indicates the key thermal-hydraulic phenomena that are of importance for
understanding the AP6(0) SBLOCA. The phenomena identified in this table have been captured in the
SPES-2 experiments such that the data and analysis can be used to assess the performance of the
safety analysis computer codes used to model the AP600 passive safety systems.
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TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.2-1 Through 3.2-83

Variables

Description

CORE-POW kW Core power
TSAT, TAVTDC, TFOUT i o Core miet/outiet temperature,
saturation temperature

PPZRTOP psia System pressure
PSGAS, PSGBS psia Primary and secondary pressure in stcam
generators

TAVGSGA, TAVGSGB

Average fiud temperature in st>am
generators

MCMTA, MCMTB

Fluid mass in CMTs

CLEVELA, CLEVELB

ft.

Collapsed figuid level in CMTs

MINCMTA, MINCMTB

MOUTCMTA, MOUTCMTB,

thm

Integrated mass infout of CMTs

FLOWCUTA, FLO'VOUTB

Measured flow out of CMTs

FLOWINA, FLOWINB

Ibm/sec.

Calculated flow into CMTs

BLFR ACA, BLFRACB Fraction Fractional differential pressure in cold
leg-CMT balance lines

UTOT-A, UTOT-B Btu Fluid energy in CMTs

MIRWST thm Mass of fluid in IRWST
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Figures 3.2-1 Through 3.2-83 (Cent.)

FEST ANALYSIS STANDARD PLOT PACKAGE

Fig. No. f Component Variables Units Description
.. ——+ — — —
1 14 IRWST/PRHR LIRWST f1 Collapsed liguid fevel m IRWST
— - S— —
3 2-15 IRWST/PRHR FIRWST fhm/se Measured discharge flow from IRWST
1 7.16 IRWST/PRHR MOUTDVIA. tbm Integrated mass out DV lines
MOUTDVIB
1.2 IRWST/PRHR INT-QCAL, INT Btu Comparison of energy transfer from PRHR
QTUB, U-UIO tubes to IRWST
- —— s ————
IR IRWST/PRHR Q-HOR-1, Q-VERT Biu/seq Breakdown of heat transfer from different
Q-HOR-2, OTUBEXT sections of PRHR tbe
- 4
12-19 | IRWST/PRHR Q-CALIM Btu/sec PRHR/IRWST heat transfer calculated on tube
side
3.2-20 IRWST/PRHR FLOWTUBF Ihm/sec Measured outlet flow from PRHR tube
12.21 IRWST/PRHR VOID-FRC Calculated PRHR inlet void fraction
3.2-2 Accumislator MACCA, MACCR Ihm Mass of fluid m accumulators
Wananl el —tr-ycn
3.2-23 Accumuliatos LACCA, LACCB ft Collapsed hiquid level in accumulators
12-24 Accumulatos MEASFL.WA, thm/sec Measured flow from accumulstors
MEASFLWB
3.2-25 Accumulator MOUTACCA, Ibm Integrated mass ont of accumulators
MOUTACCB
— —— ——
3.2-26 Accumulator U-TOT-A, U-TOT-B Bt Energy of fluid in accumulators




TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.2-1 Through 3.2-83 (Cont.)

Variables Units Description

SHLI90-G1-Jdm Qg - w768 [\IOT-MZ68 \opodn 0

AIRMASSA, Ibm Mass of air exiting accumulators
AIRMASSB
MSGAP, MSGBP Mass of fluid in stcam generators - primary
side
LSGAH, LSGAC, L Collapsed liquid levels in steam generators -
LSGBH, LSGBC primary side - hot and cold sides of U-tubes
MSGAH, MSGAC, Mass of fluid in steam generators - primary
MSGBH, MSBGC side - hot and cold sides of U-tubes
LSGSA, LSGSB Collapsed liquid levels in steam generators -
secondary side
Q-TRNF-A, Q-TRNF-B, sec. Heat transfer in steam generators heat transfer
Q-CALIM in PRHR
PRESS-PA, PRESS-PB, St Primary and secondary pressure in steam
PREF-A, PREF-B generators
Fluid mass in pressurizer
32-35 Pressurizer LPZR ft. Collapsed liquid level in pressurizer
3.2-36 Pressurizer MSL fom Fluid mass in surge line
32-37 Pressurizer LSL ft. Collapsed liquid level in surge line
3.2.38 Pressurizer UPZR Btu Fluid energy in pressurizer

312-39 Power channel MPCHN ibm Total fluid mass in power channel
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TEST ANALYSIS STANDARD PLOT PACKAGE

Figures 3.2-1 Through 3.2-83 (Cont.)

Variables

Description

L2PHASE, LDVI, LHL,
LCL

Two-phase liquid level in power channe! vs.
DVI, hot-leg, and cold-leg elevations

MANDC

Fluid mass in annular downcomer

LANDC, LDVI, LHL,
LCL

Collapsed liquid level in annular downcomer
vs. DVI, hot-leg, and coid-leg elevations

MTDC

Flud mass in tubular downcomer

LTDC, LBOF, LTOF

Collapsed liguid level in tubular downcomer
vs. top of active fuel and botiom of active fuel
levels

Fluid mass in lower plenum

Collapsed liquid level in lower plenum

Fluid mass in core region

Collapsed liqud level in core

Fluid mass in core outlet region

Collapsed liquid Ievel in core outlet region

Fluid mass in the lower portion of the upper
plenum

Power channel

LUPPL

=~

Collapsed liguid level in the lower portion of
the upper plenum




Figures 3.2-1 Through 3.2-83 ' nt.)
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Fig. No. Component Variables Us ! g Description
32-53 Power channel MUPPU Ibm Fluid mass in the upper portion of the upper
plenum
32-54 Power chel LUPPU ft. Collapsed liguid level in the upper portion of
the upper plenom
3.2-55 Power channe! MHEAD Ibm Fluid mass in the upper head
3.2-56 Power channel LHEAD ft. Collapsed liquid level in the upper head
32-57 Power channel UPC Bt Total fluid energy in power channel
| 3.2-58 Power channei Q-FLUX Buw/sec.-ft.” | Average heat flux on the heaied rods
3.2-59 Powes channel STM-RATE Ibm/sec. Core steam generation rate
3.2-60 Power channel FLOWCOR Ibm/sec Calculated core flow
3.2-61 Power channel VOIDOUT Void fraction at core exit
3262 Power channel TMAX, TSAT, F Maximum clad temperature, saturation
TMAX-TSAT temperature and deita
3.2-63 Hot leg MHLA, MHLB thm Fluid mass in hot legs
32-64 Hot leg FLA, FLB Fraction Fractional collapsed liquid level in hot legs
21.2-65 Cold leg MCLA, MCLB Ibm Fluid mass in cold legs
3.2-66 Cold leg LCLAIL, LCLA2, LPSA | ft. Collapsed liquid levels in cold leg-A
32-67 Cold leg LCLBI, LCLB2, LPSB | ft Collapsed liquid levels in coid leg-B
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Fig. No.

Component

TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.2-1 Through 3.2-83 (Cont.

’ —

Variables Units Description

1268 Total system mass MADS1-3, MADS4, tbm Catch tank mass for ADS-1, ADS-2, ADS-3,
BRKMASS ADS-4, and break

3.2-69 Total system mass DMADSI1-3 Tbm/sec Calculated flow out ADS-1, ADS-2, ADS-3

32-70 Total system mass DMADS4 Thm/sec Calculated flow out ADS-4

3.2-71 Total system mass BRKFLOW Ibm/sec Calculated flow out break

32-12 Total system energy UADS123, UADS4, Bt Integrated fluid energy for ADS-1, ADS-2, ADS-3,
UBREAK ADS-4, and the break

Total system energy

VOID

Calculated void fraction for ADS-1, ADS-2, and
ADS-3

Total system mass MTOTAL, MTOTO Thm Total system fluid mass vs. initial fluid mass
32-75 Total system mass ERRLOP Ibm Error in the mass halance (using measured and
calculated flows)
32-76 Total system mass ERRLOPI thm Error i the mass balance (using fluid inventory)
3.2-17 Total system mass MPCLTOT, MPCLO Thin Total fluid mass in power channel and loops vs.
initiai fluid mass
3.2-78 Total system mass MACOUT, MCMOUT, tbm Total integrated mass discharged from accumulators,
MIROUT CMTs, and IRWST
32-79 Total system mass MSOURCE, MSINK, Hh] Total source inventory, total mass ejected from
MSOURIN primary system, and total mass injected to primary
system
312-80 Total system energy UADS123, UBREAK, Btu Integrated fluid energy exiting via ADS-1, ADS-2,

UADS4, UCATCH

ADS-3, ADS4, and the break, and the sum
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TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.2-1 Through 3.2-83 (Cont.)
Variables i Description

USURR, UCATCH, Overall energy balance including integrated rod
UQIN, UFLD-UOQ, power, steam generator power, and heat loss to the
UMTL-UQ, USG surroundings, energy cxiting via ADS and break,
energy input via nonsafety systems, and change in
primary system fluid and metal energy relative to
start of test

Total system energy

Error in overall energy balance relative to initial
fluid and metal energy

System pressure

Test event phases and system przssure




The figures listed are proprietary and, therefore,

are not available in the Class 3 version of this report

These figures are available in the Class 2 version of this 1 ~oort
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3.3 Analysis of the Two-Inch Cold-Leg Break without Nonsafety Systems (S01703)—Repeat of
S00303

Matrix test SO1703 was performed to determine the repeatability of the SPES-2 system responses for
identical events in the SPES-2 facility by performing a repeat of test S00303. Test S00303 was the
first matrix test to be pesformed, and test SO1703 was the last in the series of tests.

Matrix test S01703 simulated a 2-in. break in the bottom of cold leg-B2. The event began with the
initiation of the break in cold leg-B2, which was the cold leg with the CMT-B pressure balance line
connection. The break location was on the power channel side of the cold leg from the core makeup
tank (CMT) balance line connection. This test was performed without any nonsafety systems' pumps
operating. That is, it was performed without the chemical and volume control system (CVCS) makeup
pumps, steam generator startup feedwater (SFW) pumps, and normal residual heat removal system
(NRHR) pumps.

3.3.1 Summary of Test Observations

Since this was a repeat of a test which was described in Section 3.2, only notable differences in the
system response and behavior are discussed for S01703.

When comparing the test data from test SO1703 with test S00303, there are few notable differences.
Mosi of those which are apparent can be explained as minor differences in initial conditions for the
test and as a difference in the amount of mass discharged from the break.

Figure 3.3-83 shows the plant primary system pressure during SO1703 test (as measured at the top of
the pressurizer), with selected component actuations and plant responses shown in relation to the
primary system pressure. Comparison of Figure 3.3-83 with Figure 3.2-83 shows that the primary
system pressure for the two tests are essentially identical.

The two tests are near identical in terms of absolute pressure and timing of the system responses. A
slightly earlier reactor coolant pump (RCP) trip for S01703 caused a slight shift in the pressure
recovery that followed the pump trip. For the start of the pressure decay phase (PDP), the pressure
and the pressure oscillations were essentially identical for the two events.

During the first part of the ADS phase, the S01703 test maintained a slightly higher temperature for
the upper plenum than S00303, which caused the system pressure for S01703 to be slightly higher.
The temperature in the lower plenum was approximately [ |** cooler for test S01703 than for
S00303 during and after the accumulator injection. This was apparently due to a | ' lower
water temperature for the accumulators in test S01703. The accumulator injection ended at nearly
identical times for both tests. ADS-4 occurred approximately | 1**< later for S01703, and
the subcooling effect of the IRWST injection flow on the upper-plenum temperature occurred

[ 1** later than for test S00303.
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The annular downcomer drained approximately | J*** later ior test S01703 than S00303, and
the refill was started at identical times. The minimum level in the tubular downcomer during the
IRWST injection phase reached | ** for $01703, and |

J**< for S00303. The minimum collapsed levels in the heater bundle after the accumulator
injection were essentially identical (core void fraction calculated to be | 1“** for test S00303
and | ]*** for test $0'703). For each test, the minimum level in the tubular downcomer and
the maximum void fraction in the heater bundle occurred at the same time. For S01703, the minimum
level occurred approximately | J** later than for S00303,

3.32 Analysis of the S01703 Test Data

The analysis of the SPES-2 test was performed using the SPESAN computer code. The code performs
a detailed accounting of the coolant inventory in all parts of the system from the start to the end of the
test. Also, the internal energy of all components and parts of the facility, including the energy losses
from the break and ADS flows, are calculated throughout the test. It is noted that the mass balance
and the energy transfer calculations are performed in much greater detail than was performed in
WCAP-14304, Final Data Report” The results of the test data analysis are presented in

Figures 3.3-1 through 3.3-82. Since this test is a repeat of S00303, and the test results are very
similar, the discussion of the test data analysis presented in the figures will point out differences
between S01703 and S00303 analysis resulits. Mass balance snapshots for all the major primary
system components, at various points of interest throughout the transient, are presented in Table 3.3-1.

Mass Balance

Overall Mass Balance

The uncertainty in the overall mass balance is an indication of the overall quality of the test. The total
water inventory is tracked from the start until the end of the test. Figures 3.3-74, 3.3.75, and 3.3-76
show the overall mass balance and the error (uncertainty) in mass balance for S01703.

The overall mass balance for S01703 in Figure 3.3-74 shows a small variation of water inventory
during the test, resulting from the overall uncertainty in the instrumentation and the assumptions of the
mass balance model used to determine the total water inventory. The average total inventory during
the test was indicated to be approximately the same as the initial system mass, and a final mass was
indicated to be approximately 15 Ibm above the initial mass. Figure 3.3-75 shows the difference
between the total mass during the test and the initial mass (mass balance error) when the inventory
was calculated by integrating the flows. The mass balance error based on flow measurements
(Figure 3.3-75) varied from +50 1bm to -100 Ibm, while the final error was <40 Ibm. The mass
balance error based on the weight and level measurements (Figure 3.3-76) resulted in an uncertainty
band of +40 Ibm to -60 Ibm, and a final error of +10 Ibm.

0 w600\ 892-nan\1 B92w- 3. non: 1b-061595 313.2



Maintenance of the coolant coverage of the heater bundle is the most critical issue for the power
channel. The heater bundle coverage during a loss-of-coolant accident (LOCA) event often consists of
two-phase fluid, which can have a very high void fraction. Figure 3.3-40 shows the true level of
two-phase fluid in the power channel as measured from the elevation of the top of the core (TAF).
Since this represents the true two-phase level, it will be different than the collapsed liquid level in the
heater bundle.

For S01703, the two-phase level ia the upper plenum responded essentially identical to S00303. The

minimum level decreased to approximately | ]**“ below the hot-leg elevation at [ g
This occurred at the time of minimum power channel water inventory, before the IRWST injection
started (at | 1**%) to refill the power channel.

The level on the cold side of the power channel is shown in Figures 3.3-42 (annular downcomer) and
3.3-44 (tubular downcomer). The annular downcomer was full until approximately | e
into the test. At that time, the level starts to decrease, but it is maintained above the elevation of the
hot leg until after the end of the accumulator injection (approximately [ i 1

The water inventory in the power channel (Figure 3.3-39) had two minima; before the accumulator
injection, and before the IRWST injection. The second minimum was more severe showing a total
power channel inventory of approximately [ ]** of starting inventory) at that time.
The total primnary system inventory (power channel, pressurizer and loops), shown in Figure 3.3-77,
reaches approximately | ]**€ of starting inventory) for this minimum.

Water IniectionEiect

The injected fluid mass from all injection sources is shown in Figure 3.3-78. Figure 3.3-79 shows the
total source inventory and the injected and ejected masses during the test. Starting with a total of
approximately | J*** source inventory, only approximately | 1< of
available source water) was used by the end of the test.

Energy Balance
P T I

Figure 3.3-18 shows the calculated heat transfer from the PRHR external tube surface to the water in
the IRWST by the three tube section of the heat exchanger. The top part of the PRHR heat exchanger
performed as a condenser, where the steam of the two-phase fluid extracted from hot leg-A was
condensed. The top horizontal tube transfers the greatest amount of heat. The condensation process
on the inside effectively heated this tube wall temperature above the boiling point for the water in the
IRWST, resulting in very effective nucleate boiling heat transfer from the outside surface. The vertical
and the botiom horizontal sections of the heat exchanger for the most part subcooled the fluid with a
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less effective free convection heat transfer to the IRWST water, and contributed less to the overall heat
transfer of the PRHR.

Comparing the results of the heat transfer calculated for the tube outside surface between S00303 and
S01703, shows an approximately [ ]*** higher value for S01703. There are two differences
in the test data for the two tests. The measured tube temperature for S01703 is significantly higher
than for SO0O303, and the starting temperature for the IRWST water was significantly lower. This
apparent increased thermal gradient may be part of the reason for the higher calculated heat transfer.
However, since the PRHR calculated heat transfer compared closely with the internal energy increase
in the IRWST, these values are believed correct. The heat transfer calculated for the outside tube
surface is in error, probably due to a problem with the thermocouple reading for the tube external
surfaces.

Steam Generator Heat Transfer

Figure 3.3-32 shows the heat transfer in the steam generators for S01703, and Figwe 3.3-33 shows the
pressures on the primary side and the secondary side of the steam generators. Also shown in

Figure 3.3-32 is the PRHR heat transfer which removed heat from the system after the steam
generators heat transfer had ended.

Overall

Figure 3.3-81 shows all the components in the energy balance for the system. These are essentially
identical to those calculated for SO0303.

Figure 3.3-82 shows the accumulated energy balance error during the S01703 event, which is
essentially identical to that calculated for SO0303.

Uther Observations
ssure Deca

Figure 3.3-3 shows the primary system pressure during the S01703 test, which was essentially identical
to the pressure during S00303.

Ejection Flows

Figure 3.3-68 shows the individual mass flows leaving the system via the break and the ADS. The
most significant difference between S01703 and S00303 was the mass loss through the break. For
S01703, the mass loss was approximately | ** (at | ]**<), as compared with
800 1bm for SO0303. The ADS fluid losses were similar for the two tests.

0 /\ap600\1 892-poe'\1 892w- 3c.non: 1b-061595 3.3.4
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TEST ANALYSIS STANDARD PLOT PACKAGE

Figures 3.3-1 Through 3.3-83
Fig. Neo. Component Variables Units Description
 3.3-1 Power channe! CORE-POW kW Core power
332 Power channel TSAT, TAVTDC, TFOUT F Core inlet/outlet temperature,
saturation temperature
333 Pressurizer PPZRTOP psia System pressure
| 334 Steam generator PSGAS, PSGBS psta Primary and secondary pressure in steam
generators
33-5 Steam generator TAVGSGA, TAVGSGB F Average fluid temperature in steam generators
336 CMT MCMTA, MCMTB Ibm Fluid mass in CMTs
33.7 CMT CLEVELA, CLEVELB ft. Collapsed hquid level in CM1's
I 33-8 CMT MOUTCMTA, MOUTCMTB, MINCMTA, | Ibm integrated mass in/out of CMTs
MINCMTB
339 CMT FLOWOUTA, FLOWOUTB Ibm/sec Measured flow out of CMTs
3.3-10 CMT FLOWINA, FLOWINB Ibm/sec Caiculated flow into CMTs
| 3311 CMT BLFRACA, BLFRACB Fraction Fractional differential pressure in cold leg-
CMT balance lines
3312 CMT UTOT-A, UTOT-B B Fluid energy n CMTs
33-13 IRWST/PRHR MIRWST Thm Mass of fluid in IRWST
3314 IRWST/PRHR LIRWST ft. Collapsed liquid level in IRWST
33-15 IRWST/PRHR FIRWST tbm/sec. Measured discharge flow from IRWST
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FEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.3-1 Through 3.3-83 (Cont.)
Fig. No Component Variables Units Description
S — — — —— —
16 IRWST/PRHR MOUTDVIA, MOUTDVIB Ibm Integrated mass out of DV lines
T e ——— — - —— — —t
3.3-1 IRWST/PRHR INT-QCAL, INT-QTUB, U-UO Btu Comparison of energy transfer from PRHR
tubes to IRWST
1.3-1% IRWST/PRHR Q-HOR-1, Q-VERT, Q-HOR-2, Bu/se Breakdown of heat transfer from different
QTUBEX1 sections of PRHR tube
- e ——————————————————————— et
3.3-19 IRWST/PRHR Q-CALIM Btu/se PRHR/IRWST heat transfer calculated on tube
sude
b — —— — —
3.3-20 IRWST/PRHR FLOWTUBI ibm/sec Measured outlet flow from PRHR tube
13-21 IRWST/PRHR VOID-FRC Calculated PRHR inlet void fraction,
e —————————————— —— ————— c—.
3.3-22 Accumulator —{L—“ ACCA, MACCB thm Mass of flmid in accumulators
—— ————,— —_——
1.3.23 Accumulator LACCA, LACCB ft Collapsed hiquid leve! in accumulators
313-24 Accumulator MEASFLWA, MEASFLWB thin/sec Measured flow from accumulators
__4}
3.3-25 Accumulator MOUTACCA, MOUTACCB tbm Integrated mass out of accumulators
pr———————— ——  —
3.3-26 Accumulator U-TOT-A, U-TOT-B Bt Energy of fluid in accumulators
T——— s (RSN o
3.3-2 Accumulator AIRMASSA, AIRMASSB thbm Mass of air exiting accumulators
13.28 Steam generator MSGAP. SGBP thm Mass of fluid in steam generators primary
side
3.3-29 Steam generator LSGAH, LSGAC, LSGBH, LSGB( fi Collapsed liquid levels in steam generators

IO, WS

primary side - hot and cold sides of U-tubes
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TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.3-1 Through 3.3-83 (Cont.)

Variables

Description

MSGAH, MSGAC, MSGBH, MSBGC

Mass of fluid in steam generators - primary
stde - hot and cold sides of U-mbes

LSGSA, LSGSB

Collapsed liquid levels in steam generators -
secondary side

Q-TRNF-A, Q-TRNF-B,
Q-CALIM

Heat transfer in steam generators
heat transfer in PRHR

PRESS-PA, PRESS-PB,
PREF-A, PREF-B

Primary and secondary pressure in steam
generators

MPZR

Fluid mass in pressurizer

LPZR

Collapsed liquid level in pressurizer

Pressurizer

MSL

Fluid mass in surge line

Pressurizer

LSL

Collapsed liquid level in surge line

Pressurizer

UPZR

Fluid energy in pressurizer

Power channel

MPCHN

Total fluid mass n power channel

Power channel

L2PHASE, LDVI, LHL, LCL

Two-phase liquid level in power channel vs.
DVI, hot-leg, and cold-leg elevations

Power channel

MANDC

Fluid mass in annular downcomer

| 313.42

Power channel

LANDC, LDVI, LHL, LCL

ft.

Collapsed liguid level in annular downcomer
vs. DVI, hot-leg, and cold-leg elevations
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FEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.3-1 Through 3.3-83 (Cont.)
‘.* | § .
| Component | Variables Units Description
e ————————
| Power channe! | MTIX Ibm Flmd mass m tubular downcomer
- - saanad - —
{ Power channel LTDC, LBOF, LTO# ft Collapsed liguid level in tubular downcomer
vs. top of active fuel and bottom of active fuel
{ |
i i levels
- - 4
T
| Power channel MLOWP ibm Fluid mass in lower pienum
. - - -——--—-——T
Power channei LLOWP ft Collapsed liquid level in lower plenum
Power channel MCORF ibm Fluid mass in core region
Fi’nx\w channel LCORE fa Collapsed liguid level in core
| -
Power channel | MPOUT Ibm Fluid mass in core outlet region
S — ! — -
Power channel LFOUT i Collapsed liquid level in core outlet region
——— e —— el ——— . - -ARSE—
Power channel ‘ MUPPI thm Fluid mass in the lower portion of the upper
| ! plenum
Power channel LUPPI ft Collapsed liquid level in the lower portion of
the upper plenum
e o
53 Power channel MUPPU ibm Fluid mass in the upper portion of the upper
plenum
:
4 Power channel | LUPPU ft Collapsed liguid level in the upper portion of
P ¥ pper |
the upper plenum
S S— S— -
Power channel MHEAD thm Fluid mass in the upper head
Power channel LHEAD ft Collapsed liquid level in the upper head




s
=
-

®i

U

R — ==
| FEST ANALYSIS STANDARD PLOT PACKAGE
; Figures 3.3-1 Through 3.3-83 (Cont.)
prEs—— ¥
Fig. No !L Component Variables Units Description
T
2 .57 i Power channel L LIPX Bt Total flusd energy in power channe!
I Rt P o
3.58 { Power channel Q-FLUX Btw/sec.-fi Average heat flux on the heated rods
- W, i s —
1.3-59 T Power channel STM-RATY thn Core steam generation rate
Nrmntibid 4 » e
1
1 3.60) { Power channel FLOWCOR thm/sec Calculated core flow
EE— —4 S— — —
H
31.3-61 Power channel VOIDOUT Void fraction at core exit
- - D S SEE——
3.3-62 Power channel TMAX, TSAT, TMAX-TSA1 I Maximum clad temperature, saturation
temperature and delta
3.3-63 Hot leg i MHLA, MHLRB tbm Fluid mass in hot leps
. -
1.3-64 Hot leg i FLA, FLB Fraction Fractional collapsed liguid ievel in hot legs
e — -
3.3-65 Cold leg MCLA, MCLB Ibm Fluid mass in cold legs
1366 Cold leg LCLAL LCLA2, LPSA f1 Collapsed liguid levels in cold leg-A
I"l 3-67 Cold leg LCLBI, LCLB2, LPSB i Collapsed liquid levels in cold leg-B
1.3-68 Total system mass MADS!-3, MADS4, BRKMASS thm Catch tank mass for ADS-1, ADS-2, ADS-3
ADS-4, and break
E—— e ———————————————— N — S— M ——
1.3.69 Total system mass DMADSI1-3 Ibm/se Calculated flow out ADS-1, ADS-2. and
ADS-3
1.3-70 Total system mass DMADS4 Ibm/seq Calculated flow out ADS-4
13-71 Total system mass BRKFLOW Ibm/sec Calculated flow out break
3.3-72 Total system energy UADSI123, UADS4, UBREAK B Integrated fluid energy for ADS-1, ADS-2.
ADS-3, ADS4, and the break
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TEST ANALYSIS STANPARD PLOT PACKAGE

Figures 3.3-1 Through 3.3-83 (Cont.)

Variables

Units

Description

Total system energy

Calculated voud fraction for ADS-1, ADS-2,
and ADS-3

Total system mass

Total system fluid mass vs. initial fluid mass

Total system mass

ERRLOP

Error in the mass baiance (using measured and
calculated flows)

Total system mass

ERRLOPI

Error in the mass balance (using fluid
nventory)

Total system mass

MPCLTOT, MPCLO

Total fluid mass in power channel and loops
vs. initial fluid mass

Total system mass

MACOUT, MCMOUT, MIROUT

Total integrated mass discharged from
accumuiators, CMTs, and IRWST

Total system mass

MSOURCE, MSINK, MSOURIN

g/ 8| F| §F| 7|8

Total source inventory, total mass ejected from
primary system, and total mass injected to
primary system

Total system energy

UADS123, UBREAK, UADS4, UCATCH

Integrated fluid energy exiting via ADS-1,

ADS-2, ADS-3, ADS-4, and the break, and the |

3.3-81

Total system energy

USURR, UCATCH, UQIN, UFLD-UO,
UMTL-UO, USG

Overall energy balance including integrated rod
power, steam generator power, and heat loss to
the surroundings, energy exiting via ads and
break, energy input via nonsafety systems, and
change in primary system fluid and metal
energy relative to start of test

33-82

Total system energy

UERROR, ERROR-%

B, %

Error in overall energy balance, relative to
Miﬁdﬂnidndmulenay

3.3-83

System pressure

psia

Test event phases and system pressure




The figures listed arc proprietary and, therefore,
are not available in the Class 3 version of this report.

These figures are available in the Class 2 version of this report.
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3.4 Analysis of the Two-Inch Coid-Leg Break with Nonsafety Systems (S00504)

This matrix test simulated a 2-in. break in the bottom of cold leg-B2. The event began with the
initiation of the break in cold leg-B2, which is the cold leg with the CMT-B pressure balance line
connection. The break location was on the power-channel side of the cold leg from the core makeup
tank (CMT) balance line connection. This test was performed with nonsafety systems’ pumps
operating. That is, it was performed without the chemical and volume control system (CVCS) makeup
purps, steam generator startup feedwater (SFW) pumps, and normal residual heat removal system
(NRHR) pumps.

34.1 Summary of Test Observations

Figure 3.4-83 shows plant primary system pressure as measured at the top of the pressurizer during the
S00504 test, with selected component actuations and plant responses shown in relation to primary
system pressure. Comparison of system pressure versus time for S00504 (Figure 3.4-83) with S00303
(Figure 3.2-83) shows a high degree of similarity. The main differences in the system response are the
following:

* ADS-1 occurred | 1** later
*  ADS-4 never occurred for SO0504

The IDP began with the initiation of the break, which caused the pressurizer to drain. This resulted in

a rapid reduction in pressure. The reactor trip (R) signal initiated at | J***, and the safety
systems actuation (S) signal initiated at | J**“. The R and the S signals initiated the following
actions:

* Decay heat simulation (with heat loss compensation) initiated.

* The main steam line isolation valves (MSLIVs) closed.

* The main feedwater isolation valve (MFWIV) shut off.

* The CMT injection valves opened.

* The passive residual heat removal (PRHR) return flow valve opened.
* The reactor coolant pumps (RCPs) shut down.

The recirculation fow through the CMTs and PRHR flow began immediately after the isolation valve
opened. Boiling in the heated rod bundle was initiated by the reduction of the system pressure to the
saturation point. The upper plenum flashed while the fluid level dropped down to the hot-leg
elevation. The flashing on the hot-leg side of the heater bundle stopped the rapid drop in primary
system pressure. When the RCPs shut down (at 85 seconds), the flow through the ro” bundle began
to oscillate (approximately [ ]** oscillation period). This resulted in oscillations in the rod
bundie and upper-plenum void fraction, upper-plenum temperature, and system pressure.

During the initial stages of the pressure decay phase (PDP), the heater bundle void fraction increased.
This resulted in an increasing void fraction in the upper plenum and the hot legs. Hot leg-B fluid had
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a void fraction very close to that observed at the outlet of the rod bundle. The void fraction in hot
leg-A was much iower due to the selective removal of vapor from the hot leg by the PRHR inlet line.

As a result of the two-phase flow in the hot legs, steam from the two-phase mixture collected in the
top of the U-tubes, thereby initiating draining of the steam generator U-tubes. This stopped the natural
circulation flow through the primary system. The void fraction oscillations observed through the
heater bundie and in the upper plenum terminated when the flow through the steam generator U-tubes
ended. The natural circulation flow through the steam generators stopped approximately

[ 1“*€ into the event.

Two-phase flow through the PRHR, consisting of alternating slugs of steam and saturated water, had
an average integrated void fraction significantly greater than seen in the upper plenum. Due to
boiling in the rod bundie, two-phase flow entered the hot leg from the upper plenum and flowed
through the PRHR heat exchanger (HX) located in the in-containment residual water storage tank
(IRWST). The average void fraction in the PRHR inlet was as high as | 1**¢, which
enhanced the PRHR heat rejection from the primary system when compared with the single-phase
saturated or subcooled water due to the level of condensation. When the flow stabilized after the
initial flow oscillations, a heat removal rate of | |** was calculated. This calculation was
based on the void fraction of the flow in the PRHR supply line, the flow rate, the PRHR inlet and
outlet temperatures, and the pressure. This calculation assumes a slip coefficient of 1 between water
and steam and may give slightly lower values than the actual heat transfer. It should, therefore, be
used for test-to-test comparison only.

When the B-side cold legs drained to the cold-leg nozzle elevation, the CMTs converted from the
recirculation mode to the draindown mode of injection. This increased the cold injection flow and the

rate of system pressure decay. This occurred at approximately | ]*** for CMT-B and
| J** for CMT-A. When system pressure dropped to saturation pressure for the upper
head, the upper head began (o drain (at | i )

During the first | J**< of this test (until ADS-1), | ]**“ of water were expelled

through the break, while draining the following: the pressurizer, the steam generator U-tubes, the
power channel upper head, the power channel upper plenum above the hot leg, most of the cold legs,

and approximately | ]**“ of the CMTs. The heated rods in the power channel that simulate
the core decay heat reduced the power level to approximately | [**<. This value consisted of
l |** decay heat and | ]*** heat loss compensation. The break flcw was steady,

indicating that cold leg-B2 was not totally empty.

The automatic depressurization system (ADS) phase began with the actuation of ADS-1 (at

[ 1**). ADS-2 and ADS-3 occurred within the next | 1**¢. The heat loss
compensation was terminated from the decay heat simulation when ADS-1 occurred and the rod
bundle power level was reduced to approximately |

]
»
2% ]
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The ADS actuation increased the rate of primary system depressurization and resulted in a high level
of injection flow from the accumulators. The rapid injection of cold fluid from the accumulators ([

1**<) subcooled the whole primary system, temporarily refilling the power channel
upper plenum and filling the pressurizer for the rest of the event. Significant boiling was not detected
in the heater bundle for the rest of the event. The upper plenum reached saturation temperature, and
the level dropped to the hot-leg elevation until the NRHR flow subcooled the heater bundie and the
upper plenum (thereby refilling the upper plenum) for the rest of the event.

The liquid discharge through the break was replaced temporarily by saturated steam at approximately
| ]**“. However, a steady liquid break flow supplied by the NRHR restarted at

[ J*"“. The PRHR flow stopped approximaiely | ]**“ into the event. During
the ADS phase, approximately | ]*** of subcooled water were discharged from ADS-1,
ADS-2, and ADS-3. This water was supplied primarily by the accumulator discharge and the
continuing NRHR flow.

Subcooled water was then flowing steadily from the NRHR into the direct vessel injection (DVI) line
and left the primary system through ADS-1, ADS-2, and ADS-3 and the break.

Since the CMTs never drained to the level needed for ADS-4 actuation, ADS-4 never occurred in
S00504.

342 Analysis of the S00504 Test Data

The analysis of the SPES-2 test was performed using the SPESAN computer code. The code performs
a detaiied accounting of the coolant inventory in all parts of the system from the start to the end of the
test. Also, the internal energy of all components and parts of the facility, including the energy losses
from the break and ADS flows, are calculated throughout the event. It is noted that the mass balance
and the energy transfer calculations are performed in much greater detail than was performed in
WCAP-14309, Final Data Report"' The results of the test data analysis are presented in

Figures 3.4-1 through 3.4-82. Mass balance snapshots for all the major primary system components,
at various points of interest throughout the transient, are presented in Table 3.4-1.

Mass Balance

Overall Mass Balance

The uncertainty in the overall mass balance is an indication of the overall quality of the test. The total
water inventory is tracked from the start until the end of the test. Figures 3.4-74, 3.4-75, and 3.4-76
show the overall mass balance and the error (uncertainty) in mass balance for S00504.

The overall mass balance for SO05(M (Figure 3.4-74) shows a small variation of water inventory
during the event, resulting from the overall uncertainty in the instrumentation and the assumptions of
the mass balance model used 1o determine the total water inventory. The average total inventory
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during the test (Figure 3.4-74) increased by | ]*"* by the end of test due to CVCS and NRHR
injection. The total mass injected by CVCS and NRHR was | 1*** (Final Data Report"’) and,
thereafter, the final mass was indicated to be | 1**¢ below the initial mass. Figure 3.4-75 shows
the difference between the total mass during the event and the initial mass (mass balance error) when
the inventory was calculated by integrating the flows. Figure 3.4-76 shows the mass balance error
when inventory was calculated based on the catch tank weight and component level measurements.
The mass balance error based en flow measurements varied from O to -120 Ibm, while the weight and
level measurements resulted in an average error varying approximately from 10 to -100 Ibm during the
event, and a final error of -70 Ibm at the end of the event.

Water Inventory for the Power Channel and the Loop

Maintenance of coolant coverage of the heater bundle was the most critical issue for the power
channel. The heater bundle coverage during a loss-of-coolant accident (LOCA) event often consists of
two-phase fluid, which can have a very high void fraction. Figure 3.4-40 shows the true level of two-
phase fluid in the power channel as measured from the elevation of the top of the core (TAF). Since
this represents the true two-phase level, it will be different than the collapsed liquid level in the heater
bundle.

For SO0504, the two-phase level in the upper plenum decreased to the hot-leg elevation, and remained
at this elevation for most of the event. The accumulator injection [ J*>< partially
condensed the steam bubble in the upper plenum causing the level to rise. Following the end of the
accumulator injection, the two-phase leve! again decreased to the hot-leg elevation. This occurred at
the time of minimum power channel-water inventory (approximately | 1**4), before the
NRHR injection started to refill the power channel. The NRHR injection also partially condensed the
steam bhubble in the upper plenum causing the two-phase level to rise above the hot-leg elevation.

The level on the cold side of the power channel is shown in Figures 3.4-42 (annular downcomer) and
3.4-44 (wbular downcomer). The annular downcomer was full until approximately | |
into the event. At that time, the level started to decrease and reached a minimum level in the annular
downcomer at approximately | ]***. This corresponded to the time of the second
minimum for water inventory in the power channel shown in Figure 3.4-39. Figure 3.4-62 shows the
maximum cladding temperature during the event and compares this temperature with the saturation
temperature. There was no indication of loss of cooling for the heater rods during this event.

The collapsed fluid level in the rod bundie (Figure 3.4-48) and the rod bundle exit void fraction
(Figure 3.4-61) show that the rod bundle was water solid before the break was imitiated. The rod
bundie exit void fraction was determined from DP-014P, which covers the span from rod bundle near
the top of the active fuel (TAF) elevation to the lower part of the upper plenum. Two-phase flow with
approximately | |** average void fraction existed in the rod bundle prior to the accumulator
injection. During the accumulator injection and later until the end of the test, the rod bundle became
essentially water solid.
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The collapsed level in the upper plenum (Figures 3.4-52 and 3.4-54) decreased to approximately

[ ]*" below the hot leg before the accumulator injection, followed by a period when the level in
the upper plenum increased above the hot leg during the accumulator injection. This period was
foliowed by a drop in the collapsed level to approximately the hot-leg elevation at the time of
minimum water inventory before the NRHR injection flow filled the upper plenum.

The water inventory in the power channel (Figure 3.4-39) had two minima; before the accumulator
injection, and after accumulator injection before the increasing IRWST injection started to fill the
power channel. The first minimum was more severe showing a total power channel inventory of

approximately [ ™ o ]** of starting inventory) at that time. The total primary
system inventory (power channel, pressurizer, and loops), shown in Figure 3.4-77, reached
approximately | |l (| 1*"¢ of starting inventory) for this minimum.

w njecti jecti

The injected fluid mass from all injection sources is shown in Figure 3.4-78. Figure 3.4-79 shows the
total source inventory and the injected and ejected masses during the event. Starting with a total of
approximately | < source inventory, only | ™ a 1**¢ of available source
water, CVCS and NRHR uof included) was used by the end of the event.

Energy Balance

P e er

The heat transfer from the PRHR to the IRWST gave a unique possibility of comparing heat transfer
on the primary and the secondary side. A method of calculating the heat rejection by the PRHR HX
into the IRWST is described in Section 2.2-2, and a comparison of three heat transfer calculations are
given in Section 4.0. The PRHR primary-side heat transfer was calculated based on the measured exit
flow rate, and the difference in enthalpy of the inlet and exit flows. Since the S00504 test had two-
phase flow conditions in the hot legs and PRHR, the inlet flow void fraction was determined (Figure
3.4-21) and used to establish the effective enthalpy of the two-phase inlet flow. The outlet flow from
the PRHR HX was always subcooled water. The primary-side two-phase heat transfer for SO0504
(shown in Figure 3.4-19) was considerably greater than the heat transfer measured for single-phase
flow through the PRHR during the hot pre-operational testing (see WCAP-14309, Final Data
Report)". Figure 3.4-18 shows the calculated heat transfer from the PRHR external tube surface to
the water in the IRWST by the three-tube section of the HX. The top part of the PRHR HX acted as
a condenser, where the steam of the two-phase fluid extracted from hot leg-A was condensed. The top
horizontal tube transfers the greatest amount of heat. The condensation process on the inside
effectively heated this tube wall temperature above the boiling point for the water in the IRWST,
resulting in very effective nucleate boiling heat transfer from the outside surface. The vertical and the
bottom horizontal sections of the HX, for the most part, remained subcooled with a less effective free
convection heat transfer to the IRWST water and contributed, therefore, far less to the overall heat

transfer of the PRHR.
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Figure 3.4-17 shows the internal energy of the IRWST water, the integrated power from the primary
side of the PRHR HX, and the heat transfer from the PRHR HX external surfaces. The internal energy
in the IRWST water was calculated based on thermocouples located at various elevations in the
IRWST tank, which were allocated different control volumes to arrive at an effective average

temperature.

For S00504 there was good correlation between the three heat transfer calculations. Up to

| J**“ the PRHR primary-side calculation and the IRWST internal energy calculation are
very close. After [ ]*"“, the IRWST internal energy appeared to decrease slightly due to
the effect of temperature decrease at the top of the IRWST tank after the PRHR flow stopped at

| ]*"¢ (temperature stratification decreased). The small increase in the PRHR primary-side
calculation after PRHR flow stops (| |**%) was related to the nonzero average PRHR flow
rate signal due to its restriction below zero. The comparison shown in Figure 3.4-17 indicates that the
three energy calculeions are consistent and must be valid.

Heat Transfer

Figure 3.4-32 shows the heat transfer in the steam generators for S00504, and Figure 3.4-33 shows the
pressures on the primary side and the secondary side of the steam generators, Heat transfer was
sharply reduced after the pumps were tripped due to the reduction of flow in the tubes. The pressures
show that the steam generators were available as heat sinks until approximately [ 1**€ into
the event, at which time the primary side pressure dropped below the secondary making the steam
generators a potential heat source for the primary system. Figure 3.4-28 shows the water inventory in
the steam generators primary side, which includes inlet and outlet plena and U-tubes. When full, the
steam generator inlet and outlet plena contain approximately | |** of water. When the primary-
side pressure dropped below the secondary-side pressure (approximately | ]*"9), the steam
generators U-tubes were essentially drained of water and contained trapped steam, which became more
and more superheated as the primary-side pressure decayed.

The heat transfer calculated for the steam generators decreased rapidly after the rod bundle power was
reduced to decay heat plus heat loss compensation, and it disappeared after approximately
| **¢. Also shown in Figure 2.4-32 is the PRHR heat transfer, which removed heat from

the system after the steam generators heat transfer had ended.
verall E B (o

Figure 3.4-80 shows the integrated energy of the fluid streams leaving the system. The energy content
of the break flow is greatly reduced when ADS-1 occurred. The energy flow through ADS-1, ADS-2,
ard ADS-3 decreased after | 1** with decreasing system pressure and temperature and
stabilized after | g g

Figure 3.4-81 shows all the energy components in the Leat balance for the system. Throughout the
event, rod bundle power was the dominant heat input to the system, and during the initial part of the
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event the steam generators provided the dominant heat extraction. After the pumps trip, flow through
the primary steam generator tubes was sharply reduced, and the heat transfer from the primary to
secondary side was reduced dramatically. When the primary- and secondary-system pressures
equalized and the steam generator U-tubes drained (about | ]**4), the steam generator
became thermally isolated from the primary system, and it did not affect the rest of the event.

Figure 3.4-80 shows the energy loss from the break and the ADS flows as calculated based on
assumptions described in Section 2.0. The average energy loss from the fluids ejected from the system

during the frst | J**“ of the event was approximately | ** (i P,
“ae average energy loss then was reduced to approximately | Py 1*) from
about [ ]*"“ to the end of the test.

From approximately | 1*"“ 1o the end of the test more energy left the system through the

]o.h.c

break and ADS flows than was generated by the rod bundle. From |

overall system energy stored within the system (fluid and metal) decreased to compensate. After
[ ]*"“, the =nergy loss through the break and ADS flows decreased and the system fluid
energy stayed approximately constant, but metal mass thermal energy decreased. The average loss of
the metal thermal energy after | ** was approximately [ g

Figure 3.4-82 shows the accumulated energy balance error during the event. During the initial part of
the transient, an increasing error was generated by a greater-than-actual heat transfer being calculated
for the steam generator. This was a consequence of an assumed overall heat transfer coefficient
(HTC) for the steam generator, which was calculated from full-power/full-flow conditions (before time
"0"), which were higher than the actual HTC at the lower flow conditions existing after the pumps
have shut down. Figure 3.4-82 also shows that the error in the energy balance increased rapidly from
[ J**“ (during the accumulator discharge into the primary system). This
error was a consequence of the rapid change in the metal energy seen in Figure 3.4-81, which was
calculated based on fluid temperatures. In redlity, the calculated change of metal energy occurred at a
slower rate than indicated by the fluid thermocouples due to the large thermal inertia of the heavy-
walled components. The error peak shown in Figure 3.4-82 at | 1*** was, therefore, a
censequence of taking credit for metal heat too fast during the event, and this esror disappeared after

[ J** when the metal temperatures catch up with the fluid temperatures. In evaluating the
overall error in the accuracy of the energy balance this peak is disregarded. On this basis, the
maximum error band for Figure 3.4-82 is approximately -60000 to +140000 Btu, which corresponds 0
within | 1" of the total fluid energy ejected from the system. The error at the end of
the event was approximately | 1" of the total ejected fluid energy.
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Other Observations

Pressure Decay

Figure 3.4-3 shows the primary system pressure during the S00504 test. Throughout this event, the
pressure was controlled by the saturation pressure of the hottest fluid volume in the primary system.
At the imtiation of the break, the controiling fluid volume was in the pressurizer and surge line;
however, this shifted within the first | ]**“ (after the initial blowdown phase) to the power
channel upper plenum.

Figure 3.4-2 shows that the temperature of the upper plenum was equal to the saturation temperature
corresponding to the primary system pressure measured in the upper head during the natural
circulation phase and into the ADS phase. The pressure stabilized at the saturation pressure for the
upper plenum, and then continued a slow pressure decay responding to the CMTs injection.

Figure 3.4-3 shows the increase in the pressure #>cay rate that occurred at approximately

[ J***, when the CMTs transitioned from natural circulation injection to draindown
injection, which essentially doubled the injection rate of cold water into the DVI. The higher injection
rate resulted in a more rapid temperature drop in the upper plenum (fuel exit in Figure 3.4-2), which
was reflected in a more rapid pressure decay. With the actuation of ADS-1 at approximately

[ J**<, the pressure dropped rapidly due to the increased rate of mass ejected from the
system (Figure 3.4-68), and the increased flow of cold water being injected into the annular
downcomer and flowing through the rod bundle. This continued to reduce the power channel inlet
plenum temperature, and subcooled the heated rod bundle due to the higher flow. Since the power
channel outiet plenum became subcooled at approximately [ 1**, the hottest fluid in the
system was in the pressurizer, the coid legs, and the CMTs, and the pressure was partially supported
by the flashing of the fluid in one or several of these locations. When the accumulator discharge
ended (approximately | 1), the lower- plenum temperature increased due to the metal
heat, and the upper-pleny- temperature increased to the saturation temperature and again took over
control of the system pressure. It is noted here that at the end of the accumulator injection, a large
amount of nitrogen from the accumulators was injected into the primary system. This injection had
very little immediate effect on the primary system, but as will be discussed in Section 4.0, affects the
upper plenum, the PRHR HX, and the CMT at later stages of the event.

Injection flow from the NRHR into the DVI nozzles increased after accumulator injection. This flow
was sufficiently high to subcool the primary system, ending rod bundle boiling and partially collapsing
the steam bubble in the upper plenum, and bringing the system to a near atmospheric internal pressure.

Eiection Fl

Figure 3.4-68 shows the irdividual mass flows leaving the system via the break and the ADS. The
individual flow rates are given in Figures 3.4-69, 3.4-70, and 3.4-71. The break flow consisted of
saturated water. For ADS-1, ADS-2, and ADS-3 it was assumed that the flow consisted of saturated
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water if the void fraction measured in the top of the pressurizer (Figure 3.4-73) was less than
: e

The total mass flow rate leaving the system was reasonably steady for SO0504 (as seen in
Figure 3-4.79). Figure 3.4-80 shows that the energy of the fluid ejection was steady at an average rate

of | ]*** for the first | ]*"“ and then decreased to | J*** for the rest
of the event. The decrease in energy ejection rate was related to the primary system pressure, which
stayed approximately steady after | ]*** little above the atmospheric pressure.

ADS-1 opened at approximately | 1**<, followed by ADS-2 and ADS-3 within the next

[ ]**“. The break flow changed from saturated water to steam, and the energy removal by
the break flow (Figure 3 4-80) reduced. After accumulator injection the break flow changed back from
saturated steam to water. When the NRHR flow increased the break mass flowrate again increased
(after | ]*") but energy flow rate stayed low becanse of low fluid temperature in the cold
legs. The energy was leaving the system also through ADS-1, ADS-2, and ADS-3. Mass flow rate
through the ADS-1, ADS-2, and ADS-3 stayed high throughout the event (Figure 3.4-68). When the
pressurizer was refilled at approximately [ J*** the flow through ADS changed from steam
to water, and the energy loss via ADS-1, ADS-2, and ADS-3 decreased due to low fluid temperature

in the primary system.
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TEST ANALYSIS STANDARD PLOT PACKAGE

Figures 3.4-1 Through 3.4-83
Fig. No. Component Variables Units Description
34-) Power channel CORE-POW kW Core power
34-2 Power channel TSAT, TAVTDC, TFOUT F Core inlet/outlet temperature,
saturation mw.u‘
343 Pressurizer PPZRTOP psia System pressure
344 Steam generator PSGAS, PSGBS psia Primary and secondary pressure in steam
sererators
t 34.5 Steam generator TAVGSGA, TAVGSGB F Average fluid temperature in steam generators
14-6 CMT MCMTA, MCMTB Ibm Fluid mass in CMTs
| 34-7 CMT CLEVELA, CLEVELB ft. Collapsed liguid level in CMTs
348 CMT MOUTCMTA, MOUTCMTB, MINCMTA, | tbm Integrated mass infout of CMTs
MINCMTB
349 CMT FLOWOUTA, FLOWOUTB thm/sec Measured flow out of CMTs
3410 CMT FLOWINA, FLOWINR Thm/sec Calculated flow into CMTs
| 34-11 CMT BLFRACA, BLFRACB Fraction Fractional differential pressure in cold leg-
CMT balance lines =l
34-12 CMT UTOT-A, UTOT-B Btu Fluid energy in CMTs
34-13 IRWST/PRHR MIRWST Ibm Mass of fluid in IRWST
34-14 IRWST/PRHR LIRWST fr. Collapsed liquid level in IRWST
34-15 IRWST/PRHR FIRWST Ibm/sec Measured discharge flow from IR ST
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Fig. No.

TEST ANALYSIS STANDARD PLOT PACKAGE

Figures 3.4-1 Through 3.4-83 (Cont.)

Units

Description

Component Variables

J4-16 IRWST/PRHR MOUTDVIA, MOUTDVIB fbm Integrated mass out of DVI lines

14-17 IRWST/PRHR INT-QCAL, INT-QTUB, U-UO B Comparison of energy transfer from PRHR
tubes o IRWST

34-18 IRWST/PRHR Q-HOR-1, Q-VERT, Q-HOR-2 Bu/sec. Breakdown of heat transfer from different

QTUBEXT sections of PRHP. tube

314-19 IRWST/PRHR Q-CALIM Btu/sec. I:CHRIIRWST heat transfer calculated on tube
s

3420 IRWST/PRHR FLOWTUBE ibm/sec. Measured outlet flow from PRHR tube

1421 IRWST/PRHR VOID-FRC Calculated PRHR Inlet void fraction

34-22 Accumulator MACCA, MACCB Ihm Mass of fluid in accemulators

34-23 Accumulator LACCA, LACCB fi. Coliapsed liguid level in accum ilators

314-24 Accumulator MEASFLWA, MEASFLWB Thm/sec. Measured flow from accumula s

3425 Accumulator MOUTACCA, MOUTACCB Ibm Integraied mass out of accumulators

34-26 Accumulator U-TOT-A, U-TOT-B B Energy of fluid in accumuiators

34-27 Accumulator AIRMASSA, AIRMASSB Ibm Mass of air exiting accumulators

3428 Steam generator MSGAP, MSGBP lom ::s of fluid in steam generators - primary

34-29 Steam generator LSGAH, LSGAC, LSGBH, LSGBC ft. Cgllq)wd liquid levels in stcam generators -

primary side - hot and cold sides of U-tubes




E
S
%
-

LH8

1§

Pr-wIng

aog

=
il
! TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.4-1 Through 3.4-83 (Cont.)
- 1
Fig. No. Component ! Variables Units Description
3.4-30 Sieam generator MSGAH, MSCGAC, MSGBH, MSBG. thm Mass of fluid in steam generators primary
side - hot and cold sides of U-tubes
—— ——— S———
14-31 Steam generator LSGSA, LSGSB fi LCollapsed liguid levels in steam generators
secondary side
34-32 Steam generator Q-TRNF-A, O-TRNF-B, Bu/sec Heat transfer in steam generators
Q-CALIM heat transfer in PRHR
14-33 Steam generator PRESS-PA, PRESS-PB psia Primary and secondary pressure in steam
PREF-A, PREF-B generators
34-34 Pressurizer J MPZR ibm Fluid mass in pressurizer
! 5 .
34-35 Pressunzer LLPZR ft Collapsed liquid level in pressurizer
14-36 Pressurizer MSI tbm Fluid mass in surge line
14-3 Pressunizer LSI ft Collapsed liguid level in surge line
14-38 Pressunizer UPZR Bt Fluid energy in pressurizer
14-39 Power channel MPCHN ibm Total fluid mass in power channe!
3.4-40 Power channel L2PHASE, LDVI, LHL, LCI ft Two-phase liquid level in power channel vs
DVI, hot-leg, and cold-leg elevations
3.4-41 Power channel MANDC Ibm Fluid mass in annular downcomer
31.4-42 Power channel LANDC, LDVI, LHL, LCL ft Collapsed higuid level in annular downcomer
vs. DVI, hot-leg, and cold-leg elevations
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TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.4-1 Through 3.4-83 (Cont.)

Description

MTDC

Fiuid mass in tubular downcomer

LTDC, LBOF, LTOF

Coilapsed liquid level in tubular downcomer
vs. top of active fuel and bottom of active fuel
leve's

Fluid mass in lower plenum

Collapsed liquid level in lower plenum

Fluid mass in core region

Collapsed liquid level in core

Fluid mass in core outlet region

Collapsed liquid level in core outlet region

Fluid mass in the lower portion of the upper
plenum

Collapsed Yiquid level in the lower portion of
the upper plenum

Fluid mass in the upper portion of the upper
plenum

Collapsed liquid level in the upper portion of
the upper plenum

34-55

Power channel

MHEAD

Fluid mass in the upper head

3.4-56

Power channel

LHEAD

=

Collapsed liquid level in the upper head
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TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.4-1 Through 3.4-83 (Cont.)
Fig. No. Component Variables Units Description
14-57 Power channel UPC B Total fluid energy in power channei
314-58 Power channel Q-FLUX Btw/sec .-ft Average heat flux on the heated rods
L -
14-59 Power channel STM-RATE tbm/sec Core steam generation rate
1 4.6 Power channel FLOWCOR Thm/sec Calcuiated core flow
14-61 Power channel VOIDOUT Void fraction at core exit
Tl
14-62 Power channel TMAX, TSAT, TMAX-TSAT F Maximum clad temperature, saturation
temperature and delts
1463 Hot leg MHLA, MHLB thm Fluid mass in hot legs
1464 Hot leg FLA, FLB Fraction Fractional collapsed liquid level in hot legs
3 4-65 Cold leg MCLA, MCLB ibm Fluid mass in cold legs
3 4-66 Cold leg LCLAL, LCLA2, LPSA ft Coilapsed liguid levels in cold leg-A
14-6 Cold leg LCLBI, LCLB2, LPSB ft Collapsed liguid levels in cold leg-N
-
3.4-68 Total system mass MADS1-3, MADS4, BRKMASS thm Catch tank mass for ADS-1, ADS-2, ADS-3,
ADS-4, and break
3} 4-69 Total system mass DMADSI1-3 Ibm/sec. Calcuiated flow out ADS 1-3
3.4-70 Total system mass DMADS4 thm/sec. Calculated flow out ADS 4
fon:
34-71 Total system mass BRKFLOW Tbm/sec Calculated flow out break
W=
34-72 Total system energy UADS123, UADS4, UBREAK Bt Integrated fluid energy for ADS-1, ADS-2,

ADS-3, ADS4, and the break
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TEST ANALYSIS STANDARD PLOT PACKAGE

Figures 3.4-1 Through 3.4-83 (Cont.)
Fig. Ne. Component Variables Units Pescription
| 34.73 Total system energy | VOID Calculated void fraction for ADS-1, ADS-2,
: and ADS-3
| 34-74 Total system mass MTOTAL, MTOTO Ibm Total system fluid mass vs. Initial fluid mass
34-75 Total system mass ERRLOP Ibm Error in the mass balance (using measured and
calculated flows)
34.76 Total system mass ERRLOP1 Ibm Error in the mass balance (using fluid
inventory)
34.77 Total system mass MPCLTOT, MPCLO Ibm Total fluid mass in power channel and loops
vs. Initial fluid mass
| 34.78 Total srstem mass MACOUT, MCMOUT, MIROUT Ibm Total integrated mass discharged from
accumulators, CMTs, and IRWST
34-79 Total <ystem mass MSOURCE, MSINK, MSOURIN Ibm Total source inventory, total mass ejected from
primary system, and total mass injected to
primary system
34-80 Total system energy UADS123, UBREAK, UADS4, UCATCH | B Integrated fluid energy exiting via ADS-1,
ADS-2, ADS-3, ADS-4, and the break, and the
sum
34-81 Total system energy USURR, UCATCH, UQIN, UFLD-UO, Btu Overall energy balance including integrated rod §
UMTL-UO, USG power, steam generator power, and heat loss to
the surroundings, energy exiting via ads and
break, energy input via nonsafety systems, and
change in primary system fluid and metal
energy refative to start of test
14-82 Total system energy UERROR, ERROR-% Btu, % Error in overall energy balance, relative to
- initial fluid and metal energy
34-83 System pressure -— psia Test event phases and system ,




The figures listed are proprietary and, therefore,
are not available in the Class 3 version of this report.

These figures are available in the Class 2 version of this report.
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3.5 Analysis of the One-Inch Cold-Leg Break without Nonsafety Systems (S00401)

This matrix test simulated a 1-in. break in the bottom of cold leg-B2. The event began with the
initiation of the break in cold leg-B2, which was the cold leg with the CMT-B pressure balance line
connection. The break location was on the reactor-vessel side of the cold leg from the core makeup
tank (CMT) balance line connection. This test was performed without any nonsafety systems’ pumps
operating. That is, it was performed without the chemical and volume control system (CVCS) makeup
pumps, steam generator startup feedwater (SFW) pumps, and normal residual heat removal system

(NRHR) pumps.

3.5.1 Summary of Test Observations

Figure 3.5-83 shows the plant primary system pressure during matrix test SO0401 (as measured at the
top of the pressurizer) during the SOC401 event, with selected component actuations and plant

responses shown in relation to primary system pressure.

The IDP began with the initiaticn of the break, which caused the pressurizer to drain. This resulted in

a rapid reduction in pressure. ‘The reactor trip (R) signal initiated at | |**. The safety
systems actuation (S) signal initiated at | ]*"*. The R and the S signals initiated the following
actions:

* Decay heat simulation (with heat loss compensation) initiated.

* The main steam line isolation valves (MSLIVs) closed.

¢ The main feedwater isolation valves (MFWIVs) shutoff.

¢ The CMT injection valves opened.

* The passive residual hcat removal (PRHR) return flow valve opened.
* The reactor coolant pumps (RCPs) shut down.

The recirculation flow through 1.+ CMTs and flow through the PRHR began immediately after the
isolation valve opened. Boiling, ‘o the heated rod bundle was initiated by the reduction of the system
pressure to saturation level. Yre upper pienum flashed while the fluid level in the upper plenum
dropped to the hot-leg elevwin. The flashing on the hot-leg side of the heater rod bundle stopped the
rapid drop in primary sys'es.s pressure. When the RCPs shut down (at | J**4), the flow
through the rod bundle }+;an to oscillate (period [ **). This resulted in oscillations
in the rod bundle and v per-plenum void fraction, upper-plenum temperature, and system pressure.

During the initial stag s of the PDP. the heater bundle void fraction increased. This caused an
increasing void fract'on in the upper plenum and the hot legs. The hot leg-B fluid had a void fraction
close 10 that observed in the upper plenum. The void fraction in hot leg-A was lower due to the
selective removal of vapor from the hot leg by the PRHR inlet line.

Two-phase flov. in the hot legs initiated the draining of the steam generator U-tubes. Steam from the
two-phase mixture collected in the top of the U-tubes, thereby draining the steam generator U-tubes.
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This stopped the flow through the primary system. The void fraction oscillations observed through the
rod bundie and in the upper plenum ended when the flow stopped through the steam generators.

Approximately | J**< into the event, the flow stopped in steam generator-B due to the
higher void fraction in hot leg-B. Approximately | J*"< later, the flow stopped in steam
generator-A.

Two-phase flow into the PRHR valve consisted of intermittent periods of saturated water and steam.
It had a void fraction significantly greater than that seen in the upper plenum. Due to boiling in the
rod bundle, two-phase flow entered the hot leg from the upper plenum and flowed through the PRHR
heat exchanger (HX) in the in-containment refueling water storage tank (IRWST). The average
integrated void fraction in the PRHR inlet was as high as | ]**“, which enhanced the
PRHR heat transfer from the primary system to the IRWST when compared with single-phase
saturated or subcooled water. When the flow stabilized after the initial flow oscillations, a heat
removal rate of | 1*** was calculated. This calculation was based on the average void fraction
of the flow in the PRHR supply line, the measured return flow, the temperatures, and the pressure.
This calculation assumes a slip coefficient of 1 between water and steam and may give slightly lower
values than the actual heat transfer. It should, therefore, be used for test-to-test comparison only.

When system pressure dropped to saturation pressure for the upper head, it began to drain
(al [ ]L'D,C).

When the CMT balance lines drained (when the cold legs B had partially emptied), the CMTs
converted from the pure recirculation mode to a recirculation with intermittent draindown mode of

injection. This occurred at approximately | ** for CMT-B and | ™ for
CMT-A.
During the first | 1“*¢ before the ADS-1 actuation of this event, | **¢ of water

were expelled through the break while draining the pressurizer, the steam generator U-tubes, the power
channel upper head, the power channel upper plenum above the hot leg, most of the cold legs, and

approximately | ]** of the CMTs. The heated rods in the power channel, which simulate the
core decay heat, reduced the power level to approximately | I**“at|  )* seconds. This
value consisted of | |*** decay heat and | J** heat loss compensation. The break flow

was steady, indicating that cold leg-B2 was not totally empty.

The ADS phase began with the actuation of ADS-1 (at approximately | 1**). ADS-2
and ADS-3 occurred within the next | ]**“. The heat loss compensation was terminated
from the decay heat simulation when ADS-1 occurred, and the rod bundle power level was reduced to
approximately [ ™,

The ADS actuation increased the rate of primary system depressurization and resulted in a high level
of injection flow from the accumulators. The rapid injection of cold fluid from the accumulators

(at | ]**) and the CMTs subcooled the whole primary system, temporarily
refilling the power channel/upper plenum and the pressurizer. When the accumulator discharge ended,
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the flow through the heater bundle was reduced to the injection rate of the CMTs and the PRHR HX
flow, and boiling occurred again in the heater bundle. Two-phase flow occurred again in hot leg-A,
the PRHR HX, and the ADS via the pressurizer.

The liquid discharge through the break was replaced by saturated steam at approximately

[ J***. During the ADS phase, approximately 910 Ibm of subcooled water were
discharged from ADS-1, ADS-2, and ADS-3. This water was supplied primarily by the accumulator
discharge and was followed by an increase in rod bundle void fraction after the accumulators drained
and only the CMTs provided injection.

The post-ADS phase began when ADS-4 actuated. ADS-4 occurred at | |**<, and the

pressurizer water level fell. The fluid discharge through ADS-1, ADS-2, and ADS-3 ended, and fluid

was discharged through ADS-4. The pressurizer drained again, and a small amount of CMT flow still

entered the direct vessel injection (DVI) line. When system pressure had been reduced below the

pressure corresponding to the water elevation head of the IRWST, flow from the IRWST entered the

DVI line. Shortly thereafter, the CMT flow ended. The flow from the IRWST subcooled the primary

system, the rod bundle boiling slowly ended, and the upper plenum partially refilled. The PRHR |
drained approximately | J**“ into the event and was no longer effective. A steady flow of

subcooled water then flowed from the IRWST into the DVI line, through the power channel, and left

the primary system through ADS-4,

3.5.2 Analysis of the S00401 Test Data

The analysis of the SPES-2 test was performed using the SPESAN computer code. The code performs
a detailed accounting of th: coolant inventory in all parts of the system from the start to the end of the
test. Also, the internal en-rgy of all components and parts of the facility, including the energy losses
from the break and ADS flows, are calculated throughout the event. It is noted that the mass balance
and the energy transfer calculations are performed in much greater detail than was performed in
WCAP-14309, Final Data Report""' The results of the test data analysis are presenied in

Figures 3.5-1 through 3.5-82. Mass balance snapshots for all the major primary system components,
at various points of interest throughout the transient, are presented in Table 3-5-1.

Mass Balance

verall s Balance
The uncertainty in the overall mass balance is an indication of the overall quality of the test. The total
water inventory is tracked from the start until the end of the test. Figures 3.5-74, 3.5-75, and 3.5-76
show the overall mass balance and the error (uncertainty) in mass balance for SO0401.
The overall mass balance for SO0401 (Figure 3.5-74) shows a small variation of water inventory

during the event, resulting from the overall uncertainty in the instrumentation and the assumptions of
the mass balance model used to determine the total water inventory. The average total inventory
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during the test was indicated to be approximately | ]** higher than the initial s”stem mass, and
a final mass was indicated to be approximately | ]** above the initial mass. Figure 3.5-75
shows the difference between the total mass during the event and the initial mass (mass balance error)
when the inventory was calculated by integrating the flows. Figure 3.5-76 shows the mass balance
error when inventory was calculated based on the catch tank weight and component level
measurements. The mass balance error, based on flow measurements, varied from O to 120 Ibm; the
weight and level measurements resulted in an average error varying approximately from -20 to +70
Ibm during the event, and a final error of +70 Ibm at the end of the event.

Water Inventory for the Power Channel and the Loop

Maintenance of coolant coverage of the heater bundle is the most critical issue for the power channel.
The heater bundle coverage during a loss-of-coolant accident (LOCA) event ofien consists of two-
phase fluid, which can have a very high void fraction. Figure 3.5-40 shows the true level of two-
phase fluid in the power channel as measured from the elevation of the top of the core (TAF). Since
this represents the true two-phase level, it will be different than the collapsed liquid level in the heater
bundle.

For S00401, the two-phase level in the upper plenum decreased to the hot-leg elevation, and remained
at this elevation for most of the event. The accumulator injection (| 1**°) partially
condensed the steam bubble in the upper plenum causing the level to rise. Following the end of the
accumulator injection, the two-phase level again decreased this time to approximately [ ]**< below
the hot-leg elevation. This occurred at the time of minimum power channel water inventory, before
the IRWST injection started (at | 1) to refill the power channel. The IRWST injection
also partially condensed the steam bubble in the upper plenum causing the level to rise above the hot-
leg elevation.

The level on the cold side of the power channel is shown in Figures 3.5-42 (annular downcomer) and
44 (wbular downcomer). The annular downcomer was full until approximately | 1 into
the event. At that time, the level started to decrease, but it was maintained above the elevation of the
hot leg until after the end of the accumulator injection (approximately | 1**). The level
then decreased and drained the annular downcomer by | ]**“, and reached a minimum
level in the tubular downcomer at approximately | ]**“. This corresponded to the time of
minimum water inventory in the power channel shown in Figure 3.5-39. Figure 3.5-62 shows the
maximum cladding temperature during the event and compares this temperature with the saturation
temperature. There was no indication of loss of cooling for the heater rods during this event.

The collapsed fluid level in the rod bundle (Figure 3.5-48), and the rod bundle exit void fraction
(Figure 3.5-61) show that the rod bundle was water solid before the break was initiasted. The rod
bundle exit void fraction was determined from DP-014P, which covers the span from the rod bundle
near the TAF elevation to the lower part of the upper plenum. Two-phase flow with approximately

[ J*** average void fraction exists in the rod bundle prior to the accumulator injection.
During the accumulator injection, the rod bundle became essentially water solid. However, when the
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accumulator injection ended, the collapsed level again started to decrease. The rod bundle exit void
fraction reached approximately | | prior to the start of the IRWST injection phase, starting at
approximately [ P

The collapsed level in the upper plenum (Figures 3.5-52 and 3.5-54) decreased to approximately

[ ]** below the hot leg before the accumulator injection, followed by a period when the level in
the upper plenum increased above the hot leg during the accumulator injection. This period was
followed by a drop in the collapsed level to approximately [ ]** below the hot leg at the time of
minimurm water inventory before the IRWST injection started.

The water inventory in the power channel (Figure 3.5-39) had three minima; when the CMT
draindown started, before the accumulator injection, and before the IRWST injection. The third

minimum was more severe showing a total power channel inventory of approximately | e

| |** of starting inventory) at that time. The total primary system inventory (power
channel, pressurizer and loops), shown in Figure 3.5-77, reached approximately | i
(| 1**¢ of starting inventory) for this minimum.

W Injecti jection

The imjected fluid mass from all injection sources is shown in Figure 3.5-78. Figure 3.5-79 shows the
total source inventory and the injected and ejected masses during the event. Starting with a total of
approximately | ]** source inventory, only [ | | 1**€ of available
source water) was used by the end of the event.

Energy Balance

PRHR Heat Transfer

The heat transfer from the PRHR to the IRWST gave a unique possibility of comparing heat transfer
on the primary and the secondary side. A method of calculating the heat rejection by the PRHR HX
into the IRWST is described in Section 2.2-2, and a comparison of three heat transfer calculations is
given in Section 4.0. The PRHR primary-side heat transfer was calculated based on the measured exit
flow raie, and the difference in enthalpy of the inlet and exit flows. Since the SO0401 test had two-
phase flow conditions in the hot legs and PRHR, the inlet flow void fraction was determined (Figure
3.5-21) and used to establish the effective enthalpy of the two-phase inlet flow. The outlet flow from
the PRHR heat exchanger was always subcooled water. The primary-side two-phase heat transfer for
S00401, shown in Figure 3.5-19, was considerably greater than the heat transfer measured for single-
phase flow through the PRHR during the hot preoperational testing (see WCAP-14309, Final Data
Report)." Figure 3.5-18 shows the calculated heat transfer from the PRHR external tube surface to
the water in the IRWST by the three-tube section of the HX. The top part of the PRHR heat
exchanger acted as a condenser, where the steam of the two-phase fluid extracted from hot leg-A was
condensed. The top horizontal tube transfers the greatest amount of heat. The condensation process
on the inside effectively heated this tube wall temperature above the boiling point for the water in the
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IRWST, resulting in very effective nucleate boiling heat transfer from the outside surface. The vertical
and the bottom horizontal sections of the heat exchanger remains for the most part subcooled with a
less effective free convection heat transfer to the IRWST water and contribuied, therefore, far less to
the overall heat transfer of the PRHR.

Figure 3.5-17 shows the internal energy of the IRWST water, the integrated power from the primary
side of the PRHR heat exchanger, and the heat transfer from the PRHR heat exchanger external
surfaces. The internal energy in the IRWST water was calculated based on thermocouples located at
various elevations in the IRWST tank, which were allocated different control volumes to arrive at an
effective average temperature. Due to the severe temperature stratification in the IRWST tank, this
technique only produced good results until the IRWST started to drain.

For SO0401 there was good correlation between the three heat transfer caiculations. Up to

[ J**“ the PRHR primary-side calculation and the IRWST internal energy calculation are
very close. After | ]*", the IRWST internal energy appeared to increase significantly due
to the effect of draindown on the thermocouple readings. However, since there was very little energy
being provided by the PRHR after | ]*", this apparent increase does not reflect an actual
increase in the average water temperature and IRWST internal energy. The comparison shown in
Figure 3.5-17 indicates that the three energy calculations are consistent.

Ge or Heat Transfer

Figure 3.5-32 shows the heat transfer in the steam generators for SO0401, and Figure 3.5-33 shows the
pressures on the primary side and the secondary side of the steam generators. Heat transfer is sharply
reduced after the pumps are triped due to the reduction of flow v the tubes. The pressures show that
the steam generators were available as heat sinks until approximaiely [ ]**< into the event,
at which time the primary-side pressuie dropped below the secondary making the steam generators a
potential heat source for the primary system. Figure 3.5-28 shows the water inventory in the steam
generators primary side, which includes inlet and outlet plena and U-tubes. When full, the steam
generator inlet and outlet plena contains approximately [ ]** of water. When the primary-side
pressure dropped below the secondary-side pressure (approximately | 1*%4), the steam
generators’ U-tubes are essentially drained of water and contain trapped steam, which becomes more
and more superheated as the primary-side pressure decays.

The heat transfer calculated for the steam generators decreased rapidly after the pumps were tripped
and disappeared after approximately | J*"*. Also shown in Figure 3.5-32 is the PRHR heat
transfer, which removed heat from the system after the steam generators heat transfer had ended.

Overall Balance

Figure 3.5-80 shows the integrated energy of the fluid streams leaving the system. The energy content
of the break flow was greatly reduced when ADS-1 occurred, since although the break flow couverted
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to steam, the mass flow rate became very low. For ADS-1, ADS-2 and ADS-3 the same happened
when ADS-4 occurred.

Figure 3.5-81 shows all the energy components in the heat balance for the system. Throughout the
event, rod bundle power was the dominant heat input to the system, and during the initial part of the
event the steam generators provide the dominant heat extraction. After the pumps trip, flow through
the steam generator tubes is sharply reduced, and the heat transfer from the primary to secondary side
is dramatically reduced. When the primary and secondary system pressures equalize, and the steam
generator U-tubes drain (about | J*%), the steam generator becomes thermally isolated
from the primary system, and does not affect the rest of the event. Figure 3.5-80 shows the energy
loss from the break and the ADS flows as calculated based on assumptions described in Section 2.0,
The average energy loss from the fluids ejected from the system during the first | ]** of
the event was approximately | ]**“. The average energy loss increased to |
]*** after 4600 seconds and then was reduced to approximately |
[**¢ from about | 1** to the end of the test.

From approximately | ]**“, more enr(gy was generated by the heated rod
bundle than left the system through the break and the overall energy stored within the system
increased (metal mass energy decreased and fluid energy increased).

From | ]**, more energy left the system through the ADS flows than
was generated by the rod bundie, and overall system energy stored within the system (fluid and metal)
decreased to compensate. The average loss of the metal thermal energy after 4600 seconds was
approximately | 1", which was greater than the rod bundle power at this time

[ ]l.b.r ]

After approximately | ]*"“ the fluid energy stabilize in the system, and the rate of the fluid
energy leaving the system (primarily via ADS-4) still exceeded the core input power while metal
thermal energy decreased. This condition existed for the rest of the event.

Figure 3.5-82 shows the accumulated energy balance error during the event. During the initial part of
the transient, an increasing error was generated by a greater-than-actual heat transfer being calculated
for the steam generator. This is a consequence of an assumed overall heat transfer coefficient (HTC)
for the steam generator, which was calculated from full-power/full-flow conditions (before time 0),
which was higher than the actual HTC at the lower flow conditions existing after the pumps have shut
down. Figure 3.5-82 also shows that the error in the energy balance varied rapidly from |

]*** (during the accumulator discharge into the primary system, ADS-4 and
IRWST actuation). This error was a consequence of the rapid change in the metal energy seen in
Figure 3.5-81, which was calculated based on fluid temperatures. In reality, the calculated change of
metal energy occurred at a slower rate than indicated by the fluid thermocouples due to the large
thermal inertia of the heavy walled components. The varying error and the error peak shown in Figure
3.5-82 at | |*"< were, therefore, a consequence of taking credit for metal heat too fast
during the event, and this error disappearred after | 1**“ when the metal temperatures
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caiches up with the fluid temperatures. The maximum error band for Figure 3.5-82 is approximately -
150000 to -0 Btu, which corresponds to within 8 to 14 percent of the total fluid energy ejected from
the system. The error at the end of the event is approximately O percent of the total ejected fluid

energy.

Other Observations

Pressure Decay

Figure 3.5-3 shows the rrimary system pressure during the S00401 test. Throughout this event the
pressure was controlled by the saturation pressure of the hottest fluid volume in the primary system.
At the initiation of the break, the controlling fluid volume was in the pressurizer and surge line;
however, this shifted within the first | 1*** (after the initial blowdown phase) © the power
channel upper plenum.

Figure 3.5-2 shows that the temperature of the upper plenum was equal to the saturation temperature
corresponding to the primary system pressure measured in the upper head during the natural
circulation phase and into the ADS phase. The pressure stabilized at the saturation pressure for the
upper plenum, and then continued a slow pressure decay responding to the CMTs injection.
Figure 3.5-3 shows an increase in the pressure decay rate that occurred at approximately |

]**<, when the CMTs transitioned from natural circulation injection to draindown injection,
which essentially doubled the injection rate of cold water into the DVI. The higher injection rate
resulted in a more rapid temperature drop in the upper plenum (fuel exit in Fipure 3.5-2), which was
reflected in a more rapid pressure decay. With the actuation of ADS-1 at weoximately |

]*"*, the pressure dropped rapidly due to the increased rate of mass ejected from the system
(Figure 3.5-68), and the increased flow of cold water being injected into the annular downcomer and
flowing through the rod bundle. This continued to reduce the power channel inlet plenum
temperature, and subcooled the heated rod bundle due to the higher flow. Since the power channel
outlet plenum became subcooled at approximately | J**, the hottest fluid in the system
was in the pressurizer, the cold legs, and the CMTs, and the pressure was partially supported by the
flashing of the fluid in one or several of these locations. When the accumulator discharge ended
(approximately | ]**9), the lower-plenum temperature increased due to the metal heat, and
the upper-plenum temperature increased to the saturation temperature and again took over control of
the system pressure for the rest of the event. It is noted here that at the end of the accumulator
injection, a large amount of nitrogen from the accumulators was injected into the primary system.
This injection had very little immediate effect on the primary system but, as will be discussed in
Section 4.0, affected the upper plenum, the PRHR HX, and the CMT at later stages of the event.

The actuation of ADS-4 (at approximately | 1**9) lowered the system pressure
sufficiently to allow gravity injection flow from the IRWST into the DVI nozzles. This flow was
sufficiently high to subcool the primary system, ending rod bundie boiling and partially collapsing the
steam bubble in the upper plenum, and bringing the system to a near-atmospheric internal pressure.
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Eiection Flows

Figure 3.5-68 shows the individual mass flows leaving the system via the break and the ADS. The
individual flow rates are given in Figures 3.5-69, 3.5-70, and 3.5-71. The break and ADS-4 flows
consisted of saturated water. For ADS 1, ADS-2, and ADS-3 it was assumed that the flow consisted
of saturated water if the void fraction measured in the top of the pressurizer (Figure 3.5-73) was less
than [ ]**“ percent. The total mass flow rate leaving the system was reasonably steady for S00401,
as seen in Figure 3.5-79. Figure 3.5-80 shows that the energy of the fluid ejection was steady at an
average rate of | 1** for the first [ 1**, increased to [ "< after

[ 1**“, and then decreaszd io | ]**< for the rest of the event. The increase in
energy ejection rate was caused by ADS-1, ADs-2, and ADS-3 actuation. The decrease in energy
ejection rate was related to actuation of ADS-4, which caused the pressurizer to drain, converted the
ADS-1, ADS-2, and ADS-3 flow to steam with a low mass flow rate and, simultaneously, started fluid
ejection through ADS-4,

ADS-1 opened at approximately | 1<, followed by ADS-2 and ADS-3 within the next

[ ]**. The break flow changes from saturated water to steam, but due to the low-mass
flow rate (Figure 3.5-68), the energy removal by the break flow (Figure 3.5-80) becomes very low.
The energy was leaving the system through ADS 1-3 at a greater rate than through the break and
ADS-4, and provided an effective means of removing the stored metal energy from the system, as seen
in Figure 3.5-81. The mass flow rate leaving the system via ADS 1, ADS-2, and ADS-3 during the
next | |“*“ was greater than the break flow, and also the energy loss through the ADS-1,
ADS-2, and ADS-3 exceeded the energy loss by the break flow (Figure 3.5-80).

ADS-4 opened at approximately 5700 seconds, and the ADS-1, ADS-2, and ADS-3 flows converted to
steam with a very low-mass flow rate and energy loss rate. The ADS-4 flow stabilized at a rate that
matched the injection rate from the IRWST (Figure 3.5-79), and the energy removal via ADS-4 was
comparable to the heated rod power (Figure 3.5-81).
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TEST ANALYSIS STANDARD PLOT PACKAG

Figures 3.5-1 Through 3.5-83

E

Description

CORE-POW

Core power

TSAT, TAVTDC, TFOUT

Core inlet/outlet temperature,
saturation temperature

PPZRTOP

System pressure

PSGAS PSGBS

Primary and secondary pressure in steam
generators

TAVGSGA,TAVGSGB

Average fluid temperature in steam generators

MCMTAMCMTB

Fluid mass in CMTs

CLEVELA,CLEVELRB

Collapsed liquid level in CMTs

MOUTCMTA, MOUTCMTB, MINCMTA,
MINCMTB

Integrated mass infout of CMTs

FLOWOUTA, FLOWOUTB

Measured flow out of CMTs

FLOWINA, FLOWINB

Calculated flow into CMTs

BLFRACA, BLFRACB

Fractional differential pressure in cold leg-
CMT balance lines

UTOT-A, UTOT-B

Fluid energy in CMTs

IRWST/PRHR

MIRWST

Mass of fluid in RWST

IRWST/PRHR

LIRWST

Collapsed liquid level in IRWST

35-15

IRWST/PRHR

FIRWST

Measured discharge flow from IRWST
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TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.5-1 Through 3.5-83 (Cont.)
— e e e e

Component Variables Units Description
IRWST/PRHR MOUTDVIA, MOUTDVIB Ibm Integrated mass out of DVI lines

IRWST/PRHR INT-QCAL, INT-QTUB, U-UO Bt Comparison of energy transfer from PRHR
tubes to IRWST

IRWST/PRHR Q-HOR-1, Q-VERT, Q-HOR-2, sec. Breakdown of heat transfer from different
QTUBEXT sections of PRHR tube

IRWST/PRHR Q-CALIM : PRHR/IRWST heat transfer calculated on tube
side

IRWST/PRHR FLOWTUBE B Measured outlet flow from PRHR tube
IRWST/PRHR VOID-FRC Calculated PRHR Inlet void fraction
Accumulator MACCA, MACCB Mass of fluid in accumulators

Accumulator LACCA, LACCB 3 Collapsed liquid level in accumulators
Accumulator MEASFLWA MEASFLWB ] Measured flow from accumulators

Accumulator MOUTACCA, MOUTACCB integrated mass out of accumulators
Accumulator U-TOT-A, U-TOT-B Energy of fluid in accumulators
Accumulator AIRMASSA, AIRMASSB Mass of air exiting accumulators

Steam generator MSGAP,MSGBP Mass of fluid in sieam generators - primary
side

3.5-29 Steam generator LSGAH, LSGAC, LSGBH, LSGBC ft. Collapsed liguid levels in steam generators -
primary side - hot and cold sides of U-tubes
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TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 1.5.1 Through 3.5-83 (Cont.)

Variables

Description

MSGAH, MSGAC, MSGBH, MSBGC

Mass of fluid in steam generators - primary
side - hot and cold sides of U-tubes

LSGSA, LSGSB

Collapsed liquid levels in steam generators -
secondary side

Q-TRNF-A, Q-TRNF-B,
Q-CALIM

Heat transfer in steam generators
heat transfer in PRHR

PRESS-PA, PRESS-PB,
PREF-A, PREF-B

Primary and secondary pressure in steam
generators

MPZR

Fluid mass in pressurizer

LPZR

Coilapsed liguid level in pressurizer

MSL

Fluid mass in surge line

LSL

Collapsed liguid level in surge line

UPZR

Fluid energy in pressurizer

MPCHN

Total fluid mass in power channel

L2ZPHASE, LDV}, LHL, LCL

Two-phase liquid level in power channel vs.
DVI, hot-leg. and cold-leg elevations

MANDC

Fluid mass in annular downcomer

LANDC, LDVI, LHL, LCL

Collapsed iiquid level in annular downcomer
vs. DVI, hot-leg, and cold-leg elevations
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TEST ANALYSIS STANDARD PLOT PACKAGE

Figures 1.5-1 Through 3.5-83 (Cont.)
Component Description
Power channel MTDC Fluid mass in tubular downcomer

3544 Power channel LTDC, LBOF, LTOF fl. Collapsed liquid level in tbular downcomer
vs. top of active fuel and bottom of active fuei
levels

3.5-45 Power channei MLOWP Ibm Fluid mass in lower plenum

3.5-46 Power channel LLOWP ft. Collapsed liquid level in lower plenum

3547 Power channel MCORE Ibm Fluid mass in core region

3.5-48 Power channel LCORE ft. Collapsed liquid level in core

3549 Power channel MFOUT Ibm Fluid mass in core outlet region

3.5-50 Power channel LFOUT ft. Collapsed liquid level in core outlet region

3.5-51 Power channei MUPPL thm Fluid mass in the lower portion of the upper
plenum

3.5-52 Power channel LUPPL ft. Collapsed liquid level in the lower portion of
the upper plenum

35-53 Power channel MUPPU Ibm Fluid mass in the upper portion of the upper
pienum

31.5-54 Poewer channel LUPPU ft. Collapsed liquid level in the upper portion of
the upper plenum

3.5-55 Power channel MHEAD Ibm Fluid mass in the upper head

3.5-56 Power channel LHEAD ft. Collapsed liquid level in the upper head
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TEST ANALYSIS STANDARD PLOT PACKAGE

Figures 3.5-1 Through 3.5-83 (Cont.)

=4
Fig. Ne. Component Variables Units Description
3.5-5 Power channel UPC Biu Total fluid energy in power channel
3.5-58 Power channel Q-FLUX Bru/sec.-ft. Average heat flux on the heated rods
3.5-59 Power channel STM-RATE ihm/sec Core steam generation rate
3.5-60 Power channel FLOWCOR ibm/sec Calculated core flow
|
3.5-61 Pewer channe! VOIDOUT Void fraction at core exit
15-62 Power channel TMAX, TSAT, TMAX-TSAT F Maximum clad temperature, saturation
temperature and delia
3.5-63 Hot leg MHLA, MHLB Ibm Fluid mass m hot legs
1.5-64 Hot leg FLA, FLB Fraction Fractional collapsed liquid level in hot legs
1.5-65 Cold leg MCLA, MCLB ibm Fluid mass in cold legs
3.5-66 Cold leg LCLAI, LCLA2 LPSA ft Collapsed liguid levels in cold leg-A
.5-67 Cold leg LCLBI1, LCLB2, LPSB ft Cotlapsed liguid levels in cold leg-B
3.5-68 Total system mass MADSI-3, MADS4, BRKMASS ibm Catch tank mass for ADS-1, ADS-2, ADS-3.
ADS-4, and break
3.5-69 Total system mass DMADSI-3 Ibm/sec. Calculated flow out of ADS 1-3
3.5-70 Total system mass DMADS4 bm/sec. Calculated flow out ADS 4
3.5-71 Total system mass BRKFLOW ibm/sec. Calculated flow out break
3.5-72 Total system energy UADS123, UADS4, UBREAK Btu integrated fluid energy for ADS-1, ADS-2,

ADS-3, ADS4, and the break
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TEST ANALYSIS STANDARD PLOT PACKAGE

Figures 3.5.1 Through 3.5-83 (Cont.)
Fig. No. Component Variables Units Description
b 3573 Total system energy | VOID Calculated foid fraction for ADS-1, ADS-2,
{ and ADS-3
i 3.5-74 Total system mass MTOTAL, MTOTO Ibm Total system fluid mass vs. Initial fluid mass
35-75 Total system mass ERRLOP Ibm Error in the mass balance (using measured and
calculated flows)
3.5-76 Total system mass ERRLOP1 ibm Error in the mass balance (using fluid
mventory)
3.5-77 Total system mass MPCLTOT, MPCLO ibm Total fluid mass in power channel and loops
vs. Initial fluid mass
35-78 Total system mass MACOUT, MCMOUT, MIROUT Ihmn Total integrated mass discharged from
accumulators, CMTs, and IRWST
3.5-79 Total system mass MSOURCE, MSINK, MSOURIN Ibm Total source inventory, total mass ejected from
primary system, and total mass injected to
primary system
3.5-80 Tetal system energy UADSI123, UBREAK, UADS4, UCATCH | Bwm Integrated fluid energy exiting via ADS-1,
‘ ADS-2, ADS-3, ADS-4, and the break, and the
sum
3.5-81 Total system energy USURR, UCATCH, UQIN, UFLD-UO, Btu Overall energy balance including integrated rod
UMTL-UO, USG power, steam generator power, and heat loss to
the surroundings, energy exiting via ads and
break, energy input via nonsafety systems, and
change in primary system fluid and metal
energy relative to start of test
3.5-82 Total system energy UERROR, ERROR-% Buw, % Error in overall energy balance, relative to
mnitial fluid and metal energy
| 3.5-83 System pressure - | psia T event s system




The figures listed are proprietary and, therefore,

are not available in the Class 3 version of this report

These figures are available in the Class 2 versicn of this report
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3.6 Analysis of the une-Inch Cold-Leg Break without Nonsafety Systems (S01613)

This matrix tes« simulated a 1-in. break in the bottom of cold leg-BZ. The event began with the
initiation of the break in cold leg-B2, which was the cold leg with the CMT-B pressure balance line
connection. The break location was on the reactor-vessel side of the cold leg from the core makeup
tank (CMT) balance line connection. This test was performed without any nonsafety systems’ pumps
operating. That is, it was performed without the chemical and volume c¢-.atrol system (CVCS) makeup
pumps, steam generator startup feedwater (SFW) pumps, and normal residual heat removal system
(NRHR) pumps. This iest is identical to test SO0401, with the exception that three passive residual
heat removal heat exchanger (PRHE HX) tubes were used in S01613 versus just one PRHR HX tube
in test SOO401,

3.6.1 Summary of Test Observations
Figure 3.6-83 shows plant primary system pressure during matrix test S01613 (as measured at the top
of the pressurizer) during the S01613 event, with selected component actuations and plant responses

shown in relation to primary system pressure.

The IDP began with the initiation of the break, which czused the pressurizer to druin. This resulted in

a iapid reduction in pressure. The reactor tp (R) signal initiated at | 1**“, and the safety
systeans actuation (S) signal initiated at | J*"“. The R and the S signels initiated the following
actions:

¢ Decay heat simuiation (with heat loss compensation) initiated.

* The main steam line isolation valves (MSLIVs) closed.

*  The main feedwater isolation valves (MFWIVs) shut off.

* The CMT injection valves opened.

* The passive residual heat removal (PRHR) return flow valve opened.
* The reactor coolant pumps (RCPs) shut down.

The recirculation flow throngh the CMTs and flow through the PRHR valve started immediately after
the 1solation valve opened. Boiling in the heated rod bundle was initiated by the reduction of the core
anJ upper-plenum pressure to saturation level. The upper plenum flashed while the fluid level in the
upper plenum dropped to the hot-leg elevation. The flashing on the hot-leg side of the core stopped
the rapid drop in primary system pressure. When the RCPs shut down (at | ]**4), the flow
through the heater bundle began to oscillate (approximately | J*** period). This resulted in
oscillations in the rod bundle and upper-plenum void fraction, upper-plenum temperature, and system
pressure.

During the initial stages of the pressure decay phase (PDP), the rod bundle void fraction increased.
This resulted in an increasing void fraction in the upper plenum and the hot legs. The hot leg-B fluid
had a void fraction very close 10 that observed in the upper plenum. The void fraction in hot leg-A
was much lower due to the selective removal of vapor from the hot leg by the PRHR inlet line.
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Two-phase flow in the hot legs initiated the draindown of the steam generator U-tubes. Steam from
the two-phase mixture collected in the top of the U-tubes, thereby draining the steam generator
U-tubes. This stopped the flow through the primary system. The void fraction osciflations observed
through the rod bundie and in the upper plenum terminated when the flow through the steam
generators stopped.

Approximately | I*** into the event the flow through steam generator-B stopped due 1o the
higher void fraction in hot leg-B. Approximately | 1*** later, the flow through steam
generator-A stopped.

Two-phase flow through the PRHR valve had a void fraction significantly greater than seen in the
upper plenum. Due to boiling in the rod bundle, two-phase flow entered the hot leg from the upper
plenum and flowed through the PRHR HX in the in-containment refueling water storage tank
(IRWST). The average integrated void fraction in the PRHR inlet was as high as |

I**“, which enhanced the PRHR from the primary system when compared with single-phase
saturated or subcooled water. When the flow stabilized after the initial flow oscillations, a heat
removal rate of [ 1"** was calculated. This calculation was based on the average void fraction
of the flow in the PRHR supply line, the flow, the temperature, and the pressure. This calculation
assumes a slip coefficient of 1 between steam and water and may give a slightly lower values than the
actual heat transfer. It should, therefore, be used for test-to-test comparison only.

When system pressure dropped to saturation pressure for the upper head, the upper head began to
drain (at | ™.

When the B-side cold legs hiad partially emptied, the CMTs converted from the recirculation mode to
the draindown mode of injection. This increased the cold injection flow and the rate of system
pressure decay. This occurred at approximately | ]**¢ for both CMTs.

During the first | ]**< of this event, | ]*** of water was expelled through the break
while draining the pressurizer, the sieam generator U-tubes, the power channel/upper head, the power
channel/upper plenum above the hot leg, most of the cold legs, and approximately | e of
the CMTs. The heated rods in the power channel that simulated the core decay heat reduced the
power level to approximately | *"*. This value consisted of | "¢ decay
heat and | J** heat loss compensation. The break flow was steady, indicating that cold leg-B2
was not totally empty.

The ADS phase began with the actuation of ADS-1 (at approximately | ). ADS-2 and
ADS-3 occarred within the next | J**. The heat loss compensation was terminated from

the decay heat simulation when ADS-1 occurred, and the rod bundie power level was reduced to
approximately | JAbe

The ADS actuation increased the rate of primary system depressurization and resulted in a high level
¢ injection flow from the accuroulators. The rapid injection of cold fluid from the accumulators (at
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[ ]**) and CMTs subcooled the whole primary system, temporarily refilling the
power channel/upper plenum and the pressurizer. When the accumulator discharge ended, boiling
occurred again in the heater bundle, and two-phase flow again occarred in hot leg-A, the PRHR HX,
and the ADS via the pressurizer.

The liquid discharge through the break was replaced by saturated steam at approximately

[ ]***. During the ADS phase, approximately 750 Ibm of subcooled water were
discharged from ADS-1, ADS-2, and ADS-3. This water was primarily supplied by the accumulator
discharge and was followed by an increase in rod bundle void fraction after the accumulators drained
and only the CMTs provided core injection.

The post-ADS phase began when ADS-4 actuated. ADS-4 occurred at | ]**“ seconds, and the
pressurizer water level fell. The fluid discharge through ADS-1, ADS-2, and ADS-3 ended, and fluid
was discharged through ADS-4. The pressurizer drained again, and a small amount of CMT flow still
entered the direct vessel injection (DVI) line. When system pressure had been reduced below the
ricosure corresponding 1o the water elevation head of the IRWST, flow from the IRWST entered the
DVI line. Shortly thereafter, the CMT fiow ended. The flow from the IRWST subcooled the primary
system, the rod bundle boiling slowly ended, and the upper plenum partially refilled. The PRHR
drained approximately | ] into the event and was no longer effective. A steady flow of
subcooled water was then flowing from the IRWST into the DVI line, through the power channel, and

left the primary system through ADS-4.
3.6.2 Analysis of the S01603 Test Data

The analysis of the SPES-2 test was performed using the SPESAN computer coce. The code performs
o detailed accounting of the coolant inventory in all parts of the system from the start 10 the end of the
test.  Also, the internal energy of all components and parts of the facility, including the energy losses
from the break and ADS flows, were calculated throughout the event. It is noted that the mass
balance and the energy transfer calculations were performed in much greater detail than was performed
in WCAP-14309, Final Data Report.” The results of the test data analysis are presented in

Figures 3.6-1 through 3.6-82. Mass balance snapshots for all the major primary system components,
at various points of interest throughout the transient, are presented in Table 3.6-1

Mass Balance

verall M
The uncertainty in the overall mass balance is an indication of the overall quality of the test. The total
waler inventory was tracked from the start until the end of the test. Figures 3.6-74, 3.6-75, and 3.6-76

show the overall mass balance and the error (uncenainty) in mass balance for SO1614,

The overall mass balance for S01613 (Figure 3.6.74) shows a small variation of water inventory
during the event, resulting from the overall uncertainty in the instrumentation and the assumptions of
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the mass balance model used to determine the total water inventory. The average total inventory
during the test was indicated to be approximately | J**“ higher than the initial system mass, and
a final mass was indicated to be approximately | ]** above the initial mass. Figure 3.6-75
shows the difference between the total mass during the event and the initial mass (mass balance error)
when the inventory was calculated by integrating the flows. Figure 3.6-76 shows the mass balance
error when inventory was calculated based on the catch tank weight and component level
measurements. The mass balance error, based on flow measurements, varied from |

while the v2ight and level measurements resulted in an average error varying approximately from
| |*** during the event, and a final error of [ **° Ibm at the end of the event.

]l.h.c'

W nventory for wer Ch | and

Maintenance of the coolant coverage of the heater bundle was the most critical issue for the power
channel. The heater bundle coverage during a loss-of-coolant accident (LOCA) event often consists
of two-phase fluid, which can have a very high void fraction. Figure 3.6-40 shows the true level of
two-phase fluid in the power channel as measured from the elevation of the top of the core (TAF).
Since this represents the true two-phase level, it will be different than the collapsed liquid level in the
heater bundle.

For S01613, the two-phase level in the upper plenum decreased to the hot-leg elevation and remained
at this elevation for most of the event. The accumulator injection (| 1**) partially
condensed the steam bubble in the upper plenum causing the level to rise. Following the end of the
accumuiator injection, the two-phase level again decreased approximately [ ]*° below the hot-leg
elevation. This occurred at the time of minimum power channel water inventory, before the IRWST
injection started (at | |**) 10 refill the power channel. The IRWST injection also partially
condensed the steam bubble in the upper plenum causing the level to rise above the hot-leg elevation.

The level on the cold side of the power chaanel is shown in Figures 3.6-42 (annular downcomer) and
3.6-44 (tubular downcomer;. The annular downcomer was full until approximately | **¢ seconds
into the event (the end of the accumulator injection). The level then decreased and drained the annular
downcomer by | 1**, and reached a minimum level in the tubular downcomer at approximately
[ |**. This corresponded to the time of minimum water inventory in the power channel
shown in Figure 3.6-39. Figure 3.6-62 shows the maximum cladding temperature during the event ar.d
compares this temperature with the saturation temperature. There was no indication of loss of cooling
for the heater rods during this event.

The collapsed fluid level in the rod bunc “.gure 3.6-4%), and the rod bundle exit void fraction
(Figure 3.6-61) show that the rod bundle was water solid before the break was initiated. The rod
bundie exit void fraction was determined from DP-014P which covers the span from the rod bundle
near the TAF elevation to the lower part of the upper plenum. Two-phase flow with approximately

[ |** average void fraction exists in the rod bundie prior to the accumulator injection,
During the accumulator injection, the rod bundle became essentially water solid. However, when the
accumulator injection ended, the collapsed level again started to decrease. The rod bundle exit void
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fraction reached approximately | ]*"* prior to the start of the IRWST injection phase, starting
at approximately | o

The collapsed level in the upper plenum (Figures 3.6-52 and 3.6-54) decreased to approximately

[ 1" below the hot leg before the accumulator injection, followed by a period when the level in
the upper plenum increased above the hot leg during the accumulator injection. This period was
followed by a drop in the collapsed level to approximately | J*** below the hot leg at the time of
minimum water inventory before the IRWST injection started.

The water inventory in the power channel (Figure 3.6-39) had | |*** minima: [when the CMT
draindown started, before the accumulator injection, and before the [IRWST injection.] The third

minmum was more severe showing a total power channel inventory of approximately | o
( ]“"* of starting inventory) at that time. The total primary system inventory (power channel,
pressurizer, and loops), shown in Figure 3.6-77, reached approximately | 1**< of

starting inventory) for this minimum.

Water Injection/Eiect

The injected fluid mass from all injection sources is shown in Figure 3.6-78. Figure 3.6-79 shows the
total source inventory and the injected and ejected masses during the event. Starting with a total of
approximately | 1**“ source inventory, only | 1" of available source
water) was used by the end of the event.

Energy Balance
P H fer

The heat transfer from the PRHR 1o the IRWST gives a unique possibility of comparing heat transfer
on the primary and the secondary side. A method of calculating the heat rejection by the PRHR HX
into the IRWST is described in Section 2.2-2, and a comparison of three heat transfer calculations is
given in Section 4.0, The PRHR primary-side heat transfer was calculated based on the measured exit
flow rate, and the difference in enthalpy of the inlet and exit flows. Since the S01613 test had
two-phase flow conditions ir we hot legs and PRHR, the inlet flow void fraction was determined
(Figure 3.6-21) and used to establisu the effective enthalpy of the two-phase inlet flow. The outlet
flow from the PRHR HX was always subcooled water. The primary side two-phase heat transfer for
S01613 (Figure 3.6-19), was considerably greater than the heat transfer measured for single-phase flow
through the PRHR during the not preoperational testing (see WCAP-14309, Final Daia Report).”
Figure 3.6-18 shows the calculated heat transfer from the PRHR external tube surface to the water in
the IRWST by the three tube section of the HX. The top part of the PRHR HX acted as a condenser,
where the sieam of the two-phase fluid extracted from hot leg-A was condensed. The top horizontal
tube transfers the greatest amount of heat. The condensation process on the inside effectively heated
this tube wall temperature above the boiling point for the water in the IRWST, resulting in very
effective nucleate boiling heat transfer from the outside surface. The vertical and the bottom
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horizontal sections of the heat exchanger remain, for the most part, subcooled the iluid with a less
effective free convection heat transfer to the IRWST water and contributed, therefore, far less to the
overall heat transfer of the PRHR.

Figure 3.6-17 shows the internal energy of the IRWST water, the integrated power from the primary
side of the PRHR HX, and the heat transfer from the PRHR HX external surfaces. The internal
energy in the IRWST water was calculated based on thermocouples located at various elevations in the
IRWST tank, which were allocated different control volumes to arrive at an effective average
temperature. Due 10 the severe temperature stratification in the IRWST tank, this technique only
produced good results until the IRWST started to drain.

For S01613, up to | |*** the PRHR primary-side calculation and the IRWST internal
energy calculation were very close. After | J**, the calculated IRWST internal energy
appeared 1o increase significantly due to rapid increase of thermocouple reading, measuring
temperature below the PRHR horizontal inlet tubes (T-064E). The comparison shown in Figure 3.6-17
indicates that the PRHR primary-side heat transfer from PRHR tube surface calculation gives lower
energies until approximately | ]*“ and higher after this time compared to the other two
calculations.

rator ransf

Figure 3.6-32 shows the heat transfer in the steam generators for S01613, and Figure 3.6-33 shows the
pressures on the primary side and the secondary side of the stcam generators. Heat transfer was
sharply reduced after the pumps were tripped due to the reduction of flow in the tubes. The pressures
show that the steam generators were available as heat sinks until approximately | 1** into
the event, at which time the primary-side pressure dropped below the secondary, making the steam
generators a potential heat source for the primary system. Figure 3.6-28 shows the water inventory in
the steam generators primary side, which includes inlet and outlet plena and U-tubes. When full, the
steam generator inlet and outlet plena contains approximately | ]“** of water. When the primary-
side pressure dropped below the secondary-side pressure (approximately | 1“%¢), the steam
generators U-tubes were essentially drained of water and contained trapped steam, which became more
and more superheated as the primary-side pressure decayed.

The heat transfer calculated for the steam generators decreased rapidly after the pumps were tripped
and disappeared after approximately | J**<. Also shown in Figure 3.6-32 is the PRHR heat
transfer, which removed heat from the system after the steam generators heat transfer had ended.

Overall Encrgy Balance

Figure 3.6-80 shows the integrated energy of the fluid streams leaving the system. The energy content
of the break flow was greatly reduced when ADS-1 occurred, since although the break flow converted
10 “ieem, the mass flow rate became very low. For ADS-1, ADS-2 and ADS-3, the same happened
‘#hen ADS-4 occurred.
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Figure 3.6-81 shows all the energy components in the heat balance for the system. Throughout the
event, rod bundle power was the dominant heat input to the system, and during the initial part of the
event the steam generators provide the dominant heat extraction. When the primary and secondary
cystem pressures equalized, and the sieam generator U-tubes drain (about 1800 seconds), the steam
generator became thermally isolated from the primary system and did not affect the rest of the event.
Figure 3.6-80 shows the energy loss from the break and the ADS flows as calculated based on
assumptions described in Section 2.0. The average energy loss from the fluids ejected from the system

during the first | ]*" of the event was approximately | 1**<. The
average energy loss increased (o | ]*** within time period from 4800 to 5700
seconds and was reduced to approximately | ] from about [ |
the end of the test. From approximatsly | ]**“, slightly more energy was

generated by the heated rod bundie than left the system through the break, and the overall energy
stored within the system slowly increased (metal mass energy decreased and fluid energy increased).

From | J** 10 the end of the test, more energy left the system through the ADS flows
than was generated by the rod bundle, and overall system energy stored within the system (fluid and
metal) decreased 10 compensate.

Figure 3.6-82 shows the accumulated energy balance error during the event. During the initial part of
the transient, an increasing error was generated by a greater-than-actual heat transfer being calculated
for the steam generator. This was a consequence of an assumed overall heat transfer coefficient (HTC)
for the steam generator, which is calculater! from full-power/full-flow conditions (before time “0"),
which was higher than the actual HTC at the lower flow conditions existing after the pumps have shut
down. Figure 3.6-82 also snows that the error in the energy balance peak:d i | ** and
varied rapidly from | ]*** (during the accumulator discharge into the
primary system, ADS-4, and IRWST actuation). This error was a consequence of the rapid change in
the metal energy seen in Figure 3.6-81, which was calculated based on fluid temperatures. In reality,
the calculated change of metal energy occurred at a slower rate than indicated by the fluid thermo-
couples, due to the large thermal inertia of the heavy-walled components. The varying error and the
error peak shown in Figure 3.6-82 at | ]**¢ are, therefore, a consequence of taking credit
for metal heat too fast during the event, and this error disappears after | ]*"° seconds when the
metal temperatures catch up with the fluid temperatures. In evaluating the overall error in the
accuracy of the energy balance, these peaks were disregarded. The maximum error band for

Figure 3.6-82 is approximately -80000 to +20000 Btu, which corresponds | J**< of the
total fluid energy ejected from the system. The error at the end of the event was approximately

[ ]*"* of the total ejected fluid energy.

Other Observations

Figure 3.6-3 shows the primary system pressure during the SO1613 test. Throughout this event, the
pressure was controlled by the saturation pressure of the hottest fluid volume in the primary system.
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Al the initiation of the break, the controlling fluid volume was in the pressurizer and surge line;
however, this shified within the first 400 seconds (after the initial blowdown phase) to the power
channel upper plenun;.

Figure 3.6-2 shows that the temperature of the upper plenum was equal 10 the saturation temperature
corresponding to the primary system pressure measured in the upper head during the natural
circulation phase ind into the ADS phase. The pressure stabilized at the saturation pressure for the
upper plenum and then continued a slow pressure decay responding to the CMTs injection.

Figure 3.6-3 shows the increase in the pressure decay rate that occurred at approximately

[ ]**“, when the CMTs transitioned from natural circulation injection to draindown
injection which essentially doubled the injection rate of cold water into the DVI. The higher injection
rate resulted in a more rapid temperature drop in the upper plenum (fuel exit in Figure 3.6-2), which
was reflected in a more rapid pressure decay. With the actuation of ADS-1 at approximately

[ J*"*, the pressure dropped rapidly due to the increased rate of mass ejected from the
system (Figure 3.6-68), and the increased flow of cold water being injected into the annular
downcomer and flowing through the rod bundle. This continued to reduce the power channel inlet
plenum temperature, and subcooled the heated rod bundle due to the higher flow. Since the power
channel outlet plenum became subcooled at approximately | **<, the hottest fluid in the
system was in the pressurizer, the cold legs, and the CMTs, and the pressure was partially supported
by the flashing of the fluid in one or several of these locations. When the accusrulator discharge
ended (approximately | I**“), the lower-plenum temperature increased due 10 the metal
heat, and the upper-plenum temperature increased to the saturation temperature and again took over
control of the system pressure for the rest of the event. It is noted here that at the end of the
accumulator injection, a large amount of nitrogen from the accumulators was injected into the primary
system. This injection had very little immediate effect on the primary system, but as will be discussed
in Section 4.0, affects the upper plenum, the PRHR HX, and the CMT at later stages of the event.

The actuation of ADS-4 (at approximately [ ]** seconds) lowered the system pressure sufficiently
to allow gravity injection flow from the IRWST into the DVI nozzles. This flow was sufficiently high
(0 subcool the primary system, ending rod bundle boiling and partially collapsing whe steam bubble in
the upper plenum and bringing the system 10 a near-atmospheric internal pressure.

Figure 3.6-68 shows the individual mass flows leaving the system via the break and the ADS. The
individual flow rates are given in Figures 3.6-69, 3.6-70, and 3.6-71. The break and ADS-4 flows
consisted of saturated water. For ADS-1, ADS-2, and ADS-3 it was assumed that the flow consisted
of saturated water if the void fraction measured in the top of the pressurizer (Figure 3.6-73) was less
than 90 percent.

The total mass flow rate leaving the system was reasonably steady for S01613, as seen in
Figure 3.6-79. Figure 3.6-80 shows that the energy of the fluid ejection was steady at an average rite
of | J*** for the first | **¢ seconds, increased to |
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and then decreased to | |“** for the rest of the event. The increase in energy ejection rate
was caused by ADS-1, ADS-2, and ADS-3 actuation. The decrease in energy ejection rate was related
to actuation of ADS-4, which caused the pressurizer to drain, converted the ADS-1, ADS-2, and
ADS-3 flow to steam with a low mass flow rate, and simultaneously started fluid ejection through
ADS-4

ADS-1 opened at approximately [ seconds, followed by ADS-2 and ADS-3 within the next
|**“. The break flow changes from saturated water to steam, but due to the low mass
flow rate (Figure 3.6-68), the energy removal by the break flow (Figure 3.6-80) becomes very low
he energy was leaving the system through ADS-1, ADS-2, and ADS-3 at greater rate than through
the break and ADS-4, and provided an effective means of removing the stored metal energy from the
system, as seen in Figure 3.6-%1. The mass flow rate leaving the system via ADS-1, ADS-2, and
AIDS-3 during the next | I*** was greater than the break flow, and also the energy loss
through the ADS-1, ADS-2, and ADS-3 exceeded the energy loss by the break flow (Figure 3.6-80)

ADS-4 opened at appreximately |***, and the ADS-1, ADS-2, and ADS-3 flows
onverted to steam with a very low mass flow rate and energy loss rate. The ADS-4 flow stabilized at
d rate that matched the injection rate from the IRWST (Figure 3.6-79), and the energy removal via

ADS-4 was comparable to the heated rod power (Figure 3.6-81)
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TEST ANALYSIS STANDARD PLOT PACKAGE

Figures 1.6-1 Through 1.6-83
Fig. No. Component Variables Units Description

3.6-1 Power channel CORE-POW kW Core power

362 Power channei TSAT, TAVTIDC, TFOUT F Core inlet/outiet temperature,
saturation temperature

36-3 Pressurizer PPZRTOP psia System pressure

164 Steam generator PSGAS, PSGBS psia Primary and secondary pressure in steam
gencrators

16-5 Steam generator TAVCSGA, TAVGSGB F Average fluid temperature in steam generators

166 CMT MCMTA, MCMTB ihm Fluid mass in CMTs

367 CMT CLEVELA, CLEVELB fi. Collapsed liguid level in CMTs

36-8 CMT MOUTCMTA, MOUTCMTEB, MINCMTA, | Ibm Integrated mass infout of CMTs

MINCMTB

369 CMT FLOWOUTA, FLOWOUTB Ibm/sec Measured flow out of CMTs

16-10 CMT FLOWINA, FLOWINB Ibm/sec Calculated flow into CMTs

36-11 CMT BLFRACA, BLFRACB Fraction Fractional differential pressure in cold leg-
CMT balance lines

36-12 CMT UTOT-A, UTOT-B B Fluid enesgy in CMTs

36-13 IRWST/PRHR MIRWST ibm Mass of fluid in IRWST

16-14 IRWST/PRHR LIRWST ft. Collapsed liquid level in IRWST

| 36-15 IRWST/PRHR FIRWST Ibm/sec Measured discharge flow from IRWST
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TEST ANALYSIS STANDARD PLOT PACKAGE

Figures 3.6-1 Through 36-83 (Cont.)
Fig. No Component Variables Units Description

36-16 IRWST/PRHR MOUTDVIA, MOUTDVIB Ibm Integrated mass out of DVI lines

36-17 IRWST/PRHR INT-QCAL, INT-QTUB, U-UO Btu Comparison of energy transfer from PRHR
tubes to IRWST

36-18 IRWST/PRHR Q-HOR-1, Q-VERT, Q-HOR-2, Btu/sec. Breakdown of heat transfer from different

QTUBEXT sections of PRHR tube

36-19 IRWST/PRHR Q-CALIM Btu/sec. PRHR/IRWST heat transfer calculated on tube
side

3.6-20 IRWST/PRHR FLOWTUBE hm/sec. Measured outiet flow from PRHR tube

36-21 IRWST/PRHR VOID-FRC Calculated PRHR inlet void fraction

36-22 Accumulator MACCA, MACCB hin Mass of fluid in accumulators

36-23 Accumulator LACCA, LACCB fi. Collapsed liquid level in accumulators

36-24 Accumulator MEASFLWA, MEASFLWB Ihm/sec. Measured flow from accumulators

3.6-25 Accumulator MOUTACCA, MOUTACCB Thm Integrated mass out of accumulators

16-26 Accumulator U-TOT-A, U-TOT-B Bt Energy of fluid in accumulztors

3.6-27 Accumulator AIRMASSA, AIRMASSB thm Mass of air exiting accumulators

3.6-28 Steam generator MSGAP, MSGBP Thm M(:s of fluid in steam generators - primary
St

36-29 Steam genemator LSGAH, LSGAC, LSGBH, LSGBC ft. Collapsed liguid levels in steam generators -

primary side - hot and cold sides of U-tubes
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TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.6-1 Through 3.6-83 (Cont.)

Variables

Description

MSGAH, MSGAC, MSGBH, MSBGC

Mass of fluid in steam generators - primary
side - hot and cold sides of U-tubes

LSGSA, LSGSB

Collapsed liguid levels in steam generators -
secondary side

Q-TRNF-A, Q-TRNF-B,
Q-CALIM

Heat transfer in steam gencrators
heat transfer in PRHR

PRESS-PA, PRESS-PB,
PREF-A, PREF-B

Primary and secondary pressure in steam
generators

36-34 Pressurizer MPZR ibm Fluid mass in pressurizer
3.6-35 Pressurizer LPZR ft Collapsed liquid level in pressurizer
| 3.6-36 Pressurizer MSL Thm Fluid mass in surge line
36-37 Pressurizer LSL ft. Collapsed liquid level in surge line
3.6-38 Pressurizer UPZR Bm Fluid energy in pressurizer
316-39 Power channel MPCHN thm Total fluid mass in power channel
3.6-40 Power channel L2PHASE, LDVI, LHL, LCL f. Two-phase liquid level in power channel vs.
DVI, hot-leg, and cold-leg elevations
36-41 Power channel MANDC Ibm Fluid mass in annular downcomer
1642 Power channel LANDC, LDVI, LHL, LCL ft. Collapsed ligmd level in annuiar downcomer

vs. DVI, hot-leg, and cold-leg elevations

|
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TEST ANALYSIS STANDARD PLOT PACKAGE

Figures 3.6-1 Through 3.6-83 (Cont.)

36-43 Power channel MTDC fbm Flmd mass in tubular downcomer

16-44 Power channel LTDC, LBOF, LTOF ft. Collapsed liquid level in tubular downcomer
vs. top of active fuel and bottom of active fuel
fevels

3645 Power channel MLOWP thm Fluid mass in lower plenum

3.6-46 Power channel LLOWP ft. Collapsed liquid level in lower plenum

36-47 Power channel MCORE fbm Fluid mass in core region

3.6-48 Power channel LCORE fL. Collapsed liquid level in core

316-49 Power channel MFOUT Ibm Fluid mass in core outlet region

3.6-50 Power channel LFOUT ft. Collapsed liguid level in core outlet region

316-51 Power channel MUPPL Ibm Fluid mass in the lower portion of the upper
plepum

36-52 Power channel LUPPL ft. Collapsed liguid level in the lower portion of
the upper plenum

3.6-53 Power channel MUPPU Ibm Fluid mass in the upper portion of the upper
plenum

36-54 Power channel LUPPU ft. Collapsed liquid level in the upper portion of
the upper pienum

3.6-55 Power channel MHEAD Ibm Fluid mass in the upper head

3.6-56 Power channe} LHEAD ft. Collapsed liguid level in the upper head




S60190-91 WOW g -MTHR [\BOR-Zag [\

SI-9¢

TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.6-1 Through 3.6-83 (Cont.)

Fig. No. Compeonent Variables Units Description
36-57 Power channel UPC B Total fluid energy in power channel
f 3.6-58 Power channel Q-FLUX Bu/sec -ft.? Average heat flux on the heated rods
3.6-59 Power channel STM-RATE fbm/sec. Core steam generation rate
3.6-60 Power channel FLOWCOR Tbm/sec. Calculated core flow
3.6-61 Power channel VOIDOUT Void fraction at core exit
3.6-62 Power channel TMAX, TSAT, TMAX-TSAT b Maximum clad temperature, saturation
temperature and delta
3.6-63 Hot leg MHLA, MHLB thm Fluid mass in hot legs
36-64 Hot leg FLA, FLB Fraction Fractional coliapsed liquid level in hot legs
3.6-65 Cold leg MCLA, MCLB Ihm Fluid mass in cold legs
3.6-66 Cold leg LCLAI, LCLA2, LPSA ft. Collapsed liguid levels in cold leg-A
3.6-67 Cold leg B LCLBI, LCLBZ, LPSB ft. Collapsed liguid levels in cold leg-B
3.6-68 Total system mass MADSI-3, MADS4, BRKMASS Ibm Catch tank mass for ADS-1, ADS-2, ADS-3,
ADS-4, and break
16-69 Total syster: mass DMADS1-3 Ibm/sec. Calculated flow out ADS 1-3
3.6-70 Total system mass DMADS4 Ibm/sec. Calculated flow out ADS 4
3.6-71 Total system mass BRKFLOW Ibm/sec. Calculated flow out break
36-72 Total system energy | UADS123, UADS4, UBREAK Bt Integrated fluid energy for ADS-1, ADS-2,
ADS-3, ADS4, and the break
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TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.6-1 Through 3.6-83 (Cont.)
Units Description

l 3673 Total system energy | VOID Calculated voud fraction for ADS-1, ADS-2,
and ADS-3

36-74 Total system mass MTOTAL, MOTTO tbm Total system fluid mass vs. initial fluid mass

36-75 Total system mass ERRLOP Ibm Error in the mass balance (using measured and
calculated flows}

36-76 Total system mass ERRLOP1 Ibm Error in the mass balance (using fiuid
inventory)

3.6-77 Total system mass MPCLTOT, MPCLO thm Total fluid mass in power channel and loops
vs. initial fluid mass

3.6-78 Total system mass MACOUT, MCMOUT, MIROUT tbm Total integrated mas ., discharged from
accumulators, CM (s, and IRWST

t 3.6-79 Total system mass MSOURCE, MSINK, MSOURIN ibmn Total source ir .entory, total mass ejected from

primary syst .a. and total mass injected to
primary sy’ em

3.6-80 Total system energy UADS 123, UBREAK, UADS4, UCATCH | Bm Integrated fluid energy exiting via ADS-1,
ADS-2, ADS-3, ADS-4, and the break, and the

USURR, UCATCH, UQIN, UFLD-UO, Btu Overall energy balance including integrated rod
UMTL-UO, USG power, steam generator power, and heat loss to
the surroundings, energy exiting via ads and
break, energy input via nonsafety sysiems, and
change in primary system fluid and metal
energy relative to start of test

it 3.6-82 Total system energy UERROR, ERROR-% B, % Error in overall energy balance, relative to
initial fluid and metal energy

Test event phases and system pressure

Total system energy

System pressure




The figures listed are proprietary and, therefore,
are not available in the Class 3 version of this report.

These figures are available in the Class 2 version of this report.

0apdOO\] B92-pon\| 892w- 2 .non: | b-061605




3.7 Analysis of the Two-Inch Direct Vessel Injection Line Break (S00605)

This matrix test simulated a 2-in. direct vessel injection (DVI) line break without any nonsafety
systems operating. The event started with the initiation of the break, specifically located on the
bottom of the DVI line B between emergency core cooling system (ECCS) injection and the vessel.
This test was performed without any nonsafety systems' pumps operating. That is, it was performed
without the (CVCS) makeup pumps, steam generator startup feedwater (SFW) pumps and normal
residual heat removal (NRHR) pumps.

3.7.1 Summary of Test Observations

Figure 3.7-83 shows the plant primary system pressure during matrix test S00605 (as measured at the
top of the pressurizer), with selected component actuations and plant responses shown in relation to
the primary system pressure.

The IDP started with the initiation of the break, which caused the pressurizer to drain. This resulted in

a rapid reduction in pressure. The reactor trip (R) signal initiated at | J** psia and the safety
systeins actuation (S) initiated at | |*** psia. The R and the S signals initiated the following
acuons;

* Decay heat simulation (with heat loss compensation) initiated.

* The main steam line isolation valves (MSLIVs) closed.

* The main feedwater isolation valves (MFWIVs) shut off.

* The core makeup tank (CMT) injection valves opened.

* The passive residual heat removal (PRHR) return flow valve opened.
* The reactor coolant pumps (RCPs) shut down.

The recirculation flow through the CMTs and flow through the PRHR started immediately after the
CMT injection valves and the PRHR return flow valve were opened. Due to the rapid loss of pressure
down to saturation pressure for the rod bundle and upper plenum, boiling was initiated and the upper
plenum flashed while the fluid level decreased to the hot-leg elevation. The flashing stopped the rapid
drop in primary system pressure. When the RCPs were turned off (at [ 1** seconds), the flow
through the power channel started to oscillate (period approximately [ ]** seconds), resulting in

oscillations in the hc ated bundle and upper-pienum void fraction, the upper-plenum temperature, and
system pressure.

During the pressure decay phase (PDP), the heated bundle void fraction increased. This resulted in an
increasing void fraction in the upper plenum and the hot legs. The hot leg-B fluid had a void fraction
very close to that of the upper plenum. The void fraction in hot leg-A was much lower due to the
removal of vapor from the hot leg by the PRHR inlet line.

The two-phase flow in the hot legs initiated the draindown of the steam generator U-tubes, since steam
from the two-phase mixture collected in the top of the U-tubes. This stopped the flow through the
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primary system. The void fraction oscillations observed through the heated bundle ended when the
flow through the steam generators stopped. The flow through steam generator-B stopped first,
approximately [ J** seconds into the event, due to the higher void fraction in hot leg-B.
Approximately [ ]** seconds later, flow through steam generator-A stopped.

The two-phase flow through the PRHR had an average integrated void fraction significantly greater
than seen in the upper plenum. Due to boiling in the heated bundle, two-phase flow entered the hot
leg from the upper plenum and flowed through the PRHR heat exchanger (HX) located in the
in-containment refueling water storage tank (IRWST). The average void fraction in the PRHR inlet
was as high as | ]**< percent, which enhanced the PRHR heat removal from the primary system
when compared with single-phase saturated or subcooled water. When the flow stabilized after the
initial flow oscillations, a heat removal rate of [ ]*"° kW was calculated. This calculation was
based on the void fraction of the flow in the PRHR supply line, the flow, the temperature, and the
pressure. This calculation assumes a slip coefficient of 1 between steam and water and may give a
slightly lower value than the actual heat transfer. It should, therefore, be used for test-to-test

comparison only.

When the CMT balance lines drained (that is. when cold legs-B had pariially emptied), the CMTs
converted from the recirculation mode to the draindown mode of injection. This increased the cold
injection flow and the rate of system pressure decay. This happened at approximately

[ ]*" seconds for both CMTs. When the system pressure dropped to the saturation pressure for the
upper head, the upper head started to drain (at 400 seconds).

During the first 805 seconds (until ADS-1 actuation), 740 Ibm of subcooled water were discharged
through the break while draining the pressurizer, the steam generator U-tubes. the power channel upper
head, the power channel upper plenum above the hot leg, and most of the cold legs. The CMTs were
partially drained, which initiated the automatic depressurization system (ADS) actuation. The core

decay heat simulation had reduced the power level to approximately | *** seconds,
which consisted of [ ]*™* kW decay heat and | ]*** kW heat loss compensation. The break flow
was steady, indicating that the direct vessel injection (DVI) line was full of water during this period.

The ADS actuation increased the rate of primary system depressurization and resulted in a high
injection flow from the accumulators. The rapid injection of cold fluid from the accumulators (at
[ 1™ to] I*** seconds into the event) temporarily reduced the boiling in the heated bundle and

the void fractions of the flow through the heated bundle and the upper plenum. The pressurizer was
temporarily refilled.

When the accumulator discharge ended, the boiling intensity increased, and the void fraction of the
two-phase flow increased.

The fluid discharge through the break slowed when ADS-1 occurred at | *** seconds (due 1o the
additional fluid discharge through ADS-1, ADS-2, and ADS-3) and was further reduced when the
accumulator discharge ended at approximately | ]** seconds. Prior to ADS-1, approximately
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[ 1" Ibm of fluid were discharged through the break. During the ADS phase, approximately

[ J**“1bm of water were discharged from the ADS-1, ADS-2, and ADS-3. An additional [  |**
Ibm were discharged through the break. This water was supplied primarily by the accumulator
discharge and was followed by an increase in heated bundle void fraction after the accumulators
drained and only the CMTs provided core injection.

The post-ADS phase began when ADS-4 was actuated. ADS-4 was actuated manually (due to a
facility control problem) at [ ** seconds. The fluid discharge through ADS-1, ADS-2, and
ADS-3 was replaced by steam as the pressurizer drains, and fluid was now discharged through ADS-4,
A small amount of CMT flow still entered the direct vessel injection (DVI) line. When the system
pressure had been reduced below the pressure corresponding to the water elevation head of the
(IRWST), flow from the IRWST entered the DVI line and shortly thereafter, the CMT flow ended.
The flow from the IRWST slowly cooled the primary system. The core boiling slowly ended, and the
upper plenum partially refilled due to condensation of the steam bubble starting at | ** seconds.
The level in the upper plenum above the hot legs again dropped to the hot-leg elevation temporarily a*
[ 1" seconds, but was again partially refilled for the rest of the event starting at

[ "¢ seconds.

The PRHR drained at approximately | |“** seconds into the event. A steady flow of subcooled
water was then flowing from the IRWST into the DVI line, through the power channel, and left the
primary system through ADS-4 and the DVI line break.

3.7.2 Analysis of the S00605 Test Data

The analysis of the SPES-2 test was performed using the SPESAN computer code. The code performs
a detailed accounting of the coolant inventory in all parts of the system from the start to the end of the
test. Also, the internal energy of all components and parts of the facility, including the energy losses
from the break and ADS flows, are calculated throughout the event. The mass balance and the energy
transfer calculations are performed in much greater detail than was performed in WCAP-14309, Final
Data Report.”’ Mass balance snapshots for all the major primary system components, at various
points of interest throughout the transition, are presented in Table 3.7-1.

Mass Balance
Overall M

The uncertainty in the overall mass balance was an indication of the overall quality of the test. The
total water inventory was tracked from the start until the end of the test. Figures 3.7-74, 3.7-75, and
3.7-76 show the overall mass balance and the error (uncertainty) in mass balance for SO0605.

The overall mass balance for SO00605 (Figure 3.7-74) shows a small variation of water inventory
during the event, resulting from the overall uncertainty in the instrumentation and the assumptions of
the mass balance model used to determine the total water inventory. The average total inventory
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during the test was indicated to be approximately [ ]** Ibm higher than the initial system mass, and
a final mass was indicated to be approximately [ |*"* Ibm above the initial mass. Figure 3.7-75
shows the difference between the total mass during the event and the initial mass (mass balance error)
when the inventory was calculated by integrating the flows. Figure 3.7-76 shows the mass balance
error when inventory was calculated based on the catch tank weight and component level
measurements. The mass balance error, based on flow measurements, varied from -15 to +65 lbm; the
weight and level measurements resulted in an average error varying approximately from +10 to +80
Ibm during the event and a final error of +80 Ibm at the end of the event.

Maintenance of the coolant coverage of the heated bundle was the most critical issue for the power
channel. The heated bundle coverage during a loss-of-coolant accident (LOCA) event often consists of
two-phase fluid, which can have a very high void fraction. Figure 3.7-40 shows the true level of two-
phase fluid in the power channel as measured from the elevation of the top of the core (TAF). Since
this represents the true two-phase level, it will be different than the collapsed liquid level in the heated
bundle.

For S00605, the two-phase level in the upper plenum decreased to the hot-leg elevation and remained
at this elevation until the ADS-1 was actuated. After the ADS-1 actuation the level decreased to
approximately [ **° ft. below the hot-leg elevation. The accumulator injection (|

]*"* seconds) partially condensed the steam bubble in the upper plenum, causing the level to rise
10 the hot-leg elevation. Following the end of the accumulator injection, the two-phase level again
decreased, this time to approimately [ ]** ft. below the hot-leg elevation. This occurred at the time
of minimum power channe! water inventory, before the IRWST injection started to refill the power
channel (at | 1" seconds). The IRWST injection also partially condensed the steam bubble in the
upper plenum, causing the level to rise above the hot-leg elevation.

The level on the cold side of the power channel is shown in Figures 3.7-42 (annular downcomer) and
3.7-44 (wbular downcomer). The annular downcomer was full until approximately [  |*"* seconds
into the event. At that time, the level started to decrease, but it was maintained approximately

[ 1" ft below the elevation of the hot leg until after the end cf the accumulator injection
(approximately | ]**“ seconds). The level then decreased and drained the annular downcomer and
reached a minimum level in the tubular downcomer at approximately | *** seconds. This
corresponded to the time of minimum water inventory in the power channel shown in Figure 3.7-39,
Figure 3.7-62 shows the maximum cladding temperature during the event and compares this
temperature with the saturation temperature. There was no indication of loss of cooling for the heater
rods during this event.

The collapsed fluid level in the rod bundle (Figure 3.7-48), and the rod bundle exit void fraction
(Figure 3.7-61) show that the rod bundle was water solid before the break was initiated. The rod
bundle exit void fraction was determined from DP-014P, which covers the span from the rod bundle
near the TAF elevation to the lower part of the upper plenum. Two-phase flow, with approximately

0 ARpOOO) B92w\ 892 w- g, wpf  1b-061305 374



percent average void fraction, exists in the rod bundle prior to the accumulator injection. The
accumulator injection did not change the rod bundle exit void fraction significantly. When the
accumulator injection ended, the collapsed level again started to decrease. The rod bundle exit void

fraction reached approximately [ |** percent prior to the start of the IRWST injection phase, starting
at approximately *5¢ seconds

e collapsed level in the upper plenum (Figures 3.7-52 and 3.7-54) decreased to approximately

ft. below the hot leg before the accumulator injection, followed by a period when the level in
the upper plenum increased, then decreased to " ft. below the hot-leg elevation during the
accumulator injection (at approximately I*** seconds) and temporarily increased to [ "™ fi
below the hot-leg elevation. This period was followed by a drop in the collapsed level to

i

approximately ft. below the hot leg at the time of minimum water inventory before the

IRWST injection started

Ihe water inventory in the power channel (Figure 3.7-39) had three minima; when the CMT

draindown started, during the accumulator injection, and before the IRWST injection. The third

minimum was more severe, showing a total power channel inventory of approximately I“** 1bm

percent of starting inventory) at that ume. The total primary system inventory (power

channel, pressurizer and loops), shown in Figure 3.7-77, reaches approximately ** 1bm

percent of starting inventory) for this minimum

Water Injection/Ejection

The injected fluid mass from all injection sources is shown in Figure 3.7-78. Figure 3.7-79 shows the
total source mnventory and the injecied and ejected masses during the event. Starting with a total of
approximatel), I*** Ibm source inventory, only | “*<1bm (| percent of avaiiable

source water) was used by the end of the
Energy Balance
PRHR Heat Tt anster

* PRHR 1o the IRWST gave a unique possibility of comparing heat transfer

and th condary side A method of calculating the heat rejection by the PRHR HX

lescribed 1in Section 2.0, and a comparison of three heat transfer calculations are

I'he PRHR primary-side heat transfer was calculated based on the measured e

e in enthalpy of the nlet and exit flows. Since the S00605 test had twi
onditons 1n the hot legs and PRHR, the inlet flow void fraction was determined
’1) and used to establish the effective enthalpy of the two phase inlet flow. Th

m the PRHR HX was always subcooled e I'he primary-side two-phase heat transfer for

«"J"l" 1

shown in Figure 3.7-19, was greater than the heat transfer measured for single phase flow
the PRHR during the hot pre-operational testing (see WCAP- 14309, Final Data Report

the calculated heat transfer from the PRHR external tube surface to the water in




the IRWST by the three-tube section of the HX. The top part of the PRHR HX acted as a condenser,
where the steam of the two-phase fluid extracted from hot leg-A was condensed. The top horizontal
tube transfers the greatest amount of heat. The condensation process on the inside effectively heated
this tube wall temperature above the boiling point for the water in the IRWST, resulting in very
effective nucieate boiling heat transfer froin the outside surface. The vertical and the bottom
horizontal sections of the heat exchanger remain for the most part, subcooled with a less effective free
convection heat transfer to the IRWST water and contributed, therefore, far less to the overali heat
transfer of the PRHR.

Figure 3.7-17 shows the internal energy of the IRWST water, the integrated power from the primary
side of the PRHR HX, and the heat transfer from the PRHR heat exchanger external surfaces. The
internal energy in the IRWST water was calculated based on thermocouples located at various
elevations in the IRWST tank, which were allocated different control volumes to arrive at an effective
average temperature. Due to the severe temperature stratification in the IRWST tank, this technique
only produces good results until the IRWST started to drain.

For S00605 there was good correlation between the two heat transfer calculations. Up to
| ]*" seconds, the heat transfer from the PRHR external tube surface calculation and the IRWST |
internal energy calculation are very close. After | ]** seconds, the IRWST interna! energy |
appeared to increase significantly due to the effect of draindown on the thermocouple readings. |
However, since there is very little energy being provided by the PRHR after [  ]**° seconds, this |
apparent increase does not reflect an actual increase in the average water temperature and IRWST

internal energy. The comparison shown in Figure 3.7-17 indicates that the PRHR primary-side heat

transfer calculation gives significantly lower energies than the other two because, for SO0605, the

channels DP-AB1AE and DP-81BE failed, and for this calculation, incorrect void fraction 0 was used.

Steam Generator Heat Transfer

Figure 3.7-32 shows the heat transfer in the steam generators for SO0605, and Figure 3.7-33 shows the
pressures on the primary side and the secondary side of the steam generators. Figure 3.7-32 shows a
dramatic decrease in heat transfer corresponding to the pump trip. The pressures show that the steam
generators were available as heat sinks until approximately [ 1**° seconds into the event, at which
time the primary-side pressure dropped below the secondary making the steam generators & potential
heat source for the primary system. Figure 3.7-28 shows the water inventory in the steam generators
primary side, which includes inlet and outlet plena and U-tubes. When fuil, the steam generator inlet
and outlet plena contains approximately [ ]*" Ibm of water. When the primary-side pressure
dropped below the secondary-side pressure (approximately | ]*"* seconds), the steam generators
U-tubes are essentially drained for water and contain trapped steam, which became more and more
superheated as the primary side pressure decayed.

The heat transfer calculated for the steam generators decreased rapidly after the pumps are tripped, and
disappears after approximately [ ]** seconds. Also shown in Figure 3.7-32 is the PRHR heat
transfer, which removed heat from the system after the steam generators heat transfer had ended.
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Overall Energy Balance

Figure 3.7-80 shows the integrated energy of the fluid streams leaving the system. The energy content
of the break flow was greatly reduced when ADS-1 occurred, since although the break flow converted
o steam, the mass flow rate became very low. For ADS-1, ADS-2 and ADS-3, the same happened
when ADS-4 occurred.

Figure 3.7-81 shows all the energy components in the heat balance for the system. Throughout the
event, rod bundle power was the dominant heat input to the system, and during the initial part of the
event, the steam generators provide the dominant heat extraction. When the primary and secondary
system pressures equalized, and the steam generator U-tubes drained (about [ ]*"* seconds), the
steam generator became thermally isolated from the primary system and did not affect the rest of the
event. Figure 3.7-80 shows the energy loss from the break and the ADS flows as calculated based on
assumptions described in 2.0. The average energy loss from the fluids ejected from the system during

the first | |**“ seconds of the event was approximately [ *** kW) and then was
reduced to approximately [ 1*** from about 1800 seconds to the end of the test.
From approximately | ]**“ seconds more energy left the system through the ADS

flows than was generated by the rod bundle, and overall system energy stored within the system (fluid
and inetal) decreased to compensate

After approximately | ]*** seconds, the metal and fluid energy stabilize in the system, and the rate
of the fluid energy leaving the system (primarily via ADS-4) matched the core input power well. This
steady-siate condition existed for the rest of the event.

Figure 3.7-82 shows the accumulated energy balance error during the event. During the initial part of
the transient, an increasing error was generated by a greater than actual heat transfer being calculated
for the steam generator. This was a consequence of an assumed overall heat transfer coefficient
(HTC) for the steam generator, which was calculated from full-power/full-flow conditions (before
tume 0), which was higher than the actual HTC at the lower flow conditions existing after the pumps
have shut down. Figure 3.7-82 also shows that the error in the energy balance varied rapidly from

[ |*** seconds (during the accumulator discharge into the primary system, ADS-4
and IRWST actuation). This error was a consequence of the rapid change in the metal energy seen in
Figure 3.7-81, which was calculated based on fluid temperatures. In reality, the calculated change of
metal energy occurred at a slower rate than indicated by the fluid thermocouples due to the large
thermal inertia of the heavy walled components. The varying error and the error peak shown in
Figure 3.7-82 at [ ]*"* seconds were, therefore, a consequence of taking credit for metal heat too
fast during the event. After | ]** seconds the metal temperatures caught up with the fluid
temperatures. The maximum error band for Figure 3.7-82 is approximately -120000 to +20000 Btu,
which corresponded to within | |** percent of the total fluid energy ejected from the system.
The error at the end of the event is approximately 1 percent of the total ejected fluid energy.
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Other Observations

Pressure Decay

Figure 3.7-3 shows the primary system pressure during the SO0605 test. Throughout this event, the
pressure was controlled by the saturation pressure of the hottest fluid volume in the primary system.
At the initiation of the break, the controlling flui¢ volume was in the pressurizer and surge line;
however, this shifted within the first {  ]*" seconds (after the initial blowdown phase) to the power
channel upper plenum.

Figure 3.7-2 shows that the temperature of the upper plenum was equai 10 the saturation temperature
corresponding to the primary system pressure measured in the upper head during the natural
circulation phase and into the ADS phase. The pressure stabilized at the saturation pressure for the
upper plenum, and then continued a slow pressure deca ’ responding to the CMTSs injection.

Figure 3.7-3 shows an increase in the pressure decay rate that occurred at approximately

[ ]*" seconds, after the CMTs transitioned from natural circulation injection to draindown injection,
which essentially doubled the :njection rate of cold water into the DVI. The higher injection rate
resuited in a more rapid temperature drop in the upper plenum (fuel exit in Figure 3.7-2), which was
reflected in a more rapid pressure decay. With the actuation of ADS-1 at approximately

[ ]** seconds, the pressure dropped rapidly due to the increased rate of mass ejected from the
system (Figure 3.7-68), and the increased flow of cold water being injected into the annular
downcomer and flowing through the rod bundle. This continued to reduce the PC inlet plenum
temperature, and subcooled the heated rod bundle due to the higher flow. At the end of the
accumulator injection, some nitrogen from accumulator-A was injected into the primary system. This
injection had very little immediate effect on the primary system, but as will be discussed in Section
4.0, affects the upper plenum, the PRHR heat exchanger, and the CMT at later stages of the event.

The actuation of ADS-4 (at approximately [ ]*** seconds) lowered the system pressure sufficiently
to allow gravity injection flow from the IRWST into the DVI nozzles. This flow was sufficiently high
10 subcool the primary system, ending rod bundle boiling and partially collapsing the steam bubble in
the upper plenum, and bringing the system to a near atmospheric internal pressure.

tion Flow

Figure 3.7-68 shows the individual mass flows leaving the system via the break and the ADS. The
individual flow rates are given in Figures 3.7-69, 3.7-70, and 3.7-71. The break and ADS-4 flows
consisted of saturated water. For ADS-1, ADS-2, and ADS-3 it was assumed that the flow consisted
of saturated water if the void fraction measured in the top of the pressurizer (Figure 3.7-73) was less
than [ ]*™ percent.

The total mass flow rate leaving the system was reasonably steady for S00605, as seen in Figure 3.7-79.
Figure 3.7-80 shows that the energy of the fluid ejection was nearly steady at an average rate of
[ ]** Btwsec. for the first | ]*** seconds, and then decreased to [ ]*"* Btw/sec. for the rest of
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the event. The decrease in energy ejection rate was related to actuation of ADS-4, which caused the
pressurizer to drain, converted the ADS-1, ADS-2, and ADS-3 flow to steam with a low-mass flow

rate, and simultaneously started fluid ejection through ADS-4.

ADS-1 opened at approximately | ]*** seconds, followed by ADS-2 and ADS-3 within the next

[ J*" secona:. Due to the low mass flow rate (Figure 3.7-68) and a relatively low temperature in
the DVI line, the energy removal by the break flow (Figure 3.7-80) becomes very low. The energy
was leaving the system through ADS-1, ADS-2, and ADS-3 at greater rate than through the break and
ADS-4, and provided an effective means of removing the stored metal energy from the system, as seen
in Figure 3.7-81. The mass flow rate leaving the system via ADS-1, ADS-2, and ADS-3 during the
next | **¢ seconds was greater than the break flow, and also the energy loss through the ADS-1,
ADS-2, and ADS-3, exceeded the energy loss by the break flow (Figure 3.7-80) in this time period.

ADS-4 opened at approximately [ |** seconds, and the ADS-1, ADS-2, and ADS-3 flows
converted to steam with a very low mass flow rate and energy loss rate. The ADS-4 flow stabilized at
a rate which matched the injection rate from the IRWST (Figure 3.7-79), and the energy removal via
ADS-4 was comparable to the heated rod power (Figure 3.7-81).

uaps00\ 1 BU2wA1RO2w-3g. wil 11061305 3.7-9




ab,c

o Hw?&— l

H-IOIR[RUENI0Y

V- MOIBEN0Y

q4-LND

V-LIND

S +iZUNSSALG

g-Gewud Og |

v-Arewud 0g

€-39 pro) |

v-33] plo)

4391 104

V-39 0H |

wnwyd dda g

SIDWOOUMOP )

A 0d

UL PMOg

U AT

Jo puy

Kydwary
Y IS4

sueg
-84y

unopuIEi(]
@ LD

umopmojy
Uy

S0900S 1SHAL NI SNOLLVINVA SSVIN INANOAINOD

FUE VL

yneg

el

3.7-10

uwapbOO\ | K92 -pon\1 892w 3g pon: 1b-061605



!

»
b3
£
-

-

Nim

wiw §
w

FEST ANALYSIS STANDARD PLOT PACKAGEF
Figures 3.7-1 Through 3.7-83

i 1 N 1
i Fig. No, Component { Variables Units Description
i St N .
2 3.7-1 Power channel CORE-POW EW C ve power
! Power channel : TSAT, TAVTDC, TFOUT F { Cc = mlet/outlet temperature,
| safl “ation tempersture
1.7-3 Pressurizes PPZRTOP psia System pressure
1.7-4 Steam generator PSGAS, PSGBS psia Primary and secondary pressure in steam
generators
L_.Z S Steam generatoy TAVGSGA TAVGSGB ¥ Average flnd temperature in stcam generators
3.7-6 CM1 MCMTA, MCMTB ihm Fluid mass in CMTs
7 CMT CLEVELA, CLEVELB ft Collapsed hquid level in CMTs
- CMT MOUTCMTA, MOUTCMTB, MINCMTA, | Ibm Integrated mass in/out « MTs
MINCMTRB
3.7-¢ CM1 FLOWOUTA, FLOWOUTB thm/sec Measured flow out of CMTs
3.7-10 CMT FLOWINA, FLOWINB thim/sec Calculated flow into CMTs
-
3.7-11 CM1 BLFRACA, BLFRACR Fraction Fractional differential pressure in cold leg
CMT balance lines
— - ———f
3.7-1 CMT | UTOT-A, UTOT-B B Fluid energy in CMTs
-
1
3.7-13 IRWST/PRHR MIRWST Ibm Mass of fluid in IRWST
3.7-14 IRWST/PRHR LIRWST f1 Collapsed liguid level in IRWST
3.7-15 IRWST/PRHR FIRWST Thm/sec Measured discharge flow from IRWST
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Component

TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.7-1 Through 3.7-83 (Cont.)

Description

iRWST/PRHR

MOUTDVIA, MOUTDVIB

integrated mass out of DVI lines

IRWST/PRHR

IRWST/PRHR

INT-QCAL, INT-CTUB, U-UO

Comparison of energy transfer from PRHR
tubes o [RWST

Q-HOR-1, Q-VERT, Q-HOR-2,
QTUBEXT

Breakdown of heat transfer from different
sections of PRHR tube

IRWST/PRHR

Q-CALIM

PRHR/IRWST heat transfer calculated on tube
stde

IRWST/PRHR

FLOWTUBE

Measured outlet flow from PRHR tube

IRWST/PRHR

VOID-FRC

Calculated PRHR inlet void fraction

MACCA, MACCB

Mass of flund 1 accumaulators

LACCA, LACCB

Collapsed liguid level n accumulators

MEASFLWA, MEASFLWB

Measured flow from accumulators

MOUTACCA, MOUTACCB

Integrated mass out of accumulators

U-TOT-A, U-TOT-B

Energy of fluid in accumulators

AIRMASSA, AIRMASSB

Mass of air exiting accumulators

MIGAP, MSGBP

Mass of fluid in steam generators - primary
side

3.7-29

Steam generator

v ??5’?%

LSGAH, LSGAC, LSGBH, LSGBC

Collapsed hiquid levels in sieam generators -
primary side - hot and cold sides of U-tubes




TEST ANALYSIS STANDARD PLOT PACKAGH
Figures 3.7-1 Through 1.7-82

Component | Variables Units Description
- ..

" T —— — e ———————————————————— .

! Steam generator i MSGAH, MSGAC, MSGBH, MSRGC Ibm Mass of fluid in steam eenerators primary

stde - hot and coid sides of U-tubes

e ——————————————————— r_ ———

Steam gencrator LSGSA. LSGSB

Collapsed higuid levels in sicam eenerators

secondary side

——————————————————————————

Steam generator Q-TRNF-A, Q-TRNF-B Btw/sex Heat transfer in steam generators

Q-CALIM heat transfer im PRHR

S——————————————————————————
Steam generator PRESS-PA, PRESS-PB, psia Primary and secondary pressure in steam
PREF-A. PREF-B eencrators

e —————————————————— —— ;.

e —————— A,ﬁ

Pressunzer

Fluid mass in pressurizer

Pressunzer

Collapsed liguid level in pressunizer

Pressurnizer M thin Fluid mass in surge line

. — —— e ate——

Pressunizer

Collapsed ligmd level in surpe line

Pressunzer

Fluid energy in pressurizer
SIS S —

Power channel MPCHN Total fluid mass in power channel

Power channel L2PHASE, LDVI, LHL, L Two-phase liquid level in power channel vs

DVI, hot-leg, and cold-leg elevations

Power channel MANDC Fluid mass in annular downcomer

» s——
Power channel LANDC, LDVI, LHL, LCI Collapsed liquid level in annular downcomes

vs. DVI, hot-leg, and coid-leg elevations
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TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.7-1 Through 3.7-83 (Cont.)

Fig. No. Component Variables Units Description
§ 3.7-43 Power channel MTDC thm Fluid mass in tubular downcomer

3.7-44 Power channel LTDC, LBOF, LTOF ft. Collapsed liguid level in tubular downcomer
vs. top of active fuei and bottom of active fuel
levels

3.7-45 Power channel MLOWP Thm Fluid mass in lower plenum

3746 Power channel LLOWP fr. Collapsed liquid level m lower plenum

3.7-47 Power channel MCORE Ibm Fluid mass in core region

3.7-48 Power channel LCORE ft. Collapsed tiquid level in core

3.7-49 Power channel MFOUT ibm Fluid mass in core outlet region

3.7-50 Power channel LFOUT ft. Collapsed liquid level in core outlet region

3.7-51 Power channel MUPPL Ibm Fluid mass in the lower portion of the upper
plenum

3.7-52 Power channel LUPPL ft. Collapsed liquid level in the lower portion of
the upper plenum

3.7-53 Power channel MUPPU ibm Fluid mass in the upper portion of the upper
plenum

317-54 Power channe! LUPPU ft. Coliapsed liguid level in the upper portion of
the upper pienum

3.7-55 Power channel MHEAD thm Fluid mass in the upper head

3.7-56 Power channel LHEAD fi. Collapsed liquid level in the upper head




TEST ANALYSIS STANDARD PLOT PACKAGH
Figures 3.7-1 Through 3.7-83 (Cont.)

B S

g. No. | Component | Variables Units | Description

—————————————————————————————————————————————————————————————— s

o |

! Power channel \ Bt Total fluid energy in power channel

N Teeh

Power channel

|

' .

|

| Q-FLUX Bw/sec.-ft Average heat flux on the heated rods
—+ ’ ’ . AhenanimsRemnlionpiecini- ey

1

Power channel STM-RATE Ihin/sex Core steam generation rate

Power channel | FLOWCOR Ibm/se Calculated core flow

e nein . — - S— - e

vower channel VOIDOUT Void fraction at core exit

Power channel T™AX, TSAT, TMAX-TSA1 Maximum clad temperature, saturation

temperature and delta

Hot leg MHLA, MHLB Ibm Fluid mass in hot lees

e C— —_—

Hot leg | FLA, FLB Fraction Fractional collapsed liguid level in hot legs
—— —

Cold leg MCLA, MCLB Ihm Fluid mass 1 cold legs

Cold leg LCLAL LCLA2 LPSA ft Collapsed liguid levels in cold leg-A

———

Cold leg LCLBI, LCLB2, LPSB ft Collapsed liguid levels in cold leg-B

Total system mass MADS1-3, MADS4, BRKMASS b Catch tank mass for ADS-1, ADS-2, ADS-13,
ADS-4, and break

Total system mass DMADS1-3 Ibm/seq Calculated flow out ADS-1, ADS-2, ADS-2

Total system mass DPMADS4 ibm/sec Calculated flow out ADS-4

Total systemy mass BRKFLOW ibm/sec Calculated flow out hreak

Total svstem energy UADSI123, UADS4, 1JBREAK Btu Integrated fluid energy for ADS-1
i ADS-3, ADS4, and the break
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TEST ANALYSIS STANDARD PLOT PACKAGE

Figures 3.7-1 Through 3.7-83 (Cont.)
Fig. No. Component Variables Units Description
37-73 Total system energy VOID Calculated void fraction for ADS-1, ADS-2,
and ADS-3
17-74 Total system mass MTOTAL, MTOTO Ibm Total system fluid mass vs. initial Nuid mass
3.7-75 Total system mass ERRLOP Thm Error in the mass balance (using measured and
calculated flows)
3.7-76 Total system mass ERRLOP! b Error in the mass balance (using fluid
mventory)
3.7-77 Total system mass MPCLTOT, MPCLO Ibm Total fluid mass in power channe! and loops
vs, Initial flutd mass
3.7-78 Total system mass MACOUT, MCMOUT, MIROUT thm Total integrated mass discharged from
accumulators, CMTs, and IRWST
3.7-79 Total system mass MSOURCE, MSINK, MSOURIN hm Total source inventory, total mass ejected from
primary system, and total mass injected to
primary system
3.7-80 Total system energy UADS123, UBREAK, UADS4, UCATCH | Bt Integrated fluid energy exiting via ADS-1,
ADS-2, ADS-3, ADS-4, and the break, and the
sum
3.7-81 Totai system energy USURR, UCATCH, UQIN, UFLD-UO, Bt Overall energy balance including integrated rod
UMTL-UO, USG power, steam generator nower, and heat loss w0
the surroundings, energy exiting via ads and
break, energy input via nonsafety systems, and
change in primary system fluid and metal
energy relative to start of test
3.7-82 Total system energy UERROR, ERROR-% B, % Error in overail energy balance, relative to
nitial fluid and metal energy
System pressure Test event phases and system pressure

3.7-83




The figures listed are proprietary and, therefore,
are not available in the Class 3 version of this report.

These figures are available in the Class 2 version of this report.
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3.8 Analysis of the Double-Ended Guillotine Direct Vessel Injection Line Break (S00706)

This matrix iest simulated a double-ended guillotine (DEG) direct vessel injection-B (DVI-B) line
break without any nonsatety systems operating. The event started with the initiation of the break
located on the DVI-B line. For this break. the test facility was set up such that the break flows from

L

the CMT-B side and the vessel side of the break were measured separately; the CMT-side break flow

was measured by [FO40P, and the vessel side was measured by IFOOSP (Figure 3.8-84)

is test was performed without any nonsafety systems’ pumps operating. That is, it was performed

without the chemical and volume control system (CVCS) makeup pumps, steam generator startup

§

edwate; (SFW) pumps, and normal residual heat removal (NRHR) pumps

3151 Summary of Test Observations

Figure 3.8-83 shows the plant primary system pressure during matrix test SO0706 (as measured at the
top of the pressurizer), with selected component actuations and plant responses shown in relation to

the primary systen pressure

This event 1s asymmetric for the plant since the emergency core cooling injection from the B side of

the plant is lost. The event started with the initiation of the break in the DVI line by opening the two
break line valves (Figure 3.8-83). During the firsi ; *2¢ of subcooled water
rre discharged through the CMT side of the break, while draining CMT-B and accumulator-B (most

{ this occurred in the first ) directly into the collection tank without entering the

primary system. The rapid draining of CMT-B initiated the ADS-1 at

I'he IDP started with the inittation of the break, which caused the pressurizer to drain. This resulted in

ipid reduction in pressure. The reactor trip (R) signal initiated at *%<, and the safet)

stems actuation (S) signal initiated at The R and the S signals initiated the following

wclion
¢ Decay heat simulation (with heat loss compensation) initiated
. e main steam line 1solation valves (MSLIVs) closed
. I'he main feedwater 1solation valves (MFWIVs) shut off

* The core makeup tank (CMT) injection valves opened
* The passive residual heat removal (PRHR) return flow valve opened

* The reactor coolant pumps (RCPs) shut down

he recirculation flow through CMT-A and the PRHR flow started immediately after the CMT

uon valve and the PRHR return flow valve were opened. Due to the rapid loss of pressure to the
turation pressure for the heater bundle region and upper plenum, heater bundle boiling was initiated
ind the upper plenum flashed while the fluid level dropped below the hot-leg elevation. The flashing
W the raj frog primary svstem pressus When the RCPs were shut off (a
o the power chann Art { lal This resulted in oscillations in the heater




bundle and upper-plenum void fraction, upper-plenam temperature, and system pressure. The
oscillations ended approximately | ]*"* into the event, when the flow through the steam

generators stopped.

During the pressure decay phase (FDP), the boiling in the heater bundle increased. This resulted in an
increasing void fraction in the upper ‘enum and the hot legs. The hot legs contained two-phase fluid
that had a void fraction very close to that shown in the upper plenum. The void fraction in hot leg-A
was slightly lower than hot leg-B due to the removal of vapor from hot leg-A by the PRHR.

The two-phase flow in the hot legs initiated draindown oi the steam generator U-tubes since steam
from the two-phase mixture collected in the top of the U-tubes, thereby draining the steam generator
U-tubes. The flow through steam generator-B stopped approximately | J“* into the event,
and the flow through steam generator-A approximately | ]*** later.

The two-phase flow through the PRHR had an average integrated void fraction significantly greater
than scen in the upper plenum. Due to boiling in the heater bundle, two-phase flow entered the hot
legs from the upper plenum, and flowed through the PRHR heat exchanger (HX) in the in-containment
refueling water storage tank (IRWST). The average integrated void fraction in the PRHR inlet was as
high as 80 to 95 percent, which enhanced the PRHR heat removal from the primary system when
compared with that obtainabie with single-phase saturated or subcooled water. The PRHR flow was
not a uniform two-phase mixture. Instead, it consisted of slugs of water separated by slugs of steam,
depending on the level in the upper plenum. The PRHR inlet nozzle was located on the top of the
horizontal pipe of hot leg-A. The hot leg was alternately filled and partially drained, responding to
small level changes in the upper plenum.

When the flow stabilized after the initial flow oscillations, a heat removal rate of | ]**¢ was
calculated. This calculation was based on the average void fraction of the flow in the PRHR supply
line, the flow, the temperature, and the pressure. The calculation assumed a slip coefficient of 1
between steam and water and may give slightly lower value than the actual heat transfer. It should,
therefore, be used for test-to-test comparison only

At | 1", when draindown of the CMT-A balance line occurred (that is, when the cold legs
had partially emptied). CMT-A converted from the recirculation mode to the draindown mode of
injection. This increased the cold injection flow and the rate of system pressure decay. The upper
head started to drain when the system pressure dropped to the saturation pressure for the upper head at
| " and was completely drained at |

During the first | ** (ADS-1), | J**< of water were discharged through the power
channel side of the break, while draining the cold leg and the annular downcomer to the DVI nozzle
elevation. A two-phase mixture existed in the hot leg up to the lower part of the steam generator
U-tubes (hot side). The pressurizer and the power channel upper plenum above the hot-leg elevation
were drained. CMT-B was partially drained, which initiated the ADS actuation. The core decay heat
simulation reduced the heater bundie power level to approximately | 1**< before ADS-1
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occurred at | J***, consisting of [ J*** decay heat and | J**“ heat loss
compensation. The power measured for the heater bundle was approximately twice that specified for

this test for the first | ]*"“ of the event and did not reach the specified power level until
approximately | ]** into the event. The break flow from the power channel side break was
steady for the first | J**, indicating that the DVI line was full of water during this period.
The level on the cold-leg side reached the DVI nozzle elevation at | **“, and the break

flow was then reduced since it consisted of water and steam.

The ADS actuation at | 1“*¢ increase: ate of primary system depressurization and
resulted in a high injection flow from accumulatc . The injection of coid fluid from accumulator-A
(| 1) was insufficient to maintain the level in the annular downcomer, and it

eventually decreased down into the tubular downcomer. Heater bundle boiling and the void fraction in
the heater bundle and upper plenum increased. The maximum void fractions and minimum tubular
downcomer level occurred at | J**“, near the end of the accumulator-A delivery. The
pressurizer was partially refilled after ADS-1 occurred and stayed partially filled until approximately

i ]a.b.r..

When the accumulator discharge ended (at | ]**9), the CMT-A injection, which had been
suppressed by the accumulator-A injection, restarted and also the IRWST-A injection started. The
PRHR flow stopped a. | |*** when the PRHR drained due to the low level in the upper
plenum. As the CMT-A and IRWST-A injection flows started to raise the level in the tubular and
annular downcomer, the void fractions for the fluid in the heater bundie gradually reduced, and the

upper plenum gradually refilled to the hot-leg elevation (at approximately | e, At
[ [**“, the level in the hot leg-A was sufficient to restart the flow through the PRHR. At
about | ]*"“, the heated rod bundle became subcooled and that steady-state condition

existed for the rest of the event.

The fluid discharge from the power channel side break slowed when the water level in the annular
downcomer decreased to the elevation of the DVI line (| J**) and converted to steam when
the ievel dropped into the tubular downcomer ([ ]**€). When the injection flows from
CMT-A and IRWST-A refilled the system, the level increased to the DVI nozzle elevation at

| ]**“ and liquid discharge from the break restarted.

The CMT side of the break was steadily discharging fluid from the IRWST-B, starting at
approximately | J*". At this time, both CMT-B and accumulator-B were drained. The
discharge from ADS-1, ADS-2, and ADS-3, contained very little mass since the pressurizer never
filled completely. For this reason, it consisted of essentially pure steam.

This test demonstrated that the heater bundle (active core) was fully covered by water or a two-phase
mixture above the top of the active fuel level at all times during this event, and there was ro
indication of heater rod temperatures increasing due to lack of cooling.
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3.8.2 Analysis of the SO0706 Test Data

The analysis of the SPES-2 test was performed using the SPESAN computer code. The code performs
a detailed accounting of the coolant inventory in all parts of the system from the start to the end of the
test. Also, the internal energy of all components and parts of the facility, including the energy losses
from the break and ADS flows, are calculated throughout the event. The mass balance and the energy
transfer calculations are performed in much greater detail than was performed in WCAP-14309, Final
Data Report.""' The results of the test data analysis are presented in Figures 3.8-1 through 3.8-82.
Mass balance snapshots for all the major primary system components, at various points of interest
throughout the transition, are presented in Table 3.8-1.

Mass Balance
Overall Mass B

The uncertainty in the overall mass balance is an indication of the overall quality of the test. The total
water inventory is tracked from the start until the end of the test. Figures 3.8-74, 3.8-75, and 3.8-76
show the overall mass and the mass balance error (uncertainty) for SO0706.

The total system mass during SO0706 (shown in Figure 3.8-74) indicated a [ |** variation of
water inventory during the first | ]**<, and a steady | 1**¢ for the rest of the event.
This variation resulted from the overall uncertainty in the instrumentation and the assumptions of the
mass balance model used to determine the total water inventory. Figure 3.8-75 shows the difference
between the total mass during the event and the initial mass (mass balance error) when the inventory
was calculated by integrating the flows. Figure 3.8-76 shows the mass balance error when inventory
was calculated based on the catch tank weight and component level measurements. The mass balance
error in both cases indicated a gain of approximately | J**¢ of water during the event.

Water Inventory for the Power Channel and the Loop

Maintenance of the coolant coverage of the heater bundie was the most critical issue for the power
channel. The heater bundle coverage during a loss-of-coolant accident (LOCA) often consists of
two-phase fluid, which can have a very high void fraction. Figure 3.8-40 shows the true level of
two-phase fluid in the power channel as measured from the elevation of the top of the core (TAF).
Since this represents the true two-phase level, it will be different than the collapsed liquid level
measured in the power channel.

For S00706, the two-phase level in the upper plenum decreased below the hot-leg elevation, by
approximately | |**<, then recovered temporarily before decreasing toward the low
inventory level of about | |** above TAF for this test at | **¢. The accumulator-A
injection (| ]**) was sufficient to keep the heater rod bundle covered by two-phase

iluid, but the void fraction of the fluid exiting the rod bundle (Figure 3.8-61) exceeded |

The IRWST-A injection, starting at approximately | |*"¢ (Figure 3.8-15), gradually refilled
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the inventory and the two-phase level in the power channel to the hot-leg elevation by the end of the
event. The void fraction of the fluid exiting the rod bundle showed that boiling continued in the
heater rod bundle o the end of the test.

The level on the cold side of the power channel is shown in Figures 3.8-42 (annular downcomer) and
3.8-44 (tubular downcomer). The collapsed level in the annular downcomer dropped to the DVI
nozzle elevation approximately [ 1** into the event. From then until the annular
downcomer drained at | "<, the level stayed near the DVI nozzle elevation. However,
flashing of the downcomer fluid affected the level. The collapsed level in the tubular downcomer
started 1o decrease at approximately [ *"* due to flashing of the fluid and reached a
minimum level at approximately | )", This corresponded to the time of minimum water
inventory in the power channel shown in Figure 3.8-39. Figure 3.8-62 shows the maximum cladding
temperature during the event and compares this temperature with the saturation temperature. After an
initial peak up to approximately [  )*"* above saturation temperature, the cladding temperature
dropped below (| ]**“) and remained there for the duration of the test. There were no
indications of loss of cooling for the heater rods during this event.

The collapsed fluid level in the rod bundle (Figure 3.8-48), and the rod bundle exit void fraction
(Figure 3.8-61) show that the rod bundle was water solid before the break was initiated. The rod
bundle exit void fraction was determined from DP-014P, which covers the span from the rod bundle
near the TAF elevation to the lower part of the upper plenum. Twoe-phase flow with an increasing
void fraction, which reached approximately | ]**¢ existed in the rod bundle during the
accumulator-A injection. When the accumulator-A injection ended at approximately |

the collapsed level again started to increase due to the IRWST injection. The rod bundle exit void
fraction decreased o approximately | 1** by the end of the test.

]a.b.c

The upper plenum collapsed level (Figures 3.8-52 and 3.8-54) decreased rapidly below the hot leg
elevation due to flashing of the upper plenum fluid, and was drained by approximately

[ J**. Figure 3.8-50 shows that the collapsed level above the rod bundle dropped into the
fuel exit region above the TAF, and reached a minimum level at approximately | J**< of

| J** (minimum inventory) before the level recovery started due to the iniiiation of IRWST

injection.

The water inventory in the power channei (Figure 3.8-39) had 2 minimum at approximately
{ ]*"* before the IRWST injection started to affect the level recovery. The minimum power

channel watt inventory was approximately | 1**, or | *** of starting inventory. The
total priméa y.em inyv atory (power channel, pressurizer, and loops), shown in Figure 3.8-77,
reaches approximately | |l (| J*** of starting inventory).
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Waer Inkection/Eiect

The injected fluid mass from all injection sources is shown in Figure 3.8-78. Figure 3.8-79 shows the
total source inventory and the injected and ejected masses during the cvent. The source inventory
started with a total of | P ™ 4q 1“*¢ of available source water) was
used by the end of the event

Energy Balance
cat Transfi

The heat transfer from the PRHR to the IRWST offered a unique possibility to compare heat transfer
on the primary and the secondary side. A method of calculating the heat rejection by the PRHR HX
into the IRWST is described in Section 2.0, and a comparison of three heat transfzr calculations are
given in Section 4.0. The PRHR primary-side heat transfer was calculated based on the measured exit
flow rate, and the difference in enthalpy of the inlet and exit flows. The S00706 test had two-phase
flow conditions in the hot legs and PRHR. The PRHR inlet flow void fraction for 500706 could not
be calculated siace the differential pressure instrument of the inverted U-tube in the inlet line did not
function properly. The SPESAN code for these conditions sets the void fraction to () (Figure 3.8-21)
and consequently used the enthalpy of saturated water as the effective enthalpy of the two-phase inlet
flow The outlet flow from the PRHR PX was always subcooled water. The primary-side two-phase
heat transfer for SO0706 (shown in Figure 3.8-19) represents the heat transfer for single-phase flow
through the PRHR, and accordingly underpredicts the heat transfer. Figure 3.8-18 shows the
calculated heat transfer from the PRHR external tube surface to the water in the IRWST by the three-
tube section of the heat exchanger. The top part of the PRHR HX acted as a condenser, where the
steam of the two-phase fluid extracted from hot leg-A was condensed. The top horizontal tube
transfers the greatest amount of heat. The condensation process on the inside effectively heated this
tube wall temperature above the boiling point for the water in the IRWST, resulting in very effective
nucleate boiling heat transfer from the outside surface. The vertical and the bottom horizontal sections
of the heat exchanger remained, for the most part, subcooled with a less effective free convection heat
transfer to the IRWST water and contributed less to the overall heat transfer of the PRHR.

Figure 3.8-17 shows the internal energy of the IRWST water, the integrated power from the primary
side of the PRHR HX, and the heat transfer from the PRHR HX external surfaces. The internal
energy in the IRWST water was calculated based on thermocouples located at various elevations in the
IRWST tank, which were allocated different control volumes to arrive at an effective average
temperature. Due to the severe temperature stratification in the IRWST tank, this technigue only
produced good results until the IRWST started to drain.

For S00706, there was good correiation between the IRWST internal energy and the PRHR HX tubes
external surface heat transfer calculations. However, the PRHR overall heat transfer indicated
significantly less energy transfer due 1o the assumption made regarding the inlet flow conditions by the
code. Based on the tests where the inlet void fraction could be caiculated for the PRHR, it was
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concluded that the calculated increase in IRWST internal energy gives a reasonably accurate value for
the PRHR total heat transfer until the IRWST draindown starts.

Steam Generator Heat Transfer

Figure 3.8-32 shows the heat transfer in the steam generators for SO0706, and Figure 3.8-33 shows the
pressures on the primary side and the secondary side of the steam generators. Heat transfer is sha ply
lower after the pumps are tripped due 1o reduced flow in the tubes. The pressures show that the steam
generators were available as heat sinks until approximately | J** into the event, at which
time the primary-side pressure dropped helow the secondary making the steam generators a potential
heat source for the primary system. Figure 3.8-28 shows the water inventory in the steam generators
primary side, which includes inlet and outlet plena and U-tubes. When full, the steam generator inlet
and outlet plena contained approximately [ ]**° Ibm of water. When the primary-side pressure
dropped below the secondary-side pressure (approximately | ]**4), the steam generators
U-tubes were essentially drained of water and contained trapped steam, which became more and more
superheated as the primary-side pressure decayed.

The heat transfer calculated for the steam generators decreased rapidly after the pumps are tripped and
disappears after approximately | J**“. Figure 3.8-32 also shows that the PRHR heat
transfer that removed heat from the system after tue steam generator heat transfer had ended.

verall

The overall energy balance for SO0706 had greater uncertainly than the other smuil LOCA events.

The greater uncertainty is a result of several factors; the assumption the downcomer side of break flow
consisting of saturated water was inaccurate, and the steam energy loss through CMT-B following its
draindown was not accounted for by the code. These two factors resulted in a large unrecoverable
energy balance error accumulating between | J*** and | J*"< of the evont. The
additional recoverable energy balance error resulting from the metal energy also affected the results.

Figure 3.8-80 shows the integrated energy of the fluid streams leaving the system. The fluid from the
CMT-side of the break was _.ilected in the catch tank for ADS-4. Until CMT-B drained

(I ]**) this flow consisted of cold water ejected from the CMT-B and accumulator-B.
After CMT-B drained, a steam flow path from cold leg-B2 opened to the ADS-4 catch tank.
However, the amount of steam leaving the system via this path was not known, and the energy loss
not accounted for in the energy balance.

The fluid from the downcomer-side of the break was collected in the break flow catch tank. The
energy content of the downcomer-side break flow was calculated based on the assumption that the
flow consisted of saturated water. While for most of the LOCA events this assumption was good, it
significantly underpredicted the energy of the break flow for S00706. Figure 3.8-42 shows the
collapsed level for the annular downcomer, This level decreased to the DVI nozzle elevation in the
first | ]“**, and stayed there until | )**. During this time significant flashing of
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the fluid in the downcomer occurred due 1o the rapid depressurization of the primary system. This
resulted in a two-phase break flow mixture with significantly higher effective enthalpy than the
saturated fluid used in the energy balance calculations.

Figure 3.8-81 shows the components in the energy balance for the system. Throughout the event, core
power was the dominant heat input to the system; and during the initial part of the event, the steam
generators provided the deminant heat extraction. When the primary and secondary system pressures
equalized and the steam generator U-tubes drained, the steam generator became thermally isolated
from the primary system and did not affect the rest of the event.

From the initiation of the break to approximately | 1**“, more energy left the system
through the break and ADS flows than was generated by the heater bundle, and the overall energy
stored within the system (fluid and metal mass) decreased to compensate. After approximately

[ ]**“, the metal energy stabilized while there was still a slow decrease in the fluid energy.
The rate of fluid energy leaving the system (primarily via ADS-4) and the decrease in fluid energy
stored within the system after | |*** slightly exceeded the heater rod input power. This
steady-state condition existed for the rest of the event.

The total mass flow rate leaving the system was steady for SO0706 after the first | Jener
(Figure 3.8-79). Figure 3.8-80 shows that the energy of the fluid ejection was steady at an average
rate of | ]**“ for the rest of the event, as compared to an average power of
approximately | |**“ in the rod bundle. Part of this difference was compensated
for by a reduction in the fluid energy in the system of about | ]**, as shown in
Figure 3.8-81. However, the major part of the difference appeared to be a combination of delayed
metal energy and a reduction of the accumulated error (Figure 3.8-82).

Figure 3.8-82 shows the accumulated energy balance error during the event. The energy balance error
increased rapidly from | ]**“ as discussed earlier.

The maximum error band for Figure 3.8-82 is approximately +400000/-100000 Btu, which corresponds

to | 1*" of the total fluid energy ejected from the system. The error at the end
of the event is approximately | J*" of the total ejected fluid energy.

Other Observations

Pressure Decay

Figure 3.8-3 shows the primary system pressure during the S00706 test. Throughout this event the
pressure was controlled by the saturation pressure of the hottest fluid volume in the primary system.
At the initiation of the break, the controlling fluid volume was in the pressurizer and surge line;
however, this shifted within the first | [*** (after the initial blowdown phase) to the power
channel upper plenum. Figure 3.8-2 shows that the temperature of the upper plenum was equal to the
saturation temperature corresponding to the primary system pressure measured in the upper head
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duning the natural Circulation phase and into the ADS phase. Due to the high break flow rate, the
system continued (o depressurize rapidly during the natural circulation phase. Figure 3.8-3 shows
increases in the pressure decay rate occurred at approximately |**“ (ADS-1) and
(ADS-2), when the system transitioned from natural circulation phase to the ADS
phase. The rapid pressure decay during the ADS phase resulted in flashing occurring in the cold leg

and downcomer in addition to the hot leg

Following the actuation of ADS-4 (at approximately %), the system pressure decreased
sufficiently to allow gravity injection flow to start (at approximately | “*%) from the

IRWST into the DVI-A nozzles. This flow was not sufficiently high to subcool the primary system
and boiling in the rod bundie continued for the rest of the event. The ADS-4 actuation decreased the

system pressure 10 & near-atmospheric internal pressure
Ejection Flows

e arrangements for the caich tanks for the ejection flows are shown in Figure 3.8-85. The break
flow for this event consisted of two components: CMT side and downcomer side. The CMT side
break flow was collected in the ADS-4 catch tank, while the downcomer side break flow was collected

in the break flow catch tank

Figure 3.8-6% shows the individual mass flows collected in the tanks for the break and the ADS. The

individual flow rates are given in Figures 3.8-69, 3.8-70, and 3.8-71

he flows being ejected from the downcomer side of the break and ADS-4 are assumed to consist of
saturated water. For the CMT-side of the break, the discharge prior to ADS-4 was considered cold
water from the CMT-B and the accumulator-B. After ADS-4 the code assumed water at the hot-leg
temperature. For ADS-1, ADS-2, and ADS-3 it was assumed that the flow consisted of saturated
water 1 the void fraction measured in the top of the pressurizer (Figure 3.8-73) was less than 90

percent, and saturated steam if it was greater than 90 percent

i total mass flow rate leaving the system was steady for SO0706 after the first I as
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TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.8-1 Through 3.8-84

CORE-POW

Core power

TSAT, TAVTDC, TRFOUT

Core inlet/outlet temperature,
saturation temperature

PPZRTOP

System pressure

PSGAS, PSGBS

Primary and secondary pressure in steam
generators

TAVGSGA, TAVGSGB

Average {luid temperature in steam generators

MCMTA, MCMTB

Fluid mass in CMTs

CLEVELA, CLEVELB

Collapsed liquid level in CMTs

MOUTCMTA, MOUTCMTB, MINCMTA,
MINCMTB

Integrated mass in/out of CMTs

FLOWOUTA, FLOWOUTB

Measured flow out of CMTs

FLOWINA, FLOWINB

Calculated flow inio CMTs

BLFRACA, BLFRACB

Fractional differential pressure in cold leg-
CMT balance lines

| 35812

CMT UTOT-A, UTOT-B Bty Fluid energy in CMTs

38-13 IRWST/PRHR MIRWST ibm Mass of fluid in IRWST

3814 IRWST/PRHR LIRWST fi. Collapsed liquid level in IRWST
1815 IRWST/PRHR FIRWS ibm/sec. Measured discharge flow from IRWST
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TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.8-1 Through 3.8-84 (Cont.)

Variables

Description

Component Units
18-16 IRWST/PRHR MOUTDVIA, MOUTDVIB Ibm Integrated mass out of DVI lines
38-17 IRWST/PRHR INT-QCAL, INT-QTUB, U-UO Bt Comparison of energy transfer from PRHR
mbes to IRWST
t 18.18 IRWST/PRHR Q-HOR-1, Q-VERT, Q-HOR-2, Btw/sec. Breakdown of heat transfer from different
QTUBEXT sections of PRHR tube
38-19 IRWST/PRHR Q-CALIM Btu/sec. PRHR/IRWST heat transfer calculated on tube
side
| 3.8-20 IRWST/PRHR FLOWTUBE Ibm/sec. Measured outiet flow from PRHR tube
| 1521 IRWST/PRHR VOID-FRC Calculated PRHR inlet void fraction
| 3.8-22 Accumulator MACCA, MACCB thm Mass of fluid in accumulators
| 3.8-23 Accumulator LACCA, LACCB i & Collapsed liquid level in accumulators
318-24 Accumulator MEASFLWA, MEASFLWB Ibm/sec. Measured flow from accumulators
| 38-25 Accumulator MOUTACCA, MOUTACCB Ibm Integrated mass out of accumulators
| 3.8-26 Accumulator U-TOT-A, U-TOT-B Btu Energy of fluid in accumulators
1827 Accumulator AIRMASSA, AIRMASSB Ihm Mass of air exiting accumulators
3.8-28 Steam generator MSGAP, MSGBP 'hm M::s of fluid in steam generators - primary
St
3.8-29 Steam generator LSGAH, LSGAC, LSGBH, LSGBC ft. Collapsed liquid levels in stcam generators -

primary side - hot and cold sides of U-tubes
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TEST ANALYSIS STANDARD PLOT PACKAGE

Figures 3.8-1 Through 3.8-84 (Cont.)
Fig. No. Component Variables Units Description
38-30 Steam generator MSGAH, MSGAC, MSGBH, MSBGC fbm Mass of fluid in steam generators - primary
side - hot and cold sides of U-tubes
3.8-31 Steam generator LSGSA, LSGSB ft. Collapsed liguid levels in steam generators -
secondary side
3.8-32 Steam generator Q-TRNF-A, Q-TRNF-B, Biw/sec. Heat transfer in steam generators
Q-CALIM heat transfer in PRHR
38-33 Steam generator PRESS-PA, PRESS-PB, psia Primary and secondary pressure in steam
PREF-A, PREF-B generators
38-34 Pressunzer MPZR Ibm Fluid mass in pressurizer
38-35 Pressunzer LPZR ft. Collapsed liquid level in pressurizer
38-3n Pressunzer MSL Ibm Fluid mass in surge line
3.8-37 Pressurizer LSL ft. Collapsed liquid level in surge line
3.8-38 Pressurizer UPZR Bt Fluid energy in pressurizer
38-39 Power channel MPCHN ibm Total fluid mass in power channel
-> 3.8-40 Power channel L2PHASE, LDVI, LHL, LCL ft. Two-phase liquid level in power channel vs.
DVI, hot-leg, and cold-leg elevations
| 3.8-41 Power channel MANDC Ibm Fluid mass in annular downcomer
| 3842 Power channel LANDC, LDVI, LHL, LCL fi. Collapsed liquid level in annular downcomer
vs. DVI, hot-leg, and cold-leg elevations
? 3843 Power channel MTDC Ibm Fluid mass in tubular downcomer
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TEST ANALYSIS STANDARD PLOT PACKAGE

Figures 3.8-1 Through 3.8-84 (Cont.)
| Fig. No. Component Variables Units Drescription
38-44 Power channel LTDC, LBOF, LTOF ft. Collapsed liquid level in tubular downcomer
vs. top of active fuel and bottom of active fuel
levels
3845 Power channel MLOWP tbm Fluid mass in lower plenum
3.8-46 Power channe! LLOWP ft. Collapsed liguid level in lower plenum
| 38-47 Power channel MCORE Ibm Fluid mass n core region
| 3848 Power channel LCORE fit. Collapsed liquid level in core
i 3.8-49 Power channel MFOUT Ibm Fluid mass in core outlet region
31.8-50 Power channel LFOUT ft. Collapsed liquid level in core outlet region
I 3.8-51 Power channel MUPPL Ibm Fluid mass in the lower portion of the upper
plenum
| 3.8-52 Power channel LUPPL ft. Collapsed liquid level in the lower portion of
the upper plenum
3.8-53 Power channel MUPPU Ibm Fluid mass in the upper portion of the upper
plenum
| 38-54 Power channel LUPPU ft. Coilapsed liquid level in the upper portion of
the upper plenum
i 3.8-55 Power channel MHEAD tbm Fluid mass in the upper head
| 18-56 Power channel LHEAD ft. Collapsed tiquid level in the upper head
| 3.8-57 Power channel UPC B Total fluid energy in power channel
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g TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.8-1 Through 3.8-84 (Cont.)
Fig. No. Component Variables Units Description

3.8-58 Power channel Q-FLUX Btw/sec -ft.} Average heat flux on the heated rods

3.8-59 Power channel STM-RATE Ibm/sec. Core steam generation rate

3.8-60 Power channel FLOWCOR Ihin/sec. Calculated core flow

3.8-61 Power channel VOIDOUT Void fraction at core exit

3.8-62 Power channel TMAX, TSAT, TMAX-TSAT °F Maximum clad temperature, saturation
temperature and A

3.8-63 Hot leg MHLA, MHLB Tbm Fluid mass in hot legs

3R-64 Hot leg FLA, FLB Fraction Fractionai collapsed liquid level in hot legs

3.8-65 Cold leg MCLA, MCLB Ibm Fluid mass in cold legs

38-66 Cold leg LCLAI, LCLA2, LPSA fi. Collapsed liquid levels in cold leg-A

3.8-67 Cold leg LCLBi, LCLB2, LPSB ft. Collapsed liquid levels in coid leg-B

3.8-68 Total system mass MADSI-3, MADS4, BRKMASS Ibm Catch tank mass for ADS-i, ADS-2, ADS-3,
ADS-4, and break

3869 Total system mass DMADSI1-3 Ibm/sec. Calculated flow out ADS-1, ADS-2, ADS-3

38-70 Total system mass DMADS4 Thm/sec. Calculated flow out ADS-4

318-71 Total system mass BRKFLOW loa/sec. Calculated flow out break

38-72 Total system energy | UADSI123, UADS4, UBREAK B Integrated fluid energy for ADS-1, ADS-2,
ADS-3, ADS4, and the break

3.8-73 Total system energy | VOID szc:l;sed:’vmd fraction for ADS-1, ADS-2,
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TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.5-1 Through 3.8-84 (Cont.)

Variables

==

Units Description
i 38-74 Total system mass MTOTAL, MTOTO tbm Total system fluid mass vs. imtial fluid mass
38-75 Total system mass ERRLOP tbm Error in the mass balance (using measured and
calculated flows)
3876 Total system mass ERRLOPI thm Error in the mass balance (using fluid inventory)
3.8-77 Total system mass MPCLTOT, MPCLO thbm Total fluid mass i power channel and loops vs.
mitial fluid mass
38-78 Total system mass MACOUT, MCMOUT, MIROUT Ibm Total integrated mass discharged from
accumulators, CMTs, and IRWST
| 1879 Total system mass | MSOURCE, MSINK, MSOURIN bm Total source inventory, total mass ejected from
primary system, and total mass injected to primary
system
38-80 Total system energy UADS 123, UBREAK, UADS4, UCATCH | B Integrated fluid energy exiting via ADS-1, ADS-2,
ADS-3, ADS-4, and the break, and the sum
| 18-81 Total system energy | USURR, UCATCH, UQIN, UFLD-UO, Btu Overall energy balance including integrated rod
UMTL-UO, USG power, steam generator power, and heat loss to
the surroundings, energy exiting via ads and
break, energy input via nonsafety systems, and
change in primary system fluid and metal energy
relative to start of test
3.8-82 Total system energy UERROR, ERROR-% B, % Error in overall energy balance, relative to initial
fluid and metal energy
3.8-83 System pressure psia Test event phases and system pressure
3.8-84 DVI line - -

Break line configuration for DEG of DVI-B




The figures listed are proprietary and, therefore,
are not available in the Class 3 version of this report.

These figures are available in the Class 2 version of this report.
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3.9 Analysis of the Two-Inch Cold-Leg/Core Makeup Tank Balance Line Break without
Nonsafety Systems (S01007)

This matrix test simulated a 2-in. break in cold leg-B2/CMT-B balance line. The event began with the
initiation of the break of the cold-leg/core makeup tank (CMT) balance line. This break was located
between the balance line isolation valve and the CMT-B. This test was performed without any
nonsafety systems’ pumps operating. That is, it was performed without the chemical and volume
control system (CVCS) makeup pumps, steam generator startup feedwater (SFW) pumps, and normal
residual heat removal system (NRHR) pumps.

3.9.1 Summary of Test Observations

Figure 3.9-83 shows plant primary system pressure during matrix test SO1007 (as measured at the top
of the pressurizer) during the SO1007 event, with selected component actuations and plant responses
shown in relation to primary system pressure.

The IDP began with the initiation of the break, which caused the pressurizer to drain. This resulted in

a rapid reduction in pressure. The reactor trip (R) signal initiated at | ]*** and the safety
systems actuation (S) signal init'ated at | J*** The R and the S siznals initiated the following
actions:

* Decay heat simulation (with heat loss compensation) initiated.

¢ The main steam line isolation valves (MSIVs) closed.

* The main feedwater isolation valves (MFWIVs) shut off.

¢ The CMT injection valves opened.

* The passive residual heat removal (PRHR) return flow valve opened.
* The reactor coolant pumps (RCPs) shut down.

The recirculation flow through the CMT-A and PRHR flow started immediately after the CMT
injection valve and the PRHR isolation valve opened. Boiling in the rod bundie was initiated by the
reduction of the system pressure to saturation level. The upper plenum flashed while the fluid level in
the upper plenum dropped to hot-leg elevation. The flashing on the hot-leg side of the rod bundle
stopped the rapid drop in primary system pressure. When the RCPs shut down (at [ i
the flow through the rod bundle began to oscillate (approximately | 1** oscillation period).
This resulted in oscillations in the core and upper-plenum void fraction, upper-plenum temperature,
and system pressure.

During the initial stages of the PDP, the rod bundle void fraction increased. This resulted in an
increasing void fraction in the upper plenum and the hot legs. The hot leg-B fluid had a void fraction
close 1 that observed in the upper plenum. The void fraction in hot leg-A was much lower due to the
selective removal of vapor from the hot leg by the PRHR inlet line.
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Two-phase flow in the hot legs initiated the draindown of the steam generator U-tubes. Steam from
the two-phase mixtare collected in the top of the U-tubes, thereby draining the steam generator
U-tubes. This stopped the flow through the primary system. The void fraction oscillations through
the core and in the upper plenum terminated when the break of the siphon occurred in the steam
generators. Approximately | J**“ into the event, flow through steam generator-B stopped
due to the higher void fraction in hot leg-B. Approximately [ 1" late., the flow through
steam generator-A stopped.

The two-phase flow through the PRHR had an average integrated void fraction significantly greater
than that seen in the upper plenum. Due to boiling in the rod bundle, two-phase flow entered the hot
leg from the upper plenum and flewed through the PRHR heat exchanger (HX) located in the in-
containment refueling water storage tank (IRWST). The average void fraction in the PRHR inlet was
as high as | ]**¢ percent, which enhanced the PRHR heat transfer from the primary system
when compared with that obtainable with single-phase saturated or subcooled water. When the flow
stabilized after the initial flow oscillations, a heat removal rate of [ *"* was calculated. This
calculation was based on the average void fraction of the flow in the PRHR supply line, the flow rate,
the temperature, and the pressure. This calculation assumes a slip coefficient of 1 between steam and
water and may give a slightly lower value than the actual heat transfer. It should, therefore, be used
for test-to-test comparison only.

When the cold legs had partially emptied. CMT-A converted from the recirculation mode to the
draindown mode of injection. This increased the cold injection flow and the rate of system pressure
decay. This occurred at approximately | |**¢ for CMT-A and [ 1** for
CMT-B. When system pressure dropped to saturation pressure for the upper head, the upper head
began to drain (at | e

During the first | ]**¢ of this event, | 1** of water were expelled through the break
while draining the pressurizer, the steam generator U-tubes, the power channel upper head, the power
channel upper plenum above the hot leg, most of the cold legs, and approximately | 1**< of
the CMTs. The heated rods in the power channel that simulated the core decay heat reduced the
power level to approximately | e ** This value consisted of |

decay heat and | ]** heat loss compensation. The break flow was steady, indicating that cold
leg-B2 was not totally empty.

]a.b.c

The ADS phase began with the actuation of ADS-1 (at approximately [ **). ADS-2 and
ADS-3 occurred within the next | ]**“ The heat loss compensation was terminated from
the decay heat simulation during ADS-1, and the core power level was reduced to approximately

[ )Lb.c

The ADS actuation increased the rate of primary system depressurization and resulted in a high level
of injection flow from the accumulators. The rapid injection of cold fluid from the accumulators
( |**) subcooled the whole primary system, temporarily refilling the power
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channel upper plenum and the pressurizer. When the accumulator discharge ended, boiling occurred
again in the heater bundle. Two-phase flow occurred again in hot leg-A, the PRHR HX, and the ADS
via the pressurizer.

The liquid discharge through the break was replaced by saturated steam at approximately

[ 1*** During the ADS period, approximately | 1**“ of subcooled water were
discharged from ADS-1, ADS-2, and ADS-3. This water was supplied primarily by the accumulator
discharge and was followed by an increase in rod bundle void fraction after the accumulators had
drained and only the CMTs provided core injection.

The post-ADS phase began when ADS-4 was actuated at | 1*" and the pressurizer water
level fell. The fluid discharge through ADS-1, ADS-2, and ADS-3 ended, and fluid was discharged
through ADS-4. The pressurizer drained again, and a small amount of CMT flow still entered the
direct vessel injection (DVI) line. When system pressure had been reduced below the pressure
corresponding to the water elevation head of the IRWST, flow from the IRWST entered the DVI line,
and shortly thereafter the CMT flow ended. The flow from the IRWST cooled the primary system, the
rod bundle boiling slowly ended, and the upper plenum partially refilled. The PRHR drained
approximately | ]** into the event and was no longer effective. A steady flow of
subcooled water then flowed from the IRWST into the DVI line, through the power channel, ard left
the primary system through ADS-4.

3.9.2 Analysis of the SO1007 Test Data

The analysis of the SPES-2 test was performed using the SPESAN computer code. The code performs
a detailed accounting of the coolant inventory in all parts of the system from the start to the end of the
test. Also, the internal energy of all components and parts of the facility, including the energy losses
from the break and ADS flows, are calculated throughout the event. The mass balance and the energy
transfer calculations are performed in much greater detail than were performed in WCAP-14309, Final
Data Report."”’ The resuits of the test data analysis are presented in Figures 3.9-1 through 3.9-82.
Mass balance snapshots, for key times during the transient, are presented in Table 3.9-1 for all the

major primary system components.
Mass Balance
Ov S

The uncertainty in the overall mass balance is an indication of the overall quality of the test. The total
water inventory was tracked from the sta~t until the end of the test. Figures 3.9-74, 3.9-75, and 3.9-76
show the overall mass balance and the .+ (uncertainty) in mass balance for SO1007.

The overall mass balance for SO1007 (Figure 3.9-74) shows a small variation of water inventory
during the event, resulting from the overall uncertainty in the instrumentation and the assumptions of
the mass balance model used to determine the total water inventory. The average total inventory
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during the test was indicated to be approximately | ]**“ higher than the initial system mass, and
a final mass was indicated to be approximately | ]*** above the initial mass. Figure 3.9-75
shows the difference between the total mass during the event and the initial mass (mass balance error)
when the inventory was calculated by integrating the flows. Figure 3.9-76 shows the mass balance
error when inventory was calculated based on the catch tank weight and component level

measurements. The mass balance error, based on flow measurements, varied from |
and final error of | ]**< at the end of the event; the weight and level measurements resulted in
an average error of approximately | ]**¢ during the event and a final error of | J*° at

the end of the event.

Water Inventory for the Power Channel and the Loop

Maintenance of the coolant coverage of the heater bundle was the most critical issue for the power
channel. The heater bundle coverage during a loss-of-coolant accident (LOCA) event often consisted
of two-phase fluid, which can have a very high void fraction. Figure 3.9-40 shows the level of
two-phase fluid in the power channel as calculated from the measured pressure drop data, which was
then used to infer a void fraction and two-phase level. Since this represents the true two-phase level,
it will be different than the col’ sed liguid level in the heater bundle.

For S01007, the calculatea two-phase fluid level in the upper plenum decreased to the hot-leg
elevation and remained at this elevation for most of the event. The accumulator injection (|

|**) partially condensed the steam bubble in the upper plenum causing the level to rise
before the end of the accumulator injection. After the end of the accumulator injection, the two-phase

level again decreased, this time to approximately | ]** below the hot-leg elevation. This
occurred at the time of minimum power channel water inventory, before the IRWST injection started
(at | J**) to refill the power channel. The IRWST injection also partially condensed the

steam bubble in the upper plenum causing the level to rise above the hot leg elevation once more.

The collapsed level in the annular downcomer and tubular downcomer are shown in Figures 3.9-42
(annular downcomer) and 3.9-44 (tubular downcomer). The annular downcomer was full until

approximately | ] into the event. At that time, the level started to decrease, but it
was maintained above the elevation of the hot leg until after the end of the accumulator injection
(approximately | |*"). The level then decreased and drained the annular downcomer by

| ]*** and reached a minimum level in the tubular downcomer at approximately

{ ]*" This corresponded to the time of minimum water inventory in the power channel
(Figure 3.9-39). Figure 3.9-62 shows the maximum cladding temperature during the event and
compares this temperature with the saturation temperature. There were no indications of loss of
cooling for the heater rods during this event, which confirms the estimated two-phase level in the
power channel.

The collapsed fluid level in the rod bundle (Figure 3.9-48), and the rod bundle exit void fraction
(Figure 3.9-61) show that the rod bundle was water solid before the break was initiated. The rod
bundle exit void fraction was determined from DP-014P, which covers the span from the rod bundle
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near the TAF elevation to the lower part of the upper plenum. Two-phase flow with approximately

[ " percent average void fraction existed in the rod bundle prior to the accumulator injection.
During the accumulator injection, the rod bundle became essentially water solid. However, when the
accumulator injection ended, the collapsed level again started to decrease. The rod bundie exit void
fraction reached approximately [ |** percent prior to the stant of the IRWST injection phase, at
approximately | pad

The collapsed level in the upper plenum (Figures 3.9-52 and 3.9-54) decreased to approximately

[ ]*" below the hot leg before the accumulator injection, followed by a period when the level in
the upper plenum increased above the hot leg during the accumulator injection. This period was
followed by a drop in the collapsed level to approximately [ *" below the hot leg at the time of
minimum water inventory before the IRWST injection started.

The water inventory in the power channel (Figure 3.9-39) had two minima: before the accumulator
injection and before the IRWST :njection. The second minimum was more severe showing a total

power channel inventory of approximately [ 1*" ([ ]*™ percent of starting inventory) at that
time. The total primary system inventory (power channel, pressurizer, and loops), shown in

Figure 3.9-77, reached approximately | 1" (I J** percent of starting inventory) for this
minimum.

Water Injection/Ejection

The injected fluid mass from all injection sources is shown in Figure 3.9-78. Figure 3.9-79 shows the
total source inventory and the injected and ejected masses during the event. Starting with a total of
approximately | ]**¢ source inventory, only | I**< ([ ]*** percent of available
source water) was used by the end of the event,

Energy Balance
P Tr {

The heat transfer from the PRHR to the IRWST gives a unigue possibility of comparing heat transfer
on the primary and thz secondary side. A method of calculating the heat rejection by the PRHR heat
exchanger into the (RWST is described in Section 2.2-2, and a comparison of three heat transfer
calculations is gi'en in Section 4.0. The PRHR primary-side heat transfer was calculaied based on the
measured exit flow rate, and the difference in enthalpy of the inlet and exit flows. Since the S01007
test had two-phase flow conditions in the hot legs and PRHR, the inlet flow void fraction was
determined (Figure 3.5°-21) and used to establish the effective enthalpy of the two-phase inlet flow,
The outlet flow from the "RHR HX was always subcooled water. The primary-side two-phase heat
transfer for S01007, shown i Figure 3.9-19, was considerably greater than the heat transfer measured
for single-phase flow through \he PRHR during the hot preoperational testing (see WCAP-143.9,
Final Data Report.)" Figure 3 9-18 shows the calculated heat transfer from the PRHR external tube
surface to the water in the IRWST by the three-tube section of the heat exchanger. The top part of the
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PRHR HX acted as a condenser, where the steam of the two-phase fluid extracted from hot leg-A was
condensed. The top horizontal tube transfers the greatest amount of heat. The condensation process
on the inside effectively heated this tube wall temperature above the boiling point for the water in the
IRWST, resulting in very effective nucieate boiling heat transfer from the outside surface. The vertical
and the bottom horizontal sections of the HX remain, for the most part, subcooled the fluid with a less
effective free-convection heat transfer to the IRWST water, and contributed 12ss to the overall heat
transfer of the PRHR.

Figure 3.9-17 shows the internal energy o« the IRWST water, the integrated power from the primary
side of the PRHR HX, and the heat transfer from the PRHR HX external surfaces. The internal
energy in the IRWST water was calculated based on thermocouples located at various elevations in the
IRWST tank, which were allocated different control volumes to arrive at an effective average
temperature. Due to the severe temperature stratification in the IRWST tank, this technique only
produced good results until the IRWST started to drain.

For S01007 up 10 | ]*** the PRHR primary-side calculation and the IRWST internal
energy calculation were very close. After | **¢ the IRWST internal energy appeared to
increase significantly due to the effect of draindown <« the thermocouple readings. However, since
there is very litde energy being provided by the PRHR after | ]**¢ this apparent increase
does not reflect an actual increase in the average water temperature and IRWST internal energy. The
comparison shown in Figure 3.9-17 indicates that the calculated heat transfer from the PRHR HX
external surfaces for test SO1007 is higher then the PRHR heat transfer calculated for primary side.

Steam Generator Heat Transfer

Figure 3.9-32 shows the heat transfer in the steam generators for SO1007, and Figure 3.9-33 shows the
pressures on the primary side and the secondary side of the steam generators. Heat transfer is sharply
reduced after the pumps trip due to low flow in the steam generator tubes. The pressures show that
the steam generators were available as heat sinks until approximately | J** into the event,
at which titae the primary-side pressure dropped below the secondary making the steam generators a
potential heat source for the primary system. Figure 3.9-28 shows the water inventory in the steam
generators primary side, which includes inlet and outlet plena and U-tubes. When full, the steam
generator inlet and outlet plena contains approximately | *** of water. When the primary-side
pressure dropped below the secondary-side pressure (approximately | 1**), the steam
generators U-tubes are essentially drained of water and contain trapped steam, which becomes more
and more superheated as the pnmary side pressure decays.

The hewt transfer calculated for the steam generators decreased rapidly after pumps trip and
disappeared after approximately | ]**<. Also shown in Figure 3.9-32 is the PRHR heat
transfer, which removed heat from the system after the steam generators’ heat transfer had ended.
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Overall Energy Balance

Figure 3.9-80 shows the integrated ene-gy of the fluid streams leaving the system. The energy content
of the break flow was greatly reducea when ADS-1 occurred since, although the break flow converted
to steam, the mass flow rate became very low. For ADS-1, ADS-2, and ADS-3 the same happened

when ADS-4 occurred

Figure 3.9-81 shows all the energy components in the heat balance for the system Throughout the
event, core power was the domuinant heat input (o the system, and during the initial part of the event
the steam generators provided the dominant heat extraction. When the primary and secondary system
pressures equalize, and the steam generator U-tubes drain (about 1**9), the steam
generator becomes thermally isolated from the primary system, and does not affect the rest of the
event. Figure 3.9-80 shows the energy loss from the break and the ADS flows as calculated based on

assumptions described in Section 2.8. The average energy loss from the fluids ejected from the system

during the first " of the event was approximately 1*** whic}
was reduced to approximately 1**¢ from about I*** 10 the end of
the test
From approximately “* more energy left the syste m through the break /
and ADS flows than was generated by the heater bundle, and the overall energy stored within the
system (fluid and metal mass) decreased to compensate. The average loss of the netal thermal energy
ior the 4rst “ was approximately “5€ which was greater than
the heated rod power for most of this period. After approximately ! | * the metal and
fluid energy stabilized in the system, and the rate Jf the fluid energy leaving the svetem (primarnly via
ADS-4) matched the core input power well. This steady state condition existed for the rest of the
evemg
Figure 3.9-82 shows inat the accumulated error in the energy baiance increased r‘tp:-\l}'ﬂ from
t "“ (during the accumulator discharge into the primary system)
This error was a consequence of the rapid drop in the metal energy seen in | igure 3.9-81, which
was calculated based on fluid temperatures. In reality, the calculated decrease of metal energ)
Cours at a slower rate than indicated by the fluid thermocouples due 10 the large thermal inertia of
the heavy-walled components. The inCreasing error and the error peak shown in Figure 3.9-82 a
are, therefore, a consequence of taking credit for metal heat too fast duning the L

event, and this error largely disappears within the foll WIng “** when the metal g i
lemperatures catch up with the fluid temperatures. In evaluating the overall error in the accuracy BTN
f the energy balance, this oeak was disregarded. On this basis, the maximum error band for
Fioy § approxima.cly 10 +150000 Btu, which corresponds a maximum error of

[ the total fluid energy ejected from the system. The error at the end of the event

approxima ) n i the 10tal eyect Iud energy
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Other Obs.- tions

Pressure Decay

Figure 3.9-3 shows the primary system pressure during the S01007 test. Throughout this event the
pressure was controlled by the saturation pressure of the hottest fluid volume in the primary system.
At the initiation of the break the controlling fluid volume is in the pressurizer and surge line, however,
this shifted within the first | ]*“ (after the initial blowdown phase) to the power channel
upper plenum. Figure 3.9-2 shows that the temperature of the upper plenum was equal to the
saturation temperature corresponding to the primary system pressure measured in the upper head
during the natural circulation phase and into the ADS phase. The pressure stabilized at the saturation
pressure for the upper plenum, and then continued a slow pressure decay responding to the CMTs
injection. Figure 3.9-3 shows that an increase in the pressure decay rate occurred at approximately

[ |**“ when the CMT-A transitioned frcan natural circulation injection to draindown
injection, which essentially increased the injection rate of cold water into the DVL. The higher
injection rate resulted in a more rapid temperature drop in the upper plenum (fuel exit in

Figure 3.9-2), which was reflected in a more rapid pressure decay. With the actuation of ADS-1 at
approximately | ]*** the pressure dropped rapidly due to the increased rate of mass
ejection from the system (Figure 3.9-68), and the increased flow of cold water being injected into the
annular downcomer and flowing through the core. This continued to reduce the power channel inlet
plenum temperature, and subcool the heated rod bundle due to the higher flow. Since the power
channel outlet plenum became subcooled at approximately | ]*** the hottest fluid in the
system at this time was in the pressurizer, the cold legs, and the CMTs, and the pressure was partially
supported by the flashing of the fluid in one or several of these locations. When the accumulator
discharge ended (approximately | 1*"), the lower-plenum temperature increased due to the
metal heat, and the upper plenum temperature increased to the saturation temperature and again took
control of the system pressure for the rest of the event. It is noted here that at the end of the
accumulator injection, & large amount of nitrogen from the accumulators were injected into the primary
system. This injection had very little immediate effect on the primary system, but as will be discussed
in Section 4.0, affects the upper plenum, the PRHR HX, and the CMT at later stages of the event.

The actuation of ADS-4 (at approximately | ]**) lowered the system pressure sufficiently
to allow gravity injection flow from the IRWST into the DVI nozzles. This flow was sufficiently high
to sub¢ 0l the primary system, ending core boiling and partially collapsing the steam bubble in the
upper plenum, and bringing the system to a near atmospheric internal pressure.

Ejectuon Flows

Figure 3.9-68 shows the individual mass flows leaving the system via the break and the ADS. The
individual flow rates are given in Figures 3 9-69, 3.9-70, and 39-71. The break and ADS-4 flows
were assumed to consist of saturated water. For ADS-1, ADS-2, and ADS-3 it was assumed that

the flow consisted of saturated water if the void fraction measured in the top of the pressurizer

(Figure 3.9-73) was less than [ ]*" percent, and saturated steam if it was greater than [ |*** percent.
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The total mass flow rate leaving the “ystem was reascnably steady for S01007, as seen in
Figure 3.9-79. Figure 3.9-80 shows that the energy of the fluid ejection was steady at an average

rate of | |** for the first | |** and then decreased 10 | [** for the

rest of the event. The charge in energy ejection rate was related to actuation of ADS-4, which caused

the pressunizer to drain, converted the ADS-1, ADS-2, and ADS-3 flow to steam with a low-mass

flow rate, and simultaneously started fluid ejection through ADS-4

ADS-1 opened at approximately | |*** followed by ADS-2 and ADS-3 within the next

I*** The break flow changes from saturated water (o steam, but due to the low mass
flow rate (Figure 3.9-68), the energy removal by the break flow (Figure 3.9-80) became very low
he energy leaving the system through ADS-1, ADS-2, and ADS-3 was greater than for break and
ADS-4 and provided an effective means of removing the stored metal energy from the system, as seen

in Figure 3.9-8]

Ihe mass leaving the system via ADS-1, ADS-2, and ADS-3 during the next 1000 seconds was greater
than the break flow, and also the energy loss through the ADS 1, ADS-2, and ADS-3 exceeded the

energy loss by the break flow (Figure 3.9-80)

ADS-4 opened at approximately |**“ and the . 2 -1, ADS-2, and ADS-3 flows
converted 1o steam with a very low mass flow rate and energy loss rate. The ADS-4 flow stabilized at
a rate that matched the injection rate from the IRWST (Figure 3.9-79), and the energy removal via

ADS-4 was comparable to the heated rod power (Figure 3.9-81)
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TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.9.1 Through 3.9.83

Fig. No.

Component

Variables

0 &= IW

TSAT, TAVTDC, TFOUT

PPZRTOP

PSGAS, PSGBS

TAVGSGA, TAVGSGB

Average fluid temperature in steam generators

MCMTA, MCMTB

Fluid mass in CMTs

CLEVELA, CLEVELB

Collapsed liquid level in CMTs

MOUTCMTA, MOUTCMTB, MINCMTA,
MINCMTB

Integrated mass infout of CMTs

FLOWOUTA, FLOWOUTB

Measured flow out of CMTs

CMT

FLOWINA, FLOWINB

Calculated flow into CMTs

CMT

BLFRACA, BLFRACB

Fractional differential pressure in cold leg-
CMT balance lines

CMT

UTOT-A, UTOT-B

Fluid energy in CMTs

IRWST/PRHR

MIRWST

Mass of fluid in IRWST

19-14

IRWST/PRHR

LIRWST

Collapsed liquid level in IRWST

39-15

IRWST/PRHR

FIRWST

Measured discharge flow from IRWST
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K TEST ANALYSIS STANDARD PLOT PACKAGE
- 1;L Figures 3.9.1 Through 3.9-83 (Cont.)
2 Y ! o c -
z Fig. No. | Component Variables Units Description
¥ b — —4— - e — S e — —
| +
1916 | IRWST/PRHR | MOUTDVIA, MOUTDVIB Ibm Integrated mass out of DVI lines
b 4 ————— _*___, —_— — —_— e
2 | 1Q.17 f IRWST/PRHR j INT-QCAL, INT-QTUB, LI.UO Btu Comparison of energy transfer from PRHR
; L l tubes o IRWST
: b e ————— v—4|- ———— - E—
1918 | IRWST/PRHR i Q-HOR-1, Q-VERT, Q-HOR.2, Btu/sex Breakdown of heat transfer from different
} QTUBEXT sections of PRHR twbe
e ————————————————— e S ————
19.19 IRWST/PRHR % Q-CALIM Btu/se PRHR/IRWST heat transfer calculated on tube
! sude
e —————————————————————————————————————————————————————————————————————— —d — e
19.20) IRWST/PRHR FLOWTURB? Ihm/sec Measured outlet flow from PRHR tube
19.21 IRWST/PRHR VOIL-FRC Calculated PRHR Iniet void fraction
= i ———————— —— — —*
" 9.22 Accumulator MACCA, MACCB ibm Mass of fluid in accumulators
39-23 Accemulator LACCA, LACCB ft Collapsed liguid level in accumulators
L
3.9-24 Accumulator MEASFLWA, MEASFLWB Thm/sec Measured flow from accumulators
3.9-25 Accumuiator MOUTACCA, MOUTACCB thm Integrated mass out of accumulators
At a
3 9-26 Accumulator U-TOT-A, U-TOT-B Bty Energy of fluid in accumulators
et ——————————————————————————————————— —
19-27 Accumuiator AIRMASSA, AIRMASSB Ibm Mass of air exiting accumrulators
- —_— —— - -
3.9-2%8 Stcam generator MSGAP, MSGRBP ibm Mass of fluid in steam generators - primary
side
1.9-29 Steam generator LSGAH, LSGAC, LSGBH, LSGBC ft Collapsed liquid levels i steam generators
primary side - hot and cold sides of U-tubes




SHE [90-91 00Ty -MZHR[\U08- T5% [\Opod® 0

tl-6't

TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.9.1 Through 3.9-83 (Cont.)

Variables

Description

MSGAH, MSGAC, MSGBH, MSBGC

Mass of fluid in steam generators - primary
side - hot and cold sides of U-tubes

LSGSA, LSGSB

Collapsed liquid levels in steam generators —
secondary side

Q-TRNF-A, Q-TRNF-B,
Q-CALIM

Heat transfer in steam generators
heat transfer in PRHR

PRESS-PA, PRESS-PB,
PREF-A, PREF-B

Primary and secondary pressure in steam
generators

MPZR

Fluid mass in pressurizer

LPZR

Collapsed liguid level in pressurizer

MSL

Fluid mass in surge line

LSL

Collapsed liquid level i surge line

UPZR

Fluid energv in pressurizer

MPCHN

Total fluid mass in power channel

L2PHASE, LDVI, LHL, LCL

Two-phase liguid level in power channe} vs.
DV, hot-leg, and cold-leg elevations

MANDC

Fluid mass in annular downcomer

3942

Power channel

LANDC, LDVI, LHL, LCL

i

Collapsed hiquid level in annular downcomer
vs. DV, hot-leg, and cold-leg elevations
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TEST ANALYSIS STANDARD PLOT PACKAGE

Figures 3.9-1 Through 3.9-83 (Cont.)

Description

MTDC

Fluid mass in tubular downcomer

LTDC, LBOF, LTOF

Collapsed liquid level in tubular downcomer
vs. top of active fuel and bottom of active fuel
ievels

Fluid mass in lower plenum

Collapsed liquid level in lower plenum

Fluid mass in core region

Collapsed ligquid level in core

Fluid mass in core outlet region

Collapsed liguid level in core outlet region

Fluid mass in the lower portion of the upper
plenum

Collapsed liguid level in the lower portion of
the upper plenum

Fluid mass in the upper portion of the unper
plenum

Collapsed liquid level in the upper portion of
the upper plenum

Fluid mass in the upper bhead

Power channel

LHEAD

=

Collapsed liquid level in the upper head
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TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.9-1 Through 3.9-83 (Cont.)

Variables Units Description
319.57 Power channei UPC B Total fluid energy in power channel
39-58 Power channel Q-FLUX Buu/sec.-ft.’ Average hest lux on the heated rods
39-59 Power channel STM-RATE Ibm/sec. Core steam generation rate
39.60 Power channel FLOWCOR ibm/sec. Calculated core flow

Power channel

VOIDOUT

Voud fraction at core exit

319.62 Power channe! TMAX, TSAT. TMAX-TSAT °F Maximum clad temperature, saturation
temperature and delta

3963 Hot leg MHLA, MHLB Thm Fluid mass in hot legs

19-64 Hot leg FLA, FLB Fraction Fractional coliapsed liquid level in hot legs

31965 Cold leg MCLA, MCLB thm Fluid mass in cold legs

19-66 Cold leg LCLAL LCLA2, LPSA ft. Collapsed liguid levels in cold leg-A

319-67 Cold leg LCLBI, LCLB2, LPSB fit Collapsed liquid levels in cold leg-B

19-68 Total system mass MADSI-3, MADS4, BRKMASS thm Catch tank mass for ADS-1, ADS-2, ADS-3,
ADS-4, and break

39-69 Total system mass DMADS1-3 Thm/sec. Calculated flow out ADS-1, ADS-2, ADS-3

39-70 Total system mass DMADS4 Ibm/sec. Caiculated flow out ADS-4

39.71 Total system mass BRKFLOW Thm/sec. Calculated flow out break

Total system energy

UADS123, UADS4, UBREAK

Btu

Integrated fluid energy for ADS-1, ADS-2,
ADS-3, ADS4, and the break
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Fig. No.

TEST ANALYSIS STANDARD PLOT PACKAGE

Figures 3.9-1 Through 3.9-83 (Cont.)

Description

Component Variables Units

39-73 Total system energy VOID Calculated void fraction for ADS-1, ADS-2,
and ADS-3

39.74 Total system mass MTOTAL, MTOTO ibm Total system fluid mass vs. initial fluid mass

39.75 Total system mass ERRLOP Ibm Error in the mass balance (using measured and
calculated flows)

39-76 Total system mass ERRLOPI ibm Error in the mass balance (using fluid
inventory)

39-77 Total system mass MPCLTOT, MPCLO Ibm Total fluid mass in power channel and loops
vs. Initial {luid mass

39.78 Total system mass MACOUT, MCMOUT, MIROUT Ibm Total integrated mass discharged from

' accumulators, CMTs, and IRWST

319.-79 Total system mass MSOURCE, MSINK, MSOURIN Ibm Total source inventory, total mass ejected from
primary system, and total mass injected to
primary system

3.9-80 Total system energy UADS 123, UBREAK, UADS4, UCATCH | Bw Integrated fluid energy exiting via ADS-1,
ADS-2, ADS-3, ADS-4, and the break, and the
sum

39-81 Total system energy USURR, UCATCH, UQIN, UFLD-UO, Bt Overall energy balance including integrated rod

UMTL-UO, USG power, steam generator power, and heat loss to

the surroundings, energy exiting via ads and
break, energy input via nonsafety systems, and
change in primary system fluid and metal
energy relative to start of test

39-82 Total system energy UERROR, ERROR-% Btu, % Error in overall energy baiance, reiative o
mitiai fluid and metal energy

39-83 System pressure - _ Test event phases and system pressure




The figures listed are proprietary and, therefore,
are not available in the Class 3 version of this report.

These figures are available in the Class 2 version of this report.
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3.10  Analysis of the Steam Generator Tube Rupture with Nonsafety Systems Operational and
Operator Action for Mitigation (S01309)

This matrix test simulated a steam generator tube rupture (SGTR) with both the passive and nonsafety
systems operational and with operator action for mitigation. There were two operator actions
simulated for this test: cooldown of the primary system by dumping steam through the intact steam
generator power-operated relief valve (PORV) to obtain hot-leg subcooling (while limiting the overall
cooldown rate of the primary system) and subsequent controlled depressurization of the primary
system to terminate primary-to-secondary leakage using an ADS-1 valve. There was no core makeup
tank (CMT) draindown during this transient. Therefore, there was no actuation of the automatic
depressurization system (ADS) primary system depressurization function, no in-containment refueling
water storage tank (IRWST) injection, and no significant accumulator injection. The chemical and
volume control system (CVCS) and startup feedwater system (SFWS) were automatically initiated and
controlled throughout this test.

As in test run S01110, the single steam generator tube rupture was simulated via a line connected from
the primary side (coolant pump B suction piping) to the secondary side of steam generator-B
(approximately | ]** above the tube sheet), with a break orifice diameter scaled to simulate

[ ]**“ the area of a single AP600 steam generator tube diameter.

Non-loss-of-coolant accident (non-LLOCA) events in the AP600 SPES-2 test, including SGTRs and
main steam line break (MSBL), did not result in ADS actuation and, therefore, include only the first
two event phases observed in LOCA recovery. The event phases identified for the purpose of detailed
evaluation of the thermal-hydraulic phenomena occurring within the primary and safety systems for
non-LOCA events are shown in Figure 3.10-83 and are as follows:

* Initial depressurization phase (IDP)
* Pressure decay phase (PDP)

3.10.1 Summary of Test Observations

This test simulated an SGTR with nonsafety systems operating and with the operator performing
manual actions. Therefore, specific actuation setpoints and anticipated operator actions were
performed that impacted the facility response and made this test different from S01110 (an SGTR with
nonsafety systems inoperable and no operator actions).

Figure 3.10-83 shows the facility primary system pressure during matrix test S01309 (as measured at
the top of the pressurizer) with selected component actuations shown in relation to the primary system
pressure.

The IDP began with the opening of the SGTR break valve at time zero seconds and ended at
approximately | |*** when the primary system pressure had stabilized and when operator
actions to control the primary system heat removal and depressurization began. The pressurizer
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pressure did not begin to decrease upon initiation of the SGTR because the pressurizer internal heaters

and pressure control remained on until | J***. Pressurizer level (shown in Figure 3.10-32)
began to decrease immediately upon break initiation. The reactor trip (R) signal and the safety
systems actuation (S) signal were actuated at | ]*** when the pressurizer level reached

[ J**“ These actuations, combined with the 16-second delay in the reactor coolant pump (RCP)
trip, caused an expected sudden cooldown and shrinkage of the primary system inventory. This was
evidenced by the rapid draining of the pressurizer from | ]**%, and the rapid
depressurization from approximately | 1**“10 | ]**< after the typical small
repressurization due to reheating of the hot-leg side fluid as natural circulation takes hold. The
pressurizer pressure and overall temperature decreased smoothly at a rate dictated by the break flow
and the net primary system cocldown effects. Primary system heat removal was provided by the CMT
recirculation: CVCS and startup feedwater injection; and passive residual heat removal (PRHR) heat
exchanger (HX) and heat losses offset. During the IDP, the water in the reactor vessel and hot legs
remained subcooled.

At | J“*<, the pressurizer pressure rapidly decreased from approximately | 1** to
approximately | 1***. This was caused by opening of the ADS-1 valve by the facility control
computer. After the ADS actuation, there was little or no subcooling present. The time of this event
corresponded to the S signal + 7 minutes | 1** specified for the automatic
functions to start. The combined effect of both the steam generator-A PORV and the ADS-1 valve
actation was to rapidly reduce the hot leg-A temperature from | ]** and to reduce the
primary system pressure (o (or near) the hot-leg saturation pressure.

During the initial portion of the PDP (from | ]**<), the primary system
depressurized from | }*** and the hot-leg temperature decreased from [

]** that is, the pressure essentially equaled the hot-leg saturation pressure. The hot-leg
temperature decrease closely matched the desired | | cooldown rate, and the steam generator-A
PORVs were not actuated. After | ]**¢, the cooldown rate of hot leg-A dropped below
[ [**<, apparently Cuc to the automatic isolation of the startup feedwater flow to the steam
generator-A.

The test personnel cycled one of the two ADS-1 valves (the orifice was sized to simulate one of two
ADS-1 valves at 50 percent open) at approximately | **. (ADS-1 functioned as the
primary-side PORV.) This caused a reduction in primary system pressure and a loss of hot-leg
subcooling. At approximately | ]**“, the steam generator-A PORV operation was initiated.
From the time the ADS-1 valve was opened until approximately | 1***, hot-leg subcooling
margin was lost, although the break fiow continued to decrease. Approximately | 1*** into
the event, the CMTs were fully heated. This resulted in hotier injection flow to the vessel and
effectively reduced the primary system heat removal rate. Opening the steam generator-A PORV for
10-second intervals was insufficient to maintain the desired | 1** cooldown rate. Therefore, at
approximately | J***, the steam generator-A PORV was left in the open position. This
resulted in a cooldown rate of approximately | |**¢, which established a [  ]*** hot-leg
subcooling margin at approximately | ]**. The ADS-1 valve was then cycled opened and
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closed to reduce primary system pressure. This resulted in the termination of break flow from the

primary to secondary side

During the eatire PDP of this event, the heater bundle region and hot legs remained near or below
Saturation temperature, as evidenced by the collapsed level in the rod bundle and PRHR HX supply

line differential pressure (dP) instruments, which showed no voiding
3.10.2 Analysis of the S01309 Test Data

The analysis of the SPES-2 test was performed using the SPESAN computer code. The code performs
@ detailed accounting of the coolant inventory in all parts of the system from the start to the end of the
test. Also, the internal energy of all components and parts of the facility, including the energy losses
from the break and ADS flows, are calculated throughout the event. The mass balance and the energy
transfer calculations are performed in much greater detail than wei. - performed in WCAP-14309,

Final Data Report.””' The results of the test data analysis are presented in Figures 3.10-1 through
3.10-82. Mass balance snapshots, for key times during the transient, are presented in Table 3.10-1 for

all the major primary system components
Mass Balance

Overall Mass Balance

The uncertainty in the overall mass balance was an indication of the overall quality of the test. The
total water inventory was tracked from the start to the end of the test. Figures 3.10-74, 3.10-75, and

3.10-76 show the overall mass balance and the error in mass balance for SO1309

The overall mass balance for S0130¢ Figure 3.10-74) shows that the total mventory varies during the

event. The primary side loses inventory to the secondary side immediately after initiation of the break

The mass input to the primary system from the operation of the CVCS was not sufficient to make up
for the mass lost 10 the secondary side, A maximum of [ |**° Ibm was lost to the steam generator
secondary side until the primary-side pressure equaiized with the secondary side-B pressure
(approximately ** sec.). Note that the secondary side was depressurized (above | I** using
steam generalor A PORV causing flow to the ADS-4/steam generator catch tank. The computer code
was developed to include the steam generator-A discharged mass with the system mass

(Figure 3.10-74). Figure 3.10-75 shows the difference between the total mass during the event and the
initial mass (mass balance error) when the inventory was calculated by integrating the flows to
determine the injected mass. Figure 3.10-76 shows the mass balance error when Inventory was
calculated based on the component mass calculation. The mass balance error, based on flow
measurements varied from | **¢ throughout the event. The component mass

At

Calculabion results in a very similar mass balance error. A final error was | at the end of
the event. Mass balance error was affected by the break flow (not included) and ADS-4 mass flow

(included into the system mass inventory). Mass injected by the CVCS cancels in the mass balance




Water Inventory for the Power Channel and the Loop

Maintenance of the coolant coverage of the heater bundle was the most critical issue for the power
channel. The heater bundle coverage durning a loss-of-coolant accident (LOCA) event often consists of
two-phase fluid, which can have a very high void fraction. However, during a non-LOCA event, such
as a SGTR or steam line break (SLB), the heater bundle typically remains well covered with water or
two-phase fluid, and if there is any voiding at all, the void fraction is usually low. Figure 3.10-40
shows the level of two-phase fluid in the power channel as calculated from the measured pressure drop
data, which was then used to infer a void fraction and two-phase level. Since this represents the true
two-phase level, it will be different than the collapsed liguid level in the heater bundle. For S01309
the two-phase level dropped gradually throughout the event beginning at about | |**¢ seconds

However, the level never falls below the cold-leg elevation and is well above the heater bundle

The collapsed levels in the annular downcomer and tubular sowncomer are shown in Figures 3.10-42
annular downcomer) and 3.10-44 (tubular downcomer). The annular downcomer remains full
throughout the event. Figure 3.10-62 shows the maximum cladding temperature during the event and
compares this temperature with the saturation temperature. There were no indications of loss of

cooling for the heater rods dunng this event, which confirms the estimated two-phase level in the

power channel

I'he collapsed fluid level in the rod bundle (Figure 3.10-48) and the rod bundle exit void fraction
(Figure 3.10-61) show that the core is water solid before the break was initiated. The rod bundle exit
void fraction was determined from DP-014P, which covers the span from the rod bundle near the TAF

elevation to the lower part of the upper pienum. Upon reactor trip and the subsequent RCP trip at
the callapsed level falls minimally to | |*** with a void fraction of about [ |
percent. The collapsed level slowly recovered for the remainder of the event ending at approximately

void fracton about P

I'me collapsed level in the upper plenum (Figures 3.10-52 and 3.10-54) is essentially unchanged

throughout the transient, except for the end of the test. From about **< until the end, the

el began showing the effects of the depressurization of the primary side when the ADS-1 valve is

ed open for |*** and then closed a intervals. By the end of the test, the

evel has fallen to about "7 in the upper upper plenum, which is still well above the

1

entory in the power channel is shown in Figure 3.10-39. The mass inventory falls

he |
a minunum of about ** by the end of the test, which was only | less

mass inventory of ", The total primary-system inventory (power channel

‘.

shown in Figure 3.10-77. It reached a minimum of about
of ) immediately following RCP trip. It climbed by

until the ADS-3 valve was mistakenly cycled opened from

instead of the steam generator-A PORV. This resulted in a

pressure and a loss of hot-leg subcooling. ( tly, this resuited in




the total mass inventory falling from [ 1**€ to about | ]**“ until hot-leg subcooling was

restored at about | J**“. Then the mass increases again to [ ]**¢ which was within
[ " ]**%) of the initial mass inventory.
Water Injection/Eiecti

The injected fluid mass from all injection sources is shown in Figure 3.10-78. Figure 3.10-79 shows
the total source inventory and the injected and ejected masses during the event. Starting with 2 total
of approximately | 1**<, only [ 1** (1 1**) of available source water

was used by the end of the event.

Energy Balance

PRHR Heat Transfer

The heat transfer from the PRHR to the IRWST gives a unigue possibility of comparing heat transfer
on the primary and secondary side. A method of calculating the heat rejection by the PRHR heat
exchanger into the IRWST is described in Section 2.0, and a comparison of three heat transfer
calculations is given in Section 4.0. The PRHR primary-side heat transfer was calculated based on the
measured exit flow rate, and the difference in enthalpy of the inlet and exit flows. Since the S01309
test had single-phase flow conditions in the hot legs and PRHR, the inlet flow void fraction was
essentially, zero (Figure 3.10-21) making it simple to establish the effective enthalpy of the inlet flow.
The outlet flow from the PRHR heat exchanger was always subcooled water as well. The primary-
side heat transfer for S01309, shown in Figure 3.10-19, was nearly identical to the heat transfer
measured for single-phase flow through the PRHR during the hot pre-operational testing (see
WCAP-14309, Final Data Report”). Figure 3.10-18 shows the calculated heat transfer from the
PRHR exiernal tube surface to the water in the IRWST by the three-tube section of the heat
exchanger. For the first | ]*"“ of the event, the vertical tube transfers the greatest amount
of heat, and the top and bottom horizontal sections of the heat exchanger, for the most part, subcooled
the fluid with a less effective free-convection heat transfer to the IRWST water, and contributed less to
the overall heat transfer of the PRHR. Above | ]**, the heat transfer on the inside tube
wall at the PRHR inlet effectively heated the outer tube wall temperature above the boiling point for
the water in the IRWST, resulting in very effective nucleate boiling heat transfer from the outside
surface. Then the top horizontal tube section transferred at the greatest amount of heat.

Figure 3.10-17 shows the internal energy of the IRWST water, the integrated power from the primary
side of the PRHR Hx and the heat transfer from the PRHR heat exchanger external surfaces. The
internal energy in the IRWST water was calculated based on thermocouples located at various
elevations in the IRWST tank, which were allocated different control volumes to arrive at an effective
average temperature. A comparison between all three integrated calculations shows good correlation
between the PRHR heat transfer (plot line A) and the IRWST heat pickup (plot line C). The
calculation for Qyy (plot line B) doesn’t compare as well since the calculation is based on boiling
and free convection heat transfer coefficients, and no boiling occurred at the PRHR Hx inlet walls of
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the IRWST for the first | |**“ of the event making the calculation somewhat inaccurate for
this SGTR test.

Steam Generator Heat Transfec

Figure 3.10-32 shows the heat transfer in the steam generators for 501309, and Figure 3.10-33 shows
the pressures on the primary side and the secondary side of the steam generators. SFW is initiated
after the S signal to maintain steam generator narrow range level. Heat transfer is sharply reduced
after the pumps are tripped due to the reduction of flow in the tubes and SFW flow. The pressure plot
shows that steam generator-A was available as a heat sink for the entire event. After
[ 1**“, steam generator-A was cycled opened and closed for | g
[ ]*““ intervals in order to depressurize the secondary side, specifically for the intent of
primary-side cooling. As shown in Figure 3.10-32, this resulted in an increase in the heat transfer rate
for steam generator-A from | [**¢. The steam generator-B pressure nearly
follows the primary-side pressure due to the SGTR. The total heat transfer from the primary side to
the secondary side, after pumps were tripped, was small. Figure 3.10-28 shows the water inventory in
the steam generators primary side, which includes inlet and outlet plena and U-tubes. When full at
normal operating temperatures, the steam generator inlet and outlet plena contain approximately |

|**“ of water. Despite the steam generator tube rupture, both steam generators remained full for
the entire event. The apparent increase is due to the density changes during the event.

Overall Energy Balance

Figure 3.10-80 shows the integrated energy of the fluid streams leaving the system. The energy
content of the SGTR break flow is not indicated in this figure. The flow through the steam generator-
A PORYV is indicated as UADS4.  Note that the only source of fluid leaving the primary system is via
the ADS-1 valve (UADS123). The integrated energy of this fluid is very low, only 30000 Btu,
compared to the LOCA events when it is on the order of 10° Btu.

Figure 3.10-81 shows all the energy components in the heat balance for the system. Throughout the
event, core power is the dominant heat input to the system and during the initial part of the transient
the steam generators provide the dominant heat extraction. After the RCPs trip at |
the heat transfer to the steam generators secondary side became very small. The discharged fluid
energy (Figure 3.10-81) is incorrect (actually it is energy discharged from secondary side to the ADS-4
catch tank). The energy related to the break flow and CVCS injection, which was very small, was not
included into the energy inventory.

Figure 3.10-82 shows the accumulated heat balance error during the event. During the initial part of
the transient, an increasing negative error is produced by a greater than actual transfer through the
steam generator. This was a consequence of an assumed overall heat transfer coefficient (HTC) for
the steam generator, which was calculated from full-power/full-flow conditions (before time () which
is higher than the actual HTC at the lower flow conditions existing after the pumps have shut down.
The overall error in the heat balance is within |
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Other Observations

Pressure Decay

Figure 3.10-3 shows the primary system pressure during the S01309 test. Throughout this event the
pressure was controlled by the saturation pressure of the hottest fluid volume in the primary system.
At the initiation of the break, the controlling fluid volume was in the pressurizer and surge line.
Figure 3.10-2 shows that the temperature of the upper pienum was close to the saturation temperature
corresponding to the primary system pressure measured in the upper head during the natural
circulation phase until about | J**¢ After that time, the primary system pressure was
controlled by the steam generator primary-side fluid temperature.

Ejection F}

Figure 3.10-68 shows the individual mass flows leaving the system via the ADS-1/2/3 and
ADS-4/steam generator-A PORV. The individual flow rates are given in Figures 3.10-69, 2.10-70, and
3.10-71. The ADS-1, ADS-2, and ADS-3 flows are very small. The ADS-4 flow (MADS4)
represents fluid mass discharged from steam generator-A secondary side through PORV.
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TABLE 3.10-1
COMPONENT MASS VARIATIONS IN TEST S01309

Start Fault End Blowdown End of Transient

— = abs

Event tume

| Power channel

PC:oom

| PC: downcomers

PC: upper plenum

l Hot leg-\

Hot leg-B

I Cold leg-A

Cold leg-B

Steam generator
primary-A
steam generator
primary-B
Pressurizer+SL

CMT-A
CMT-B
Accumulator-A

Accumulator-B

| RWST

0 \apbO0\1 §92-000\1892w- 3. non: 1b-06] 395 3.10-8



568 190-91 vouly - wZaR [\R0U- 258 [\ooode 8

601t

TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.16-1 Through 3.10-83

Description

CORE-POW

Core power

TSAT, TAVTDC, TFOUT

Core milet/outlet temperature,
saturation temperature

PPZRTOP

System pressure

PSGAS, PSGBS

Primary and secondary pressure in steam
generators

3.10-5

TAVGSGA, TAVGSGB

Average fluid temperatre in steam. generators

3.10-6

MCMTA, MCMTB

Fluid mass in CMTs

3.10-7

CLEVELA, CLEVELB

Collapsed liquid level in CMTs

3.10-8

MOUTCMTA, MOUTCMTB, MINCMTA,
MINCMTB

Integrated mass infout of CMTs

3169

FLOWOUTA, FLOWOUTB

Measured flow out of CMTs

3.10-10

FLOWINA, FLOWINB

Calculated flow into CMTs

3.10-11

BLFRACA, BLFRACB

Fractional differential pressure in cold leg-
CMT balance lines

3.10-12

UTOT-A, UTOT-B

Fluid energy in CMTs

3.10-13

IRWST/PRHR

MIRWST

Mass of fluid in IRWST

3.10-14

IRWST/PRHR

LIRWST

=

Collapsed liguid level in IRWST

3.10-15

IRWST/PRHR

FIRWST

Ibm/sec.

Measured discharge flow from IRWST
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TEST ANALYSIS STANDARD PLOT PACKAGE (Cont.)

Figures 3.10-1 Through 3.10-83
Variables

Description

3.10-16

IRWST/PRHR

MOUTDVIA, MOUTDVIB

Integrated mass out of DVI lines

3.10-17

IRWST/PRHR

INT-QCAL, INT-QTUB, U-UO

Comparison of energy transfer from PRHR
tubes o IRWST

3.10-18

IRWST/PRHR

Q-HOR-1, Q-VERT, Q-HOR-2,
QTUBEXT

Breakdown of heat transfer from different
sections of PRHR tube

3.10-19

IRWST/PRHR

Q-CALIM

PRHR/IRWST heat transfer caiculated on tube
side

3.10-20

IRWST/PRHR

FLOWTUBE

Measured outlet flow from PRHR tube

3.10-21

IRWST/PRHR

VOID-FRC

Calculated PRHR Inlet void fraction

3.10-22

Accumulator

MACCA, MACCB

Mass of fluid m accumulators

3.10-23

Accumulator

LACCA, LACCB

Collapsed liguid ievel in accumulators

3.10-24

Accumulator

MEASFLWA, MEASFLWB

Measured flow from accumulators

| 3.10-25

Accumulator

MOUTACCA, MOUTACCB

integrated mass out of accumulators

Accumulator

U-TOT-A, U-TOT-B

Energy of fluid in accumulators

Accumulator

AIRMASSA, AIRMASSB

Mass of air exidng accumulators

Steam generator

MSGAP, MSGBP

Mass of fluid in steam generators - primary
side

3.10-29

Steam generator

LSGAH, LSGAC, LSGBH, LSGBC ft.

Collapsed liquid levels in steam generators -
primary side - hot and cold sides of U-tubes
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TEST ANALYSIS STANDARD PLOT PACKAGE (Cont.)

Figures 3.10-1 Through 3.10-83

Variables

Description

MSGAH, MSGAC, MSGBH, MSBGC

Mass of fluid in steam generators - primary
sude - hot and cold sides of U-tubes

LSGSA, LSGSB

Collapsed liquid levels in steam generators -
secondary side

Q-TRNF-A, Q-TRNF-B,
Q-CALIM

Heat transfer in steam generators
heat transfer in PRHR

3.10-33

PRESS-PA, PRESS-PB,
PREF-A, PREF-B

Primary and secondary pressure in steam
generators

3.10-34

MPZR

Flaid mass in pressurizer

3.10-35

LPZR

Collapsed liquid level in pressunizer

3.10-36

Fluid mass in surge line

3.10-37

LSL

Collapsed liquid level in surge line

3.10-38

UPZR

Fluid energy in pressurizer

3.10-39

MPCHN

Total fluid mass in power channe!

3.10-40

L2PHASE, LDVI, LHL, LCL

Two-phase liquid level in power channel vs.
DVI, hot-leg, and cold-leg elevations

3.10-41

MANDC

Fluid mass in annular downcomer

3.10-42

Power channel

LANDC, LDV], LHL, LCL

ft.

Collapsed hiquid level in annular downcomer
vs. DVI, hot-leg, and cold-leg elevations
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TEST ANALYSIS STANDARD PLOT PACKAGE (Cont.)
Figures 3.10-1 Through 3.10-83
Fig. No. Component Variables Units Description
3.1043 Power channel MTDC thm Fluid mass i tubular downcomer
3.10-44 Power channe! LTDC, LBOF, LTOF ft. Collapsed hiquid level in tubular downcomer
vs. top of active fuel and bottom of active fuel
levels
3.10-45 Power channel MLOWP Ibm Fluid mass in lower plenum
3.10-46 Power channel LLOWP ft. Collapsed hquid level in lower plenum
3.10-47 Power channel MCORE thm Fluid mass in core region
3.10-48 Power channel LCORE ft. Collapsed liguid level in core
3.10-49 Power channel MFOUT fbm Fluid mass in core outlet region
3.10-50 Fower channel LFOUT ft. Collapsed liquid ievel in core outlet region
3.10-51 Power channel MUPPL thm Fluid mass in the lower portion of the upper
pienum
3.10-52 Power channel LUPPL fu. Collapsed liguid level in the lower portion of
the upper plenum
3.10-53 Power channel MUPPU fhm Fluid mass in the upper portion of the upper
plenum
3.10-54 Power channel LUPPU ft Collapsed liquid level in the upper portion of
the upper plenum
3.10-55 Power channel MHEAD thm Fluid mass in the upper head
3.10-56 Power channel LHEAD ft. Collapsed liquid level in the upper head
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Fig. No.

TEST ANALYSIS STANDARD PLOT PACKAGE (Cont.)

Figures 3.10-1 Through 3.10-83

Component Variables Units Description

3.10-57 Power channel upPC B Total fluid energy in power channel

3.10-58 Power channel Q-FLUX Bu/sec -’ Average heai flux on the he~ted rods

3.10-59 Power channel STM-RATE Ibm/sec. Core steam generation rate

3.10-60 Power channei FLOWCOR ibm/sec. Caiculated core flow

3.10-61 Power channel VOIDOUT Void fraction at core exit

3.10-62 Po-ver channel TMAX, TSAT, TMAX-TSAT °F Maximum clad temperature, satration
temperature and delta

3.10-63 Hot leg MHLA, MHLB Ibin Fluid mass in hot legs

3.10-64 Hot leg FLA, FLB Fraction Fractional coliapsed liquid level in hot legs

3.10-65 Cold leg MCLA, MCLB tbm Fluid mass in cold legs

3.10-66 Cold leg LCLAL LCLA2, LPSA fi. Collapsed liquid levels in cold leg-A

3.10-67 Cold leg LCLBI, LCLB2, LPSB fi Collapsed liguid levels in cold leg-N

3.10-68 Total system mass MADS1-3, MADS4, BRKMASS Ibmn Catch tank mass for ADS-1, ADS-2, ADS-3,
ADS-4, and break

| 3.10-69 Total system mass DMADS1-3 Ihm/sec Calculated flow out ADS-1, ADS-2, ADS-3

3.10-70 Total system mass DMADS4 ibm/sec. Calculated flow out ADS-4

3.10-71 Total system mass BRKFLOW Ibm/sec. Calculated flow out break

3.10-712 Total system energy | UADS123, UADS4, UBREAK Btu Integrated fluid ~nergy for ADS-1, ADS-2,

ADS-3, ADS4, and the break
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TEST ANALYSIS STANDARD PLOT PACKAGE (Continued)
FIGURES 3.10-1 Through 3.16-82

Description

Component Variables Units

3.10-72 Total system energy VOID Calculated void fraction for ADS-1, ADS-2,
and ADS-3

31.10-74 Total system mass MTOTAL, MTOTO tbm Total system fluid mass vs. initial fluid mass

3.10-75 Total system mass ERRLOP Ibm Emor in the mass balance (using measured and
calculated flows)

3.10-76 Total system mass ERRLOPi Ibm Error in the mass balance (using fluid
inventory)

3.10-77 Total system mass MPCLTOT, MPCLO fbm Total fluid mass in power channel and loops
vs. Initial fluid mass

3.10-78 Total system mass MACOUT, MCMOUT, MIROUT Ibm Total integrated mass discharged from
accumulators, CMTs, and IRWST

3.10-79 Total system mass MSOURCE, MSINK, MSOURIN Ibm Total source inventory, total mass ejected from
primary system, and total mass injected to
primary system

3.10-R80 Total system energy UADS123, UBREAK, UADS4, UCATCH | Btu Integrated fluid energy exiting via ADS-1,
ADS-2, ADS-3, ADS-4, and the break, and the
sum

3.10-81 Tota! system energy USURR, UCATCH, UQIN, UFLD-UO, Bt Overall energy balance including integrated rod

UMTL-UOG, USG power, steam generator power, and heat loss o

the surroundings, energy exiting via ads and
break, energy input via nonsafety systems, and
change in primary system fluid and metal
energy relative to start of test

3.10-82 Total system energy UERROR, ERROR-% Btu, % Error in overall energy balance, relative to
mitial flnd and metal energy

3.10-83 System pressure = ia | ;7777 system




The figures listed are proprietary and, therefore,
are not available in the Class 3 version of this report.

These figures are available in the Class 2 version of this report.
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3.11 Analysis of the Steam Generator Tube Rupture without Nonsafety Systems (S01110)

This matrix test simulated a steam generator tube rupture (SGTR) with only the automatic passive
safety systems being used for accident mitigation (no nonsafety systems operating nor operator
actions). The pressurizer internal heaters were shut-off at break initiation and the chemical and
volume control system (CVCS), normal residual heat removal (NRHR) function and startup feedwater
system (SFWS) were shut-off for this test. During mitigation of the SGTR  inere was no core makeup
tank (CMT), accumulator, or in-containment refueling water storage tank (!RWST) injection
throughout the transient. The single SGTR is simulated via a line connected from the primary side
(reactor coolant pump-B (RCP-B) suction piping) to the secondary side of steam generator-A
(approximately | ]*" above the tube sheet), with a break orifice diameter scaled to a single
AP600 steam generator tube diameter.

Since this SGTR event did not result in automatic depressurization system (ADS) actuation, only the
first two event phases observed in loss-of-coolant accident (LOCA) recovery occurred. The event
phases selected for the purpose of detailed evaluation of the non-LOCA events are as follows:

¢ Initial depressurization phase (IDP)
¢ Pressure decay phase (PDP)

3111 Summary of Test Observations

Figure 3.11-1 shows the plant primary system pressure during matrix test SO1110 (as measured at the
top of the pressurizer) with selected component actuations and plant responses shown in relation to the

primary system pressure.

The IDP began with the opening of the break valve between the primary and secondary side, causing
the pressurizer to drain. Because the control grade pressurizer heaters were not on after break
initiation, there was a reduction in pressure due to pressurizer steam expansion.

When the pressurizer level dropped to | " at [ ]*"*, the reactor trip (R) and safety
system actuation (S) signals were actuated. Two seconds later, the main steam line isolation valves
(MSLIVs) and main feedwater isolation valves (MFWIVs) were closed, the CMTs and passive residual
heat removal (PRHR) heat exchanger (HX) return line isolation valves were opened, and the RCPs
coasted down with a | 1** delay (at [ 1** into the event). Power in the heated
rod bundle was reduced to [ ]*" percent of full-power and heat decay began with | Jon
delay (at | ]**). The iod bundle power was maintained at | ]**< above the scaled
decay heat, starting at approximately | J*** after trip, to compensate for heat losses.

The recirculation flow through the CMTs and the PRHR flow began immediately after the CMT
injection valves and the PRHR return flow valve were opened. The power-to-flow ratio was changing
when the RCPs were tripped and coasted down, during the onset of natural circulation flow. This
caused a reduction, followed by an increase, in the hot-leg temperature, and a rapid decrease in
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pressurizer pressure from | J*** psia followed by a slight increase in pressure. Primary
pressure then dropped toward the stearm generator saturation pressure while transferring heat to the
steam gen »4tors, and the break flow stabilized at approximately | 1", The IDP ended at
[ ]**<, when hot-leg/upper-plenum temper ature (| 1**) started to control the primary
system pressure. The level of the upper plenum, which was above the hot legs, begen to decrease.

During the initial portion of the PDP (up to | ]**), the primary system, with the exception
of the top of the upper pienum and upper head, remained water solid. Primary system cooling was
provided by the PRHR HX, CMT recirculation, break flow, and facility heat losses. The primary and
secondary system temperature and pressure slowly decreased throughout the PDP. The PRHR HX
heat removal rate was calculated to be | " at | 1**“, based on essentially single-
pnase flow in the PRHR supply line, the PRHR flow rate, temperature, and pressure.

At approximately | J*", the upper portion of the reactor vessel upper plenum and the
reactor vessel upper head began to drain at a significant rate. This resulted in an increasing pressurizer
level. The upper plenum drained rapidly to the hot-leg elevation starting at approximately

{ |*** and was completely drained at approximately [ e

At this time, primary and secondary pressures were essentially equalized and several events occurred
almost simultaneously:

* The break flow to steam generator-B decreased from approximately | 5 at
[ " and to approximately O at | ™
* The steam generator-B tubes began to drain at approximately | e,

* The loop-B coid leg flows decreased and loop-A flows increased momentarily.
* The upper plenum, belo. the hot legs, PRHR supply ling, etc., all became voided.

* The pressurizer level rapidly increased in response to the draining steam generator-B U-tubes
and primary system voiding.

This resulted in oscillations of temperature, void fraction, tubular downcomer flow, and system
pressure, all of which continued throughout the rest of test. The pressuricer was completely filled at
[ [*** and remained filled for the rest of the test. The CMT's natural recirculation flow
continued, but the flow rate decreased. The upper head was completely drained at | el
into the event, and the level never recovered. The primary system pressure oscillated about the
secondary system pressure and there was a small alternating flow in the break line.

Due to periodic boiling in the rod bundle, an oscillating two-phase flow entered the hot leg from the
upper plenum and flowed through the steam generators and PRHR HX in the IRWST. When the level
.0 the hot leg dropped below the PRHR inlet (top of the horizontal hot leg), steam from the upper
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plenum flowed into the PRHR inlet line 1 PRHR HX where it condensed. When the hot leg filled

to the PRHR inlet, 2 slug of water flowed to the PRHR HX

l Hot leg-B fluid had a void fraction close to that shown in the upper plenum. The void fraction in hot

leg-A was lower due to the selective removal of vapor from the hot leg by the PRHK inlet line. The

' void fraction in the PRHR supply at the IRWST oscillated and reached high peaks, which enhanced

the PRHK from the primary system when compared with single-phase saturated or subcooled water

before '

As stated above, the natural circulation flow ended in steam generator-B (by voiding U-tubes
approximately into the event. At the end of the event, the steam generator-B U

\ tubes were drained, thereby partly draining the pump B suction. The natural circulation flow in steam
generator-A continued through this test; however, there was a high oscillating void fraction in the

upper section of the U-tubes
3.11.2 Analysis of the S01110 Test Data

he analysis of the SPES-2 test was performed using the SPESAN computer code. The code performs
a detailed accounting of the coolant inventory in all parts of the system from the start to the end of the
test. Also, the internal energy of all components and parts of the facility, including the energy losses
from the break and ADS flows, are calculated throughout the event. The mass balance and the energy
transier calculatons are performed in much greater detail than were performed in WC AP. 14300

Final Data Report The results of the test data analysis are presented in Figure: through
.11-82. Mass balance snapshots, for key times during the transient, are presented in «able 3.11-1, for

all the major primary system components
Mass Balance
Qverall Mass Balance

Ihe uncertainty in the overall mass balance was an indication of the overall quality of the test. The

¢

s

total water inventory is tracked from the start until the end of the test. Figures 3.11-74, 3.11 and

1.11-76 show the overall mass balance and the error (uncertainty) in mass balance for S01110

(he overall ma. oalance for SO1110 (Figure 3.11-74) shows that the total inventory falls moderately
during the event. The primary side loses inventory to the secondary side immediately after initiation
of the break. The slope was relatively linear for the first | I*** seconds of the transient, but

Hattens out around "™ seconds. A maximum of | “*“ 1bm was lost to the steam generator

secondary side untl the primary-side pressure equalizes with the secondary side pressure at about

seconds. The final mass loss on the primary side was approximately I*** Tbm
Figure 3.11-75 shows the difference between the total mass during the event and the initial mass (mass
balance error) when the inventory was calculated by integrating the flows. Figure 3.11-76 shows the
" mass balance error when inventory was calculated based on the catch tank weight and level
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measurements. The mass halance error, based on flow measurements, shows that the error increases
negatively as the event progresses with the final result being -110 Ibm. The weight and level
measurements result in a similar error. This mass balance error matched well with fluid mass lost to
the secondary side, not included into the mass inventory calculation by the computer code.

Water lnventory for the Power Channel and the Loop

Maintenance of the coolant coverage of the heater bundie was the most critical issue for the power
channel. The heater bundle coverage during 2 LOCA event often consisted of two-phase fluid, which
can have a very high void fraction. However, during a non-LOCA event such as an SGTR or steam
line break (SLB), the heater bundle typically remains well covered with water or two-phase fluid, and
if there is any voiding at all, the void fraction is usually low. Figure 3.11-40 shows the true level of
two-phase fluid in the power channel as measured from the elevation of the top of the core (TAF).
Since this represents the true two-phase level, it will be different than the collapsed liguid level in the
heater bundie. For S01110, the two-phase level was relatively unchanged for the first | Jrhe
of the event, but then dropped suddenly from about | *** It remained at the | |**
level for the remainder of the event which was well above the heater bundle.

The level on the cold side of the power channel is shown in Figures 3.11-42 (annular downcomer) and
3.11-44 (tubular downcomer). The annular downcomer remained full throughout the event

Figure 3.11-62 shows the maximum cladding temperature during the event and compares this
temperature v the saturation temperature. There were ne indications of loss of cooling for the
heater rods during this event, which confirms the estimated two-phase level in the power channel.

The collapsed fluid 1evel in the core (Figure 3.11-48) and the core exit void fraction (Figure 3.11-61)
show that the core is water solid when the cvent starts.  Upon reactor trip and the subsequent RCP
trip at [ ]'™ seconds, the collapsed core level fell minimally to [ ]*"* ft. with a low void fraction
of about [ ]*** percent. It remained & these conditions up 1o about | ]** seconds. Then there
were large oscillations in the core exit void fraction and the collapsed fluid level. The average core
exit void fraction was about [ ]*"* percent, and the average collapsed fluid level was about [ J*** fi.

The collapsed level in the upper plenum (Figures 3.11-54 and 3.11-52) decreased to about [ ]*** ft.
below the hot-leg elevation at about | 1“" seconds into the event. Then the collapsed level in the
upper plenum oscillated and had an oscillating range from [ ]*™ ft. below the hot leg to [ ** it.
above the hot leg. The average by the end of the test was about [ |*** fi., or [ ]*" inches below the
hot leg.

Figure 3.11-39 shows the water inventory in the power channel. Initially, the mass inventory
increased slightly to a maximum of approximately [ 1**° Ibm around | 1**¢ seconds. Then the
mass iuventory fell rapidly to about [ ]*"“ Ibm just prior to the initiation of the oscillations at

[ J*** seconds. When the oscillations began, the power channel mass inventory flattened out at an
average of [ |** Ibm with minimum and maximum oscillations ranging from [ ]*** Ibm to

[ 1" Ibm, respectively. The total primary system inventory (power channel, pressurizer, and loops)
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is shown in Figure 3.11-77. It reached a minimum of about [  ]**“lbm (| ]*** percent of the initial
mass of [ |*** Ibm) by the end of the event.

Water Injection/Ejection

The injected fluid mass from all injection sources is shown in Figure 3.11-78. Figure 3.11-79 shows
the total source inventory and the injected and ejected masses during the event. Starting with a total
of approximately | " inventory, only [ 1< 1bm ([ ]*** percent) of available source water
was used by the end of the event (Figure 3.11-6).

Energy BRalance

PRHR Heat Transfer

The heat transfer from the PRHR to the IRWST gave a unique possibility of comparing heat transfer
on the primary and secondary side. A method of calculating the heat rejection by the PRHR HX into
the IRWST is described in Section 2.2.2, and a comparison of three heat transfer calculations is given
in Section 4.0. The PRHR primary-side heat transfer was calculated based on the measured exit flow
rate and the difference in enthalpy of the inlet and exit flows. Since the S01110 test had two-phase
flow conditions in the PRHR after | ]*** seconds, the inlet flow void fraction was determined
(Figure 3.11-21) and used to establish the effective enthalpy of the inlet flow. The outlet flow from
the PRHR HX was always subcooled water. For the first | ]**< seconds of the event, the primary-
side heat transfer for SO1110 (shown in Figure 3.11-19), was nearly identical to the heat transfer
measured for single-phase flow through the PRHR during the hot pre-operational testing (see
WCAP-14309, Final Data Report).”"’ After | ]*** seconds, the two-phase heat transfer was
considerably greater than the single-phase-flow heat transfer.

Figure 3.11-18 shows the calculated heat transfer from the PRHR external tube surface to the water in
the IRWST by the three tube sections of the HX. For the first | J**¢ seconds, SO1110 was similar
1o the other SGTR test SO1309. The void fraction was near zero so that the vertical tube transferred
the greatest amount of heat, and the top and bottom horizontal sections of the heat exchanger
contributed less 1o the overall heat transfer of the PRHR for the first | ]*™ seconds of the event
which averaged about [ 1** Buw/sec. After | J*"¢ seconds, two-phase fluid flow began through
the PRHR HX, and the void fraction oscillated at an average of about [ ]**“ percent. Then the top
horizontal tube transfers the greatest amount of heat. The condensation process on the inside
effectively heated this tube wall temperature above the boiling point for the water in the IRWST,
resulting in very effective nucleate boiling heat transfer from the outside surface. The heat transfer
rate correspondingly increases to0 an average of about [ **° Btw/sec. This was similar to the typical
LOCA event which has a high hea. transfer rate due to a high void fraction. Due to the oscillating
slugs of «'cam and water in the PRHR supply line, there are large fluctuations in the heat transfer rate
and the void fraction. The void fraction ranges from zero to [ ** percent after | ]*** seconds,
and the heat transfer rate correspondingly ranges from zero to [ *** Btw/sec.
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Figure 3.11-17 shows the internal energy of the IRWST water, the integrated power from the primary
side of the PRHR HX, and the heat transfer from the PRHR HX external surfaces. The internal
energy in the IRWST water was calculated based on thermocouples located at various elevations in the
IWRST tank, which were allocated different control volumes to arrive at an effective average
temperature. A comparison between all three integrated calculations shows good correlation between
the PRHR heat transfer (plot line A) and the IRWST heat pickup (plot line C). The calculation for
Qruwe (plot line B) doesn't compare as well initially since the calculation is based on boiling and free
convection heat transfer coefficients, and no boiling occurs at the PRHR HX inlet walls of the IRWST
for the first | |*** seconds of the event. Beyond that time, boiling of the IRWST fluid near the
PRHR Hx tube walls begins making the Qy; calculation more accurate so that Plot line B has nearly
the same slope as plot lines A and B.

S s Tr.

Figure 3.11-32 shows the heat transfer in the steam generators for SU1110, and Figure 3.11-33 shows
the pressures on the primary side and the secondary side of the steam generators. Heat transfer was
sharply reduced after the pumps are tripped due to the reduction of flow in the tubes. The pressures
show that the steam generators were available as heat sinks until approximately | **< seconds into
the event, at which time primary-and secondary-side pressures nearly equalize and heat transfer rate for
steam generators dropped to nearly zero.

Figure 3.11-28 shows the waler inventory in the steam generators primary side, which includes inlet
and outlet plena and U-tubes. When full, the steam generator inlet and outlet plena contains
approximately 80 Ibm of water. After oscillations started in the prinary system, the steam generator-B
U-tubes started to drain (at approximately | ]*"“ seconds) and contain trapped steam, which
became more and more superheated as the primary-side pressure decays. The steam generator-A
U-tubes were water solid, but fluid void fraction was oscillated above [ 1*** seconds, as seen in the
oscillations of mass (Figure 3.11-28),

verall B e

Figure 3.11-80 shows the integrated energy of the fluid streams leaving the system. For test S01110,
the only fluid stream leaving the system was the SGTR break flow, which was very small and not
accounted for by the computer code.

Figure 3.11-81 shows all the 2nergy components in the heat balance for the system. Throughout the
event, core power was the dominant heat input to the system and during the initial part of the transient
the steam generators provide the dominant heat extraction until about | |**¢ seconds, after which
time heat transfer to the secondary side was very small. Then the sum of the other integrated energies
for the surroundings, system fluid, discharged fluids, and metal mass matches the heat input by the
power channel heater rods reasonably well.
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Figure 3.11-82 shows the accumulated crror in the energy balance during the event. The maximum
error band in the heat balance is approximately | J** The error at the end of the
event was approximately | |** Energy associated with the break flow, which was very low,
was not included into the energy balance.

Other Observations

Pressure Decay

Figure 3.11-3 shows the primary system pressure during the S01110 test. Throughout this event the
pressure was controlled by the saturation pressure of the hottest fluid volume in the primary system.
At the initiation of the break, the controlling fluid volume was in the pressurizer and surge line.
Figure 3.11-2 shows that the temperature of the upper plenum was nearly at the saturation temperature
corresponding to the primary system pressure measured in the upper head after [ ]*" seconds
during the natural circulation phase.

Ejection Flows

Figure 3.11-68 shows the individual mass flows leaving the system via the ADS 1/2/3 and ADS-4/SG
A PORV. The individual flow rates are given in Figures 3.11-69, 3.11-70, and 3.11-71. The ADS
17273 flow was zero. The ADS-4 mass flow (from steam generator-A PORV) was low and the total
mass is less than | 1*"“ Ibm. The total mass flow leaving the system (Figure 3.11-79) as well as the
energy of fluid ejection (Figure 3.11-80) were very low for S01110.
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TEST ANALYSIS STANDARD PLOT PACKAGEF
Figures 3.11-1 Through 3.11-83

T - T r—

Component Z Variables Units | Description

——————————————————————————————————— . o ———————————————————————————
| Power channel | CORE-POW K | Core power

. RERSSCHCEIINN. Bt st i N

| Core inlet/outiet temperaturs
|

v -

ISAT. TAV]
: Saturatyon !;‘Y!‘v‘i‘!.!‘iil"
e ————

PPZRTOP

System pressure

Sicam generator | PSGAS, PSGBS Primary and secondary pressure in

| ——
| generators
— ;_+__. —— & — -

S e

11-5 | Steam generator | TAVGSGA, TAVGSGB Average fluid temperature in steam generators
RS . AR ..,_,.__._.T, . — . . o ’ -

— e —— e ———

1-8 | € MT L‘\!('\‘,', A. MCMTB Flurd mass in CM7Ts

i

—————————————————————————— e ————— —————————————————————

?f

.

|

pu— _;'_\:__, S »AL'_‘G;;\‘_L\ “{:_"_!m‘. e - Coll 1{“(“1 hquid level in CM (

3
1
i

N l CMT ' MOUTCMTA, MOUTCMTRB,. MINCMTA. b
| MINCMTB
—T- ~-~-—~——----~VA——----1L— SO ——
fL FLOWOUTA. FLOWOUTB

Integrated mass infout of CMTs

Thm/seq Measured flow out of ( MTs

FLOWINA, FLOWINB ibm/seq

BLFRACA, BLFRACB Fraction

Calculated flow mmto CMTs

Fractional differential pressure in cold leg
CMT balance iines

Btu Fluid energy in CMTs

——

{
MIRWST Ibm
o

|
IRWST/PRHR LIRWST

Mass of fluid in IRWST

—_—

e ——————————————

{ Collapsed liquid level mm IRWST

———
Thm/sec Measured discharge flow from IRWST

IRWST/PRHR J FIRWST




| TEST ANALYSIS STANDARD PLOT PACKAGE
} Figures 3.11-1 Through 3.11-83 (Cont.)
B S et T S | ) T T
i Fig. No. | Component | Variables | Units Description
b — ______.____.+ — - -
3.11-16 IRWST/PRHR | MOUTDVIA, MOUTDVIB thm Integrated mass out of DVI lines
v !
I ) B
3 11-1 i IRWST/PRHR | INT-QCAL. INT QTURB, U-UO B Comparison of energy transfer from PRHR
1 tubes to IRWST
}. — __-_._]r__ 4 SP—
i 3 11-1R | IRWST/PRHR Q-HOR-1, Q-VERT, Q-HOR-2 Btu/seg Breakdown of heat transfer from diffescent
i QTUBEXT sections of PRHR tube
T ——— A —
| —— .
r 3.11-19 i IRWST/PRHR Q-CALIM Bm/sex PRHR/IRWST heat wansfer calculated on tube
i side
Rosssissianan i A
3.11-20 ' IRWST/PRHR FLOWTUBI Ihm/sec Measured outlet flow from PRHR tube
_— + ———
3.11-21 IRWST/PRHR VOID-FR( Caiculated PRHR Inlet void fraction
NCSSnE St e ey — W—
3.11-2 Accumulator MACCA, MACCB J Ibm Mass of fluid in accumulators
— e — —— < S——
3.31-23 Accumulator LACCA, LACCB ft Collapsed liguid level in accumulators
S —_— —_— ——
3.11-24 Accumulator MEASFLWA, MEASFLWR Ibm/seq Measured flow from accumulators
T e —— e —
3.11-25 Accumulator MOUTACCA, MOUTACCR Ibm Integrated mass out of accumulators
b R - —— e
3.11-26 Accumulator U-TOT-A, U-TOT-B Btu Energy of fluid in accumulators
3.11-2] Accumulator AIRMASSA, AIRMASSB Ibm Mass of air exiting accumulators
3.11-28 Steam generator MSGAP, MSGBP i Ihm Mass of fluid in steam generators - primary
side
- i —
3.11-29 { Sicam generator LSGAH, LSGAC, LSGBH, LSGBC ' ft Collapsed hiquid levels in steam generators
| ! primary side - hot and cold sides of U-tubes
_ — A | —— J
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TEST ANALYSIS STANDARD PLOT PACKAGE

Figures 3.11-1 Through 3.11-83 (Cont.)

Variables

Description

MSGAH, MSGAC, MSGBH, MSBGC

Massofﬂuidinstcngcnemm-prhay
side - hot and cold sides of U-tubes

LSGSA, LSGSB

Collapsed liquid levels in steam generators -
secondary side

Q-TRNF-A, Q-TRNF-B,
Q-CALIM

Heat transfer in steam generators
heat transfer in PRHR

PRESS-PA, PRESS-PB,
PREF-A, PREF-B

Primary and secondary pressure in steam
generators

311-34 Pressunizer MPZR ibm Fiuid mass in pressurizer
3.11-35 Pressunzer iLPZR ft. Collapsed liquid level in pressurizer
3.i1-36 Pressunzer MSL Ibm Fluid mass in surge line
3.1'-37 Pressurizer LSL fi. Collapsed liquid level in surge line
3.11-38 Pressurizer UPZR Btu Fluid energy in pressurizer
3.11-39 Power channel MPCHN Ibm Total fluid mass in power channel
3.11-40 Power channel L2PHASE, LDVI, LHL, LCL fi. Two-phase liquid level in power channel vs.
DVI, hot-leg, and cold-leg elevations
t 3.11-41 Power channel MANDC bm Fluid mass in annular downcomer
31142 Power channel LANDC, LDV], LHL, LCL ft. Collapsed liquid leve! in annular downcomer

vs. DVI, hot-leg, and cold-leg elevations
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Fig. No.

Component

TEST ANALYSIS STANDARD PLOT PACKAGE

Figures 3.11-1 Through 3.11.83 (Cont.)

Variables Units Description

311143 Power channel MTDC ibm Fluad mass in tubular downcomer

311-44 Power channel LTDC, LBOF, LTOF ft. Coilapsed liquid level in tubular downcomer
vs. top of active fuel and bottom of active fuel
levels

3.11-45 Power channel MLOWP Ibm Fluid mass in lower plenum

3.1i-46 Power channel LLOWP ft. Coltapsed liquid level in lower plenum

3.11-47 Power channel MCORE Ibm Fluid mass in core region

31148 Power channel LCORE ft. Collapsed liguid level in core

| 3.11-40 Power channel MFOUT Ibm Fluid mass in core outlet region

3.11-50 Power channel LFOUT ft. Collapsed liquid level in core outlet region

3.11-51 Power channel MUPPL Ihm Fluid mass in the lower portion of the upper
plenum

3.11-52 Power channei LUPPL ft. Collapsed liguid level in the lower portion of
the upper plenum

3.11-53 Power channel MUPPU Ibm Fluid mass in the upper portion of the upper
plenum

311-54 Power channel LUPPU ft. Collapsed liquid level in the upper portion of
the upper plenum

3.11-55 Power channel MHEAD Ibm Fluid mass in the upper head

3.11-56 Power channel LHEAD ft. Collapsed liquid level in the upper head




SE9190-9] 00U g -MI6R 1\ 908- 258 [\Oped® 0

el

Fig. No.

Component

TEST ANALYSIS STANDARD PLOT PACKAGE

Figures 3.11-1 Through 3.11-83 (Cont.)

Variables Units Description
3.11-57 Power channel UPC Bt Total fluid energy in power channel
3.11-58 Power channel Q-FLUX Btu/sec.-ft. Average heat flux on the heated rods
3.11-59 Power channe! STM-RATE Ibm/sec. Core steam generation rate
3.11-60 Power channe! FLOWCOR thm/sec. Calculated core flow
3.11-61 Power channel VOIDOUT Voud fraction at core exit
| 11162 Power channel TMAX, TSAT, TMAX-TSAT °F Maximum clad temperature, satration
temperature and delta
3.11-63 Hot leg MHLA, MHLB thin Fluid mass in hot legs
3.11-64 Hot leg FLA, FLB Fraction Fractional collapsed liquid level in hot legs
3.11-65 Cold leg MCLA, MCLB thm Fluid mass in cold legs
3.11-66 Cold leg LCLAL, LCLA2, LPSA ft. Collapsed liquid levels in cold leg-A
31167 Cold leg LCLBI, LCLB2, LPSB ft. Coliapsed liquid levels in cold leg-B
3.11-68 Total system mass MADSI-3, MADS4, BRKMASS thm Catch tank mass for ADS-1, ADS-2, ADS-3,
ADS-4, and break
3.11-69 Total system mass DMADSI-3 Ihm/sec. Calculated flow out ADS-1, ADS-2, ADS-3
% 311-70 Total system mass DMADS4 Thm/sec. Calculated flow out ADS-4
3.11-71 Total systern mass BRKFLOW Ihm/sec. Calcuiated flow out hreak
3.11-72 Total system energy UADS123, UADS4, UBREAK Btu Integrated fluid energy for ADS-1, ADS-2,

ADS-3, ADS4, and the break
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Fig. No.

Component

TEST ANALYSIS STANDARD PLOT PACKAGE
Figures 3.11-1 Through 3.11-83 (Cont.)

Variables Units

Description

§ 3.11-73

Total system energy

VOID

Calculated void fraction for ADS-1, ADS-2,
and ADS-2

3.11-74 Total system mass MTOTAL, MTOTO Ibm Total system fluid mass vs. initial fluid mass
3.11-75 Total system mass ERRLOP ihm Error in the mass balance (using measured and
calculated flows)
3.11-76 Total system mass ERRLOP1 thm Error in the mass balance (using fluid
inventory)
31177 Total system mass MPCLTOT, MPCLO Ibm Total Muid mass i power channel and loops
: vs. initial fluid mass
Total system mass MACOUT, MCMOUT, MIROUT b Total integrated mass discharged from
accumulators, CMTs, and iIRWST
3.11-79 Total system mass MSOURCE, MSINK, MSOURIN Thm Total source inventory, total mass ejected from
' primary system, and total mass injected 1o
primary system
3.11-80 Total system energy UADS123, UBREAK, UADS4, UCATCH | Bw Integrated fluid energy exiting via ADS-1,

ADS-2, ADS-3, ADS-4, and the break, and the
sum

Total system energy

USURR, UCATCH, UQIN, UFLD-UQ,
UMTL-UO, USG

Overall energy balance including integrated rod
power, steam generator power, and heat loss to
the surroundings, energy exiting via ads and
break, energy input via nonsafety systems, and
change in primary system fluid and metal
energy relative to start of test

3.11-82

Total system energy

UERROR,

ERROR-% Btu, %

Error in overall energy balance, relative to
initial fluid and metal energy

System Pressure

Test event phases and system pressure




312 Steam Generator Tube Rupture without Nonsafety Systems, with Inadvertent ADS
(Se1211)

Test 501211 was a blind test; therefore, this section has been intentionally left blank and will be
provided later.
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3.13 Large Steam Line Break at Hot Standby Conditions without Nonsafety Systems (S01512)

Test SO1512 was a blind test; therefore, this section has been intentionally left blank and will be
provided later.
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4.2 Behavior of Core Makeup Tanks

A unique feature of the AP600 design is the use of passive safety systems to enhance reactor
protection following postulated accidents. The core makeup tank (CMT) is one component of the
AP6(X) passive safety systems. Each tank stores 2000 ft." of cold borated water at reactor coolant
system (RCS) pressure that can be gravity-injected into the RCS 1o provide reactivity control and core
cooling. The CMTs provide the same function as the high-pressure safety injection system in existing
pressurized water reactors (PWRs), with the difference being that current plants require the availability
of ac power to perform their safety function, whereas the CMTs achieve this with gravity-driven flows.

A brief description of the AP600 CMT is presented, along with a description of the SPES-2
representation.

An examination of the CMT behavior for the range of test conditions is presented. These include the
following:

e Fluid temperature distributions and fluid-wall temperature differences, including the effects of
air in the CMT

* Flashing and liquid level swell for larger breaks
e Steam/water mixing
e  CMT refill (after IRWST actuation)
These topics are discussed in Sections 4.2.3 and 4.2.4.
4.2.1  AP6O® Core Makeup Tank

In the AP60X), the CMTs are connected to the RCS, by normally open isolation valves on the cold leg
balance line and normally closed isolation valves and check valves on the CMT discharge line. The
CMT discharge valves open on a safety systems actuation (S) signal and remain open. The tanks are
maintained at full-system pressure by the cold leg balance lines. During normal operation, the CMTs
and the cold-leg balance lines are completely filled with water.

In addition to adding coolant and boron to the reactor systems, the CMTs have an additional safety
function. Continued draining of the tank indicates an unrecoverable loss-of-coolant (LOCA). When
approximately 33 percent of the tank liquid has drained, the CMT level sensing device activates the
first stage of the automatic depressurization system (ADS), and the plant begins a controlled
blowdown through the ADS valves into the in-containment refueling water storage tank (IRWST).
The second- and third-stage ADS valves open based on timers that are started with the opening of
ADS-1. If the CMTs continue to drain and the volume reaches 20 percent, then the fourth-stage ADS
valves (located on the hot legs) open, providing a large veni path directly to containment to
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4.0 PHENOMENOLOGICAL MODELING RESULTS

4.1 lIntroduction

The analysis results presented in Section 3.0 provide an in-depth understanding of each of the SPES-2
tests, The purpose of this section is 10 compare these results for several tests and to provide additional

: ih

understanding of the passive safety system components unique to the AP600

A test-to-test comparison for the SPES-2 tests is included in WCAP-14309, SPES-2 Tests: Final Data

Report Additional comparisons ar¢ made that make use of insights into the @sts, which were not

L

available in the previous report. These include the following
Component mass inventory and overall system mass balance
Component energy inventory and overall system energy balance
lNming of events that occur in the course of each test as the AP600 safety systems respond

These topics are discussed in detail in this section

I'wo components, the core makeup tank (CMT) and the passive residual heat removal (PRHR) system,

are unique to the AP600 design. The phenomena observed in the tests for these components are

discussed in detatl in this section




depressurize the RCS 0 containment pressure. As the RCS depressurizes by opening the ADS valves
on the pressurizer and hot legs, the CMTs continue to add coolant to the RCS to maintain continued

oling during the depressurization

Each AP6(X CMT is a tank, consisting of hemispherical heads and a cylindrical sheli
I'he hemispherical heads are stainless-steel-clad carbon steel (| |*** stainless cladding) with a
total thickness of | The cylindrical portion of the tank is also stainless-steel clad and is a
total of I*** thick. The top of the tank is located 28 ft. above the RCS cold legs, providing a
gravity head to diive the flow into the reactor vessel downcomer. The drain line is connected from
the bottom of the CMT through an isolation valve and two check valves to the direct vessel injection
line (DVI1). The cold-leg balance line between the top of a cold-leg and the top of a CMT is an 8-in
schedule 160 pipe with an inside diameter of | |**“ There is a normally open isolation valve

near the top of the balance line

here are two modes of operation for the CMTs: recirculation and draining. During the initial phase
0f a small-break LOCA, steam line break, or steam generator tube rupture event, the RCS inventory
remains at or near its steady-state value. When an S signal occurs (typically low pressurizer pressure)
the reactor coolant pumps trip, and the CMT isolation valves open. With the valves open, buoyancy
driven flow from the CMT to the reactor vessel and return flow from the cold leg to the top of the
CMT is initiated, beginning the recirculation phase of operation for the CMTs. The colder, denser
CMT water drives flow into the reactor vessel because of the density difference between the CM1
water and that in the cold leg balance line. This flow will continue and steadily decrease as the colder
CMT water is replaced by hotter water from the balance line, thereby decreasing the thermal driving

nead

\s the break continues to drain the RCS, the cold-leg balance line begins to void, the recirculation

flow path is broken, and the CMT drains as the water volume is replaced by steam from the cold leg,

beginning the draining mode of the CMT. The CMT injection flow rate is larger in this mode because
of the greater density difference between the colder CMT water and the steam or two-phase mixture in

the balance line

For a small break, the CMT s in the recirculation mode for an extended period, and there is the
potential for a large portion of the top of the CMT to be hot. This hot liquid layer will reduce the
steam condensaton when the CMT transitions into the draining mode. The hot liquid layer can als
flash as the RCS depressurizes, causing mixing and reducing the effects of condensation in the CMT

Iese effects are discussed in Section 4.2-4

For a larger break, the recirculation period is reduced because the cold-I g balance line will void
sooner, breaking natural circulation. In these cases, the hot liquid layer in the CMT, and its associated

cliects may be less significant




Separate effects tests of the core makeup tank were conducted to dotermine the operating
characteristics of the CMT during simulated large and small brea.. accidents. The analysis of these
tests is summarized in WCAP- 14215, AP600 Core Makeup Tank Test Analvsis Report."”

4.2.2 SPES-2 Representation of the Core Makeup Tanks

As has been shown in WCAP-14073, SPES-2 Facility Description,”’ the CMTs in the SPES-2 facility
are designed to maintain the AP600 elevation, with a | ]*** volume scaling. Thus, the CMTs in
SPES-2 are ! I** from top to bottom, with a total volume of [ 1**“ The heat capacity
scaling of the CMT walls has also been preserved, resulting in walls that are | ]**¢ thick. To
maintain these thin-walled tanks at high pressure, the CMTs are located within thick walled ([

]*"* thick) guard vessels which are unique to SPES-2. The heat transfer models which are used in
this analysis (Section 2.2) account for the heat transfer from the CMT walls to the guard vessel walls,
the heat capacity of the CMT and guard vessel walls, and the heat transfer from the uninsulated guard
vessel to the environment.

423 CMT Performance for Selected Tests

As discussed previously, the behavior of the CMTs is dependent on the accident sequence which is
simulated (that is, type of accident; small-break LOCA (SBLOCA), steam generator tube rupture
(SGTR), or main steam line break (MSLB); break size, break location; and availability of nonsafety
protection systems). Four tests are examined; the 2-in. cold-leg break (S00303), the 2-in. cold-leg
break with nonsafety systems available (SO0504), the double-ended guillotine DVI line break
(S00706), and the steam generator tube rupture (S01110).

A discussion of the CMT performance is provided for each of these tests.
2-in. Cold Leg Break (S00303)

For the 2-in. cold leg break (S00303), the CMT isolation valves opened at | ]*** initiating
the recirculation mode for both CMTs. The liquid level in the CMTs is shown in Figure 4.2-1. The
CMT in the break loop, CMT-B, transitioned into the draining mode at approximately |

]*" while the CMT in the unbroken loop, CMT-A, transitioned into the draining mode at

approximately | |*** Drainage was slowed by accumulator flow at approximately |
]n.b.a

The axial fluid temperature distributions for both CMTs at discrete points in time are shown in Figures
4.2-2 and 4.2-3. The inlet temperature is plotted at the top of the tank. Both CMTs show similar
behavior as the heated liquid region grows at the 1op of the CMT during the recirculation phase. At
this time, nearly | " of the CMT is heated as the tanks begin to drain. As the tanks drain,
the walls at the top of the tank reach thermal equilibrium with the hot water, cooling the water layer.
Thus, as the steam enters the CMT from the cold leg balance line, and little condensation occurs either
at the CMT walls, or at the steam/water interface,
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he fluid-io-wall axial temperature difference for both CMTs at discrete points in time are shown in
Figures 4.2-4 and 4.2-5  These figures indicate that the temperature difference from the fluid to the
walls is highest well below the water level when the hot water laver passes the colder wall as the
tanks drain down. The slow rate of draining indicates that the walls are sufficiently heated by the hot

hiquid v such that conder satior: of steam entering the top of the CMT is minimized

Figures 4.2-6 and 4.2-7 show the fluid superheat (the difference between the fluid temperature and the
saturation temperature) for both CMTs at discrete points in time. This value is piotted as a function of
elevation relative to the steam/water interface (plus elevation is above interface). The superheating of
the inlet pipe temperature relative to the CMT pressure is indicated at the top of the tank. At the start
of the event, the fluid in the tanks is highly subcooled During the recirculation phase, the fluid
closest to the interface is heated to near the saturation temperature. Then, as the tanks drain, the steam
temperatures in the top of the CMT are at the saturation temperature o1 slightly superheated, while the
liquid temperatures range from saturation at the steam/water interface to highly subcooled at the

bottom of the tank

Late in the event, the steam temperatures exhibit superheating at the top of the tanks, then remain at or
near the saturation temperature 0 a point approximately half-way down the tank wall. Below this
point, the steam temperature becowes subcooled, indicating the presence of non-condensible gas in the
CMTs. From Figure 4.2-6, the first evidence of subcooling of steam occurs at approximately |

|** for CMT-A. The introduction of non-condensible gas occurs immediately after the
accumulators have emptied, and, as is shown in Figure 4.2-8, the cold leg balance line had previously
drained sufficiently to allow a path for gas to enter the CMTs. Figure 4.2-8 also shows the start of

CMT refill after the initiation of IRWST1 injection (> by
I'wo-in. Cold Leg Break with Nonsafety Systems Available (S00504)
For the 2-in. cold leg break with nonsafety systems available (S00504). the CMT isolation valves

opened at “** initiating the recirculation mode for both CMTs. The liquid level in the

CMTs is shown in Figure 4.2-9. The CMT in the break loop, CMT-B, transitioned into the draining

mode at approximately | *** The CMT in the unbroken loop, CMT-A, transitioned into

the draining mode at approximately

The axial fluid lemperature distribution for CMT-A at discrete pomnts 1n ume is shown in Figure 4 2-10
Note: fluid thermy couples for CMT-B failed for SO0504). CMT-A shows behavior stmilar to S00303

as the heated liquid region grows at the top of the CMT during the recirculation phase

he tank drains more slowly than in test SO0303 due to the added RCS inventory from the nonsafety

systems and stops draining at approximately | Al this time, the fluid in the cold-leg

balance line is cooled due to the effects of accumulator injection and the nonsafety systems, which

rest 0 @ reduction in the thermal driving head. In addition, the nonsafety sysiems cause a reduction
which decreases flow out of the break and ADS to a point where the cold legs

the cold leg balance lines refill and introduced liquid into the top of the CMTs




Phis results in condensation of steam in the top of the CMTs and results in rapid refilling at the
CMTs. Refill stops short of completely filling the tanks due to noncondensible gas occupying the top

of the CMTs

The fluid-wall axial temperature difference for CMT-A at discrete points in time is shown in Figures
4.2-11. Figure 4.2-12 shows the fluid superheat (the difference between the fluid temperature and the

saturation temperature) for CMT-A

I'he steam space temperatures remain saturated despite the introduction of fluid at a higher
temperature, until about | |*** At that time subcooling indicates the introduction of non-
condensibles which essentially fill the tank above the water level as the level rises. This implies

condensation of most of the steam in this region despite the low fluid-wall temperature difference

Double-Ended Guillotine DVI Line Break (S00706)

For the DEG DVI line break (5(X)706), the CMT isolation valve opened at | |**< for
CMT-A, and | |** for CMT-B, initiating the recirculation mode for both CMTs. The liquid
level in the CMTs is shown in Figure 4.2-13. Since the CMT empties into the DVI line, the CMT in

the break loop, CMT-B, drains through the break within | |**¢ The CMT in the unbroken

loop, CMT-A, transitioned into the draining mode at approximately I**¢ CMT-A drains

at a constant rate until approximately | **“ when ADS-4 is activated. At this time, the
level remains nearly constant for approximately | |**“ then resumes draining. CMT-A is
“%¢ full at the end of the test
e fluid temperatures in CMT-B quickly reach the system saturation temperature. The axial fluid
temperature distrnibution for CMT-A at discrete points in time is shown in Figure 4.2-14. CMT-A
behavior is similar to the results observed in S00303, except that the recirculation phase is much
shorter due to the larger break. The heated liquid region grows at the top of the CMT during the
recirculation phase | | At this time, only | |**¢ of the CMT is heated

above the initial temperature as the tank begins to drain

Since the tank drains quickly, the walls at the top of the tank do not reach thermal equilibrium with
the hot water, and there is considerable condensation at the relatively cold walls. Thus, the fluid-wall
temperature differences for CMT-A, shown in Figure 4.2-15, indicate higher heat transfer than
bserved 1n S00303. Condensation is even more apparent in the fluid-wall emperature differences foi
CMT-B, shown in Figure 4.2-16. Rapid draining of CMT-B exposes cold walls to incoming steam

resulting in significant temperature differences

Figures 4.2-17 and 4.2-18 show the fluid superheat (the difference between the fluid temperature and
the saturation pressure) for both CMTs at discrete points in time. This value is calculated as a
function of elevation relative to the steam/water interface. At the start of the event, the fluid in the
tanks is highly subcooled. For CMT-A, during the short recirculation phase, the fluid at the top is

replaced with water near the saturation temperature. As the tanks drain, the steam temperatures in the




top of the CMT are more significantly superheated than for S00303 due to the rapidly decaying system
pressure. The hot water deposited at the top cools down as it moves down the cold tank. The liquid
temperatures range from saturation at the steam/water interface to highly subcooled at the bottom of

the tank.

Late in the event, the steam temperatures exhibit superheating at the top of both CMTs, then remain at
or near the saturation temperature along most of the exposed length. The lack of non-condensible gas
in this test can be attributed to the break being located in the DVI line, which causes the gas from one
accumulator to be completely discharged to the environment. In addition, accumulator-A empties after
Stage 4 ADS actuation, and it is likely that most of the gas injected into the intact DVI line will exit
the system before passing into the CMTs.

Figure 4.2-19 shows that the CMTs do not refill during the test fur this size break, as no increase in
the cold leg balance line liquid levels are observed.

Steam Generator Tube Rupture (501110)

For the steam generator tube rupture (SO1110), the CMT isolation valves do not open until nearly |

J** The recirculation mode of operation prevails for this event as the CMTs do not drain.
The discharge flow rate for both CMTs is shown in Figure 4.2-20. The flows decrease at a nearly
constant rate as hot liquid replaces the cold liquid in the tanks. The rate drops at about [ o
and | |*** for CMT-A and -B respectively, as hot water enters the drain line and further
reduces the buoyancy driving head.

The axial fluid temperature distributions for both CMTs at discrete points in time are shown in Figures
4.2-21 and 4.2-22. Both CMTs show similar behavior as the heated liquid region grows during the
event. By the end of the event, the tanks reach a nearly steady state temperature distribution with an
axial temperature gradient ranging from | ]** at tie top of the tanks 1o | J** at the bottom.

The fluid-wall axial temperature differences for both CMTs at discrete points in time are shown in

Figures 4.2-23 and 4.2-24. As was observed in S00303, the heat transfer from the fluid to the walls is |
highest when the hot water layer passes the colder wall as the tanks drain down. At the end of the |
event, a nearly constant temperature difference of approximately | ]** is observed along the entire |
length of the CMTs. This indicaies that the heat loss to the surrounding is nearly constant along the

length of the tanks.

Since the CMTs never drain for this event, the effects of non-condensible gas and CMT refill are not
observed.
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4.24 Flashing, Swell, and Steam-Water Mixing

Summary

Flashing of core makeup tank (CMT) liquid into steam during decompression could effect water level
indications and flow of fluid in the balance line. In the scaling logic for the CMT test this
phenomenon was rated as being of high importance to study for small-break loss-of-coolant
(SBLOCA) events. This section reviews two possible indicators of the extent of flashing and swell
(that is, the raising of the actual water level or mixture level above the inferred collapsed water due to
the presence of steam below the mixture level). Although flashing occurred in several tests, significant

level swell occurred in both CMTs only for tests SOO401 and SO1613

e phenomenon of direct or contact condensation was also rated of high importance for large and
SBLOCAs. There was no evidence of rapid contact condensation as observed in the rapid draindown

CMT tests

Flashing and Swell

Level swell was calculated as the difference between the calculated mixture level and the calculated
collapsed mixture level. As explained in Section 2.1.1, the coliapsed liquid level was calculated based
n the sum of pressure drops within four |**¢ pressure difference (dP) measurement spans
in a CMT. Mixture level was calculated within each of the individual spans. Thus, when steam exists
within a span below the actual mixture level, the inferred mixture level in the next higher span will be
higher than the calculated collapsed level. Furthermore, within the span containing the mixture level
the vapor fraction is assumed to be at least as high as the vapor fraction in the span below it. On this
basis, the calculated mixture level was raised above what would be inferred assuming pure liquid

below the mixture level within this span (Section 2.1.1)

A mixture level was calculated in each dP span. Typically, the mixture level will be within three
spans, at or near the upper or lower poind of the span; that is, they were full of liquid or had none;
and the actual mixture existed within one span. The actual mixture level was within the highest span
location having a collapsed liquid level above 1 percent from the bottom of the span

With this method, significant swell was detected if subsurface steam existed within the mixture in

more than one of the four dP spans. Significant swell indicated that there was steam below the

pressure drop measurement span that contained the liquid surface. (Up to one or two inches of swell

showed up in obviously subcooled condition. This was attributed to measurement and calculational

errors). The actual swell was expected to be a fairly smooth continuous function of time: due to the
measurement limitations, the calculated swell tended to drop to zero when the mixture level dropped
below the bottom of each dP span, and it remained there until a void is calculated in the second span
below that. Mixture level swell cannot be calculated by this method when the mixture level is in the

b




Figures 4.2-25 through 4.2-34 are plots of mixture level swell vs. time as the solid line with the scale
on the left side. Also shown are plots of the calculated mixture level for each pressure difference
range, using the right-hand scale. These indicate the level transient and help to gage the possible
effect of level proximity to the range bound on the swell mixture level calculation.

In tests SO0401 and SO1613 (1-inch cold-leg breaks; Figures 4.2-28 and 4.2-29), there was evidence of
significant swell, starting at the time of the opening of ADS-2 (| i
respectively). The same plots, showing only the flashing time periods, are shown in Figures 4.2-35
and 4.2-36, respectively. Swell of the mixture is expected to occur when there has been a large
balance line flow into the CMT to heat the liquid, when pressure decrease was greater; and when the
pressure aecrease occurred at low pressure, which caused greater steam volume per unit of pressure
decrease. Fiures 4.2-37 through 4.2-39 show CMT-A pressure transients and integrated mass inlet
flow for all te:ts reviewed in groups of similar tests. The test number for each curve is shown in the
legend. From surveying these plots, one would expect mixture level swell in CMT-A to occur for the

I-inch cold-leg break.

In test SO0706, a double-ended break of the direct vessel injection (DVI) line, (Figure 4.2-31 there
appears to be significant mixture level swell in CMT-B, as it rapidly blows down to the atmosphere
through the DVI line. This time period is shown in more detail in Figure 4.2-40. In this test, in
CMT-B, there was an apparent bias of up to | ]*" in the measured fluid temperatures for the first
[ 1™ which covers the period of the indicated swell. This caused an underestimate of
both the collapsed level and the mixture level. For SO8706, apparently, there were problems with the
fluid thermocouples in CMT-B, postulating a mu'tiplier of | J**¢ (Figure 4.2-40) on the
thermocouples and recalculating removes of all but three or four inches of calculated mixture level
swell during this time period. Since the pressure was essentially constant at this time, it can be
concluded that there was no clear indication of mixture level swell for test S00706.

Figure 4.2-32 for test S01007, a 2-inch break in the CMT-B balance line, shows very noisy calculated
levels in CMT-A when the level is around | ]** and in CMT-B before draining starts.
Closer inspection shows a very noisy signal on the bottom dP tap on both CMTs and on the top dP
cell on CMT-B during this period. This results in short-duration spikes in the calculated swell.
Because the duration of these spikes is so short compared to the swell evidenced in other tests, we
conclude that there is no clear indication of the existence of significant swell for this test.

The indication of measurable level swell in a few tests can be compared with the indications of
saturated regions below the mixture level, discussed in Section 4.2.3. Those figures imply that
flashing occurred during decompression in more cases than those in which mixture level swell was
observed. This is expected, since slow decompression of saturated liquid, and decompression at high
pressure, results in the formation of steam within the liquid at a volume rate, which is small enough
that individual bubbles can escape to the surface without a measurable volume being present.
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Direct Contact Steam Condensation

In the CMT separate effects test rapid contact condensation of steam was observed when steam was

introduced into the CMT before the initially cold CMT liguid had been heated. During this period, a

low CMT drain flow was observed, because of the lower pressure at the top of the CMT, which »

because most of the CMT ele

ad

lmited

{

vation head was consumed in the flow losses in the steam line

and steam distributor

The steam/water mixing continued until the top region of the CMT liguid nas

peen healed to near saturation by the steam, after which the direct condensation stopped. At that time
the CMT drain rate increased, with most of the elevation head being consumed in flow losses in the
drain line. In CMT tests in which the introduction of steam was preceded by recirculation of hot
nquid, no rapid condensation occurred. A fairly high drain flow rate was observed during liguid

crreulation, and when steam was introduced the drain flow increased

In all of the SPES-2 tests reviewed, the steam flow into the CMT was preceded by hot liquid flow

hus, significant direct condensatios was not expected

On indicator of significant direct condensation would be a drop in discharge (CMT injection) rate

when the flow balance line flow into the CMT changes from liquid to steam
by

This would be followed
a sharp increase when the direct condensation ended. In most cases, we see a recirculation

lischarge rate of about followed by increase to a higher rate when steam starts to

d

and emptying of the CMT starts. In only one test, SO0504, a 2-inch cold-leg break, and only a

MT-A, does a pronounced drop 1n discharge flow rate appear before the switch to the drain mode
case, the flow drops from petween | *%< then

sharply starting at about o , eventually hitting a
maximum of at “** Various parameters are shown for this period in Figure
+.241. Examination of the fluid temperature traces for this time in Figure 4.2-42 show no sharp rise
in temperatures near the CMT top, which would be expected in the case of vigorous contact

ndensation. We interpret the balance line dP signal as indicating that the balance line was filled
with liquid until about ", and that voiding initiated more rapid discharge fiow
ompanied by more rapid liguid flow in, until ** when CMT drain started and

creased further. The drop in flow from 18 attributed to a shift

ssure drops between the DVI line and the cold-leg B1, coincident with the

eg B sections below the steam generator

second indicator of rapid direct condensation would be the sudden appearance of a region of

(L
lemperature at the top of the CMT just prior to the start of draindown. A review of the

SUC f vén

ndensation due mixing of the iIncoming steam

n that such I omena d not exist for
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The figures listed are proprietary and, therefore,
are not available in the Class 3 version of this report.

These figures are available in the Class 2 version of this report.
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4.3 Passive Residual Heat Removal Heat Exchanger

As discussed in Section 2.2, the passive residual heat removal (PRHR) is designed to remove core
decay heat in the event that the active safety systems are not available. The heat exchanger (HX)
consists of a series of tubes in the in-containment refueling water storage tank (IWRST), which are
connected to the hot jeg (inlet) and pump suction (outlet). The tubes enter the tank a few feet below
the surface and exit the tank near the bottom. At normal operating conditions, the PRHR is isolated
from the primary system. In the event of an accident, the isolation valves are opened and natural
circulation flow is established, driven by the density difference between the hot fluid entering the
PRHR and the cold fluid exiting the PRHR. Heat is transferred from the tubes to the IRWST water
by either subcooled boiling or free convection.

This section will determine the heat transfer characteristics of the SPES-2 representation of the
PRHR/IRWST. Three methods of quantifying the heat transfer were identified:

1. Heat loss by the primary (tube-side) fluid between the PRHR inlet and outlet
2. Heat transfer from the outside of the PRHR HX tubes to the IRWST water
3. Increase in the internal energy of the IRWST water

Ideally, the energy transfer calculated by each of these methods should yield the same results.
4.3.1 Primary-Side Heat Balance
The primary-side heat balance is defined as
=t (h, - h
Qu (e = B (4.3-1)
where:

Q. = heat loss from the primary fluid between the PRHR inlet and outlet
m = mass flow rate as determined by the flow meter in the PRHR outlet
h, = fluid-specific enthalpy in the PRHR inlet

h,,, = fluid-specific enthalpy in the PRHR outlet

For all cases, the PRHR outlet flow will be single-phase liquid. However, the PRHR inlet flow could
be either a single-phase liquid or a two-phase liquid (steam/water mixture). To determine the inlet
enthalpy, the quality of the inlet flow must be determined. To do this, the SPES-2 tests used an
inverted U-tube with two differential pressure cells in series. As discussed in Section 2.2, the
differential pressure cell readings were used to approximate the average void fraction of the inlet flow.
Then, a homogeneous flow model was used to calculate the quality from the void fraction, and this
quality was used to determine the inlet enthalpy.
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Applying the AP reading to determine the vois. fraction eliminates the friction drops resulting in a
calculated static void fraction based on the el vation pressure. The flowing void is assumed to be the
same as the predicted static void fraction from the AP cells. This is a fair assumption. since the flow
oscillates at the PRHR inlet, the alternating vapor and liguid plugs or mixture are forced into the
PRHR, and the results are time averaged. The oscillatory flow also assumes a slip of unity; this is a
reasonable assumption, since low-and high-quality fluid will be pushed, by the steam, into the PRHR
tube. With these assumptions, a time-averaged inlet quality and enthalpy can be calculated for the
PRHR.

For test S00303, the inlet void fraction and quality are shown in Figure 4.3-1. This figure shows that
a two-phase mixture was observed at the PRHR inlet during much of the test. The resulting primary
fluid heat loss is shown in Figure 4.3-2, and the integrated heat loss is shown in Figure 4.3-3,

Figure 4.3-2 also shows the timing for ADS actuation and accumulator injection. For this test, the
heat loss increased 10 a maximum of | ]***, which remained relatively constant until

| J**< into the test. This corresponded to the time of accumulator injection, after ADS
actuation, which reduced primary system temperature and thereafter the buoyancy head for PRHR
flow, and introduced nitrogen into the primary system at the end of the accumulator injection
(approximately | J*"). These factors caused a rapid reduction in the PRHR flow rate, and
heat loss decreased to less than | 1**<. After | 1**¢, ADS-4 actuated, and the
heat loss in the PRHR dropped further. The PRHR was no longer a factor in removing the decay heat
beyond this point to the end of the test.

4.3.2 Energy Transfer from the Tubes to the IRWST

In SPES-2, the PRHR tube walls are instrumented to determine the relative fraction of energy transfer
that occurs in the three sections of tube:

I. PRHR inlet - | ]**“ of horizontal tube near the top of the IRWST. High-temperature
fluid enters this section from the hot leg and cools rapidly. The combination of high tube wall
temperatures and the locally low saturation temperature of the IRWST water can result in
subcooled boiling and high heat flux.

ra

PRHR vertical section - | J*** of vertical tube extending from the elevation of the
PRHR inlet to the PRHR outlet. At the top of the vertical section, the fluid inside the tubes
may still be hot enough to result in subcooled boiling off the outer tube wall. However, the
local saturation temperature increases as the hydrostatic pressure increases with mcreas:ng
depth. "hus, the lower section of the tubes experience free convection heat transfer with the
IRWST water, resulting in much lower heat fluxes.

3. PRHR outlet - | *** of horizontal tube near the bottom of the IRWST. At this point,
the fluid temperature inside the tube is very low, and the local saturation temperature in the
IRWST is at a maximum. Heat transfer from the tube walls to the IRWST is due to free

u\| 892 gon\] 892w 4¢ pon: 1 b-061008 4.3-2



vonvection. " e combination of the small surface area in this section, and low heat flux limits
the contributic 1 to the overall heat transfer.

The total .at transfer from the external PRHR tube wall to the IRWST is suwumed for the three
sections and is given by the following equation:

QW& i ”‘DAI (Ti = T-l (4-3'2)
where:
h, = hea transfer efficient (either subcooled boiling or free convection) for each section
A, = surface area of the tube for each section
T, = tube wall temperature
T. = bulk fluid temperature

Temperature ».easurements v ere made at the midpoint of the three sections. The local wall
temperatures were interpolated between these three measurements. Thus, the local temperatuce can be
estimated for the inlet tube wall between midpoint and the corner with confidence. However, the
highest heat fluxes occurred at the point where the PRHR inlet tube first entered the IRWST, anC no
wall temperature measurements were available at this location. It was assumed that the inlet wall
temperature must be higher than the midpoint temperature by some AT, Several values of AT,
were tested, and one was chosen to fit the overall heat transfer rate calculated for the primary side.
This value was found to be

AT = | P

This value was used to analyze all ten tests and, in most cases, resulted in excellent agreement with
both the PRHR primary-side heat transfer calculation and the IRWST i.dernal energy calculation.

Figuic 2.3-4 shows %2 breakdown in the heat trans - between the PRHR inlet, PRHR vertical, and
PRHR vutlet sections Ouring peak operation, the inlet horizontal section is responsible for

| I or ceariy | ]**“ of the total heat transfer, the vertical section is responsible
for | J** and the heat transfer in the outlet section is essentially negligible.
After ADS -« 0n, the heat transfer on the outside of the PRHR wbes at the inlet transition from
subcooled bo: g 1o free convection, and the heat transfer from this section falls to |
which is | |*** of the towal heat transfer. The vertical section heat transfer during this period
is | I** (or | ]*** of the total), and the outlet section heat transfer is less than

| J*** ‘This heat transfer breakdown is specific for LOCA tests when PRHR inlet fluid void
fraction is high (two-phase fluid) and condensation occurs mainly in the horizontal inlet tube. For
SGTR tescs S01309 and SO1110 | 1**¢ when PRHR inlet fluid void fraction was low
(single-phase fluid), the heat transfer occurred throughout the horizontal and vertical tube surfaces.
However, because the vertical tute surface was greater, the most heat was transferred through the
vertical tube surface. Figures 4.3-11 and 4.3-12 show that the model used for heat transfer through the
PRHR external wall calculation better matches the t..o-phase fluid in the PRHR inlet.
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4.3.3 Increase in the IRWST Internal Energy

The water temperature in the IRWST was measured at five locz*ions from the top to the bottom of the
tank. By associating a volume with each of these measureme ats, a total fluid internal energy was
calculated for each time step. The difference between this value and the internal energy of the tank at
the start of the test is an excellent measure ¢. the heat transfer from the PRHR to the IRWST. The
ADE  joes not interact with the IRWST in SPES-2 such that all energy addition is due to the PRHR.

The thermocouples used to evaluate the tank temperature are located near the PRHR tubes. Thus, the
measured temperature was somewhat higher than the actual tank temperature at a given eievation. To
account for this difference, the measured temperature are adjusted by 2.5°F during the time when the
PRHR is operating. The calculation was useful for comparison to the other heat transfer calculations
up to the point of IRWST draindown. No evaporative heat loss from the IRWST was considered.

The difference between the initial internal energy and the internal energy at any point in time is shown
in Figure 4.3-5 for the SO0303 test. Also shown is the imegrated PRHR primary-side heat transfer
(Equation 4.3-1) and the integrated total heat transfer from the outside of the PRHR tubes. These
results indicate that assumptions that were made to perform these calculations give good agreement
with the change in the IRWST internal energy, which is the most accurate measure of the
PRHR/IRWST heat transfer.

4.3.4 Calculation of the PRHR/IRWST Heat Transfer for Other Tests

Comparisons of the three methods of calculating the PRHR/IRWST heat transfer are shown for the
other nine tests in Figures 4.3-6 10 4.3-14. There is good agreement for most of the tests, with some
notable exceptions. Tests S00605 (Figure 4.3-8) and S00706 (Figure 4.3-9) show a large deficit for
the primary PRHR heat transfer calculation. The primary-side heat transfer calculation was not
performed for these tests. This was due to a malfunction in the differential pressure cells used to
determéne the inlet void fraction.

Test SO1703 (Figure 4.3-14) is a repeat of test SO0303. Analysis of the test shows that t.e integrated
heat transfer calculated from the PRHR exi . - tube wall was much higher than the ther two
methols. This was due 1o a | J** increc - - the tube wall temperature for this 1 :st as compared
to SO0303, which effectively doubled the *~mperature difference between the tube will and the bulk
fluid. The subcooled boiling heat . «nsfer coefficient was proportional 1o this temperiure difference
raised 10 the power of 2.5. Thus, a doubling of the temperature difference correspords to a six-fold
increase in the heat transfer coefficient. It is likely that the wall temperature for this test, the last in
the sequence, is inaccurate.

The other SBLOCA tests show the same behavior as S00303; the heat transfer was constant until the
accumulators emptied and then decreased. The smaller breaks (that is, test S00401; Figure 4.3-6)
showed approximately the same heat transfer rate (| **) as the larger breaks. However,
the heat transfer continued at a nearly constant level for a much longer period of time. The PRHR
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flow rate decreased siowly after the CMT draindown started (approximately | ** for
S$00401), slowly decreasing heat transfer. After ADS-1 was actuated and accumulator high injection

started reducing the primary sysiem temperature and as a consequence the PRHR flow rate, the
PRHR/IRWST heat transfer rate decreased similarly to the S00303. Conversely, for the larger break
(that is, test SO0706, Figure 4.4-9), the period of maximum PRHR/IRWST heat transfer was much
shorter due to the rapid decrease in pressure, and subsequent early ADS actuation accumulator
discharge.

The SGTR tests show similar behavios, with two important differences:

1. The heat transfer rate remained constant over the entire test because of slow primary system
pressure and temperature decay.

2. The heat transfer rate was somewhat lower than the LOCA rases (]
1*"%) due to the lower PRHR inlet void fraction. The overall integrated heat

transfer was much higher for the SGTR cases, since the PRHR kept flowing throughout the
test.

The time during the LOCA transient when the PRHR is effective is determined by the interaction of
the PRHR and the other safety systewas. Figure 4.3-15 shows the energy which is added to the
primary system by the heated rods, and the energy removed from the primary system by the break,
ADS, steam generators, and the PRHR. In this simplified analysis, the change in the energy of the
primary system fluid and the component metal mass is neglected.
At the start of the test (0 to [ ]*"* seconds),
1. The rod power is quickly reduced to decay heat levels (including the heat loss compensation).
2. The pumps are tripped, an the steam generator heat transfer drops to zero.

3. Energy is lost out the break at a rate which decreases slowly due to the falling system
pressure.

When the steam generator heat transfe: drops off (approximately [ ** seconds),
1. The core begins to produce steam.
2. The PRHR removes heat from the primary system.

When the ADS is actuated (approximately [ ]** seconds),

1. The break flow and associated energy is shamply reduced.
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2. The PRF® heat transfer ts reduced.

3. The ADS energy removal increases to make up for the break and the PRHR, and to match the

core decay heat level.
When ADS-4 is actuated (approximately [ ]** seconds),
1. The break and ADS1-1, ADS-2, and ADS-3 energy renewal rate is essentially zero.

2. The ADS-4 energy removal matches the core decay heat level.

Thus, the PRHR is effective for removing energy from the time when the steam generator heat transfer

ceases, until the time of ADS actuation. After this time, the core decay heat is removed by the
ADS-1, ADS-2, and ADS-3 until ADS-4 is actuated.

4.5 Effect of Multiple FRHR Tubes on PRHR Performance

The purpose of test S01613 is to determine the effect of multiple PRHR tubes on the PRHR

performance. The test is the same as SO0401, the one-inch cold leg break without non-safety systems,

except that three PRHR tubes are used, as opposed to one for S00401. The PRHR/IRWST heat
transfer for the two tests is shown in Figure 4.3-16, and the PRHR flow rate is shown in
Figure 4.3-17.

Several comparisons can be made between the tests to evaluate the increased PRHR capacity.

1. Tripling the heat transfer area of the PRHR tubes results in a [ |*"° percent increase in the

heat transfer rate.

2. The increase in the heat transfer is due in part to the increased flow through the PRHR tubes

for the multiple tube case. Figire 4.3-17 shows an increase in the PRHR flow of
[ *™ percent for test S01613 over SOG401. The remainder of the increase is due to the
lower outlet enthalpy resulting from the increased heat transfer area.

3. The| |** percent increase in PRHR performance results in a faster pressure decay rate

which hastens the actuation of the accumulator injection (see Table 4.5-2). In addition, the
increased heat removal delays the onset of ADS by about [ |** seconds, and results in &
higher minimum two-phase level and liquid mass in the core compared to the single tube case

(see Table 4.6-12).

The results of these tests indicate that the PRHR heat rejection is close to optimum for the single tube

case, and increasing the number of tubes does not significantly increase performance.
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The figures listed are proprietary and, therefore,
are not available in the Class 3 version of this report.

These figures are available in the Class 2 version of this report.
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4.4 Accumulator Air Injection and Migration in SPES-2

Each of the two accumulators in SPES-2 were precharged with approximately | J** of air at a
pressure of | J*"* When the primary system pressure decreased below the accumulator gas
pressure, the gas volume expanded and injected the water stored in the accumulator into the primary
system. When the water was totally ejected, the air gas volume continued 10 expand, injecting most of
the air (approximately | ]**“ from each accumulator) into the primary system. For the reference
loss-of-coolant accident (LOCA) event S00303, the air injection into the power channel annular
downcomer started at approximately | 1" into the event and continued for nearly

[ I** (Figure 3.2-27).

The initial distribution of air in the system was assessed based on the flow paths available during the
initial injection. During the initial injection for test S00303, some air left the system via the cold-leg
break and ADS-1, ADS-2, and ADS-3, while the rest was distributed in the system. The effect of ihe
processes in the system (specifically the steam flow and condensation) by the distribution of the air in
the system was assessed. The air will be transported by steam flow to the locations where steam
condensation takes place such as the core makeup tanks (CMTs) and the passive residual heat removal
heat exchanger (PRHR HX), and the partial pressure of air will build up in these locations. The
higher partial pressure of air reduce the partial pressure of the steam in these locations and, therefore,
could affect the saturation temperature.

During the initial air injection for S00303, which started at | ** the levels in the annular
downcomer and the hot leg decreased momentarily. Since the downcomer still had water, no air could
enter the core from the cold-leg side. The air propagated through the system by flowing from the
annular downcomer through the cold legs, the steam generator U-tubes, and into the hot legs. The air
swept residual water into the steam generator U-tubes, this water flashed and caused a momentary
pressure increase in the system. The hot legs drained momentarily at [ 1" thereby
Opening a path for air to enter the uppes plenum via the hot legs (Figure 4.4-1). The upper-plenum
level at this time was above the hot-leg nozzle (Figure 4.4-2). The air entered the upper plenum and
collected in the top of the upper plenum above the free-water surface. During this process, which took
place from | J**“ the level in the upper plenum decreased approximately

| J*** corresponding to a partial air pressure of | ]**¢ in the upper plenum

(Figure 4.4-2). Some air may have reached the upper head via the annular downcomer/upper-head
bypass line. However, due to the small capacity of this line and the pressure decay in the system
causing a general flow of superheated steam out of the upper head, only a small amount of air is likely
to have reached the upper head via this path.

The level in hot leg-A dropped to o: below the elevation of the surge line nozzle (corresponding to
approximately | ]**) and stayed at this elevation until ADS4 actuation (Figure 4.4-1). This
opened a direct flow path for air from the annular downcomer into the pressurizer. Air entering the
pressurizer was ejected via ADS-1, ADS-2, and ADS-3, leaving the system.
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When the air injection from the accumulators started, the flow through the CMT balance lines

(A and B) consisted of steam since the cold legs had already drained (Figure 3.2-11). Steam was
flowing from the cold leg through the balance lines into the CMTs and condensing on the coloest
metal surfaces above the water level in the vessels and on the water surface. This steam flow also
swept air from the cold leg into the CMTs, resulting in a significe- 4 amount of air in the CMTs. The
temperatures above the water surface in the CMTs dropped below TSAT based on the CMT pressure
due to a high partial pressure of air (Figure 4.4-5).

For the time during a LOCA event when there was two-phase flow in the u, per plenum and the hot
leg-A, two-phase flow with much higher void fraction occurred in the PRHR. In the PRHR HX, the
upper horizontal tube and the upper part of the vertical tube, contained a steam volume and acted as a
condense’ for the steam/water mixture coming from the hot leg.

During the accumulator water injection period (| 1*") the PRHR supply line and
the HX gradually became water-solid. During the initial air injection, a short period of flow reversal
occurred (at | 1**4), filling the inverted U-tube in the inlet line with subcooled water from
the heat exchanger. When hot leg-A drained, the lower part of the PRHR supply line drained and
filled with air. When forward flow was re-established, a steam/air volume established in the top part
of the hear exchanger (Figure 4 4-1). This ~ccurred during a time when the core and the upper
plenum were still subcooled. Flow through the PRHR started increasing (Figure 4.4-4) when the core
again discharged two-phase flow starting between | e

From approximately | **“ until | J*** the level in the upper plenum stayed at
the hot-leg elevation. Air stored in the upper-plenum steam bubble gradually was transported to the
PRHR HX by the steam in the two-phase fluid. The decreasing level in the HX from |

J“"¢ (Figure 4.4-1) was probably a result of an increasing buildup of air in the top of HX.
There was a small but noticeable affect on the measured heat transfer between |

**, which was probably caused by the increasing amount of air in the HX. Figure 4.4-5
shows that the temperature at the PRHR HX inlet corresponds to TSAT based on the pressure at this
location, indicating that there was no significant affect of the partial pressure of air at this location.
The affect of air on the saturation temperature would be expected where the condensation process
takes place near the free water surface inside the HX. At | **¢ the steam bubble in the
upper plenum started 1o collapse caused by the IRWST flow subcooling the upper plenum
(Figure 4 4-2). The water from the IRWST injection was insufficient to supply the upper pienum at
the rate of steam bubble collapse, and water was beiug pulled from the rest of the primary system.
The level dropped in the PRHR HX and inlet line (Figure 4.4-1), and the pressure in the ADS-4
header dropped below atmospheric, and air was pulled into the PRHR inlet line through ADS-4. This
ended natural circulation for the PRHR loop, the flow siopped, and the PRHR heat transfer ended.
The first significant injection of air inio the PRHR for S00303 occurred after ADS-4, and was a result
of backflow of air through ADS-4 and not the flow of air around the system following the end of
accumulator injection caused by the collapse of the steam bubble in the upper plenum.

During the initial 2ir injecuon, most of the air was leaving the system via ADS-1, ADS-2, and ADS-3.
The residual air was stored in the CMTs, the cold legs, the steam generator U-tubes, the hot leg, the
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pressurizer, and the upper plenum. There was a noticeable affect of air on the temperature distribution
in the CMTs (Figure 44-3),

Only a small amount of air from the initial injection from the accumulators ended directly in the
PRHR HX. Air injected into the upper head was transported to the PRHR HX by the two-phase flow
going to the PRHR; however, the ainount was insufficient to affect the saturation temperature at the
PRHR HX inlet. Air v.as clearly present in the PRHR HX after the collapse of the steam bubble in
the upper plenum, which pulled sufficient air into the PRHR inlet line to break the recirculation in the

PRHR loop.

The effects of the air injection from the accumulators are not consistent from event to event. The
consequences of the air injection appear to be dependent on several factors, the most important factors
being the water inventory in the s''stem at the time of the injection, and the location and size of the
break.

The differences in system response S00303 is compared with SO0401, which was a 1-inch cold-leg
break (smaller than S00303, and S00706, which was a double-ended guillotine break (much larger

than S00303).

The 1-inch cold-leg break (S00401) showed indications of a large amount of air in the PRHR,
sufficient to end the natural circulation immediately after the air injected from the accumulators (at

[ |**), and the PRHR heat transfer stopped. This was different from S00303, which
showed indication of a small amount of air rcaching the PRHR heat exchanger having little effect on
the PRHR flow. The difference between the SO0401 and SO0303 may be related to the water
inventory and the break size, since significantly more air was lost through the break for S00303 than
for SOO401. With more air left in the system for SO0401, combined with the lower ' vater inventory in
the system when the air injection occurred, PRHR natural circulation was broken for SO0401 while
this did not occur for SO0303.

For the double-ended guillotine break of the direct vessel injection (DVI) line, S00706, PRHR natural
circulation stopped when the injection of air from accumulator-A occurred (approximately

[ ]**), and the PRHR flow and heat transfer stopped. This was primarily due to the low
waler inventory in the system at this time. However, ADS-4 occurring at | 1*** when the
system pressure was still high, appears to have ejected a large amount of the air which halted flow in
the PRHR. As the IRWST injection raised the water level in the primary system to the hot-leg
elevation, the PRHR partially refilled and the flow restarted.

The air injection from the accumulators affected primarily the performance of the PRHR although the
air was noticed in the CMTs. For many of the events performed in SPES-2 the PRHR heat transfer
ended when the accumulator air stopped natural circulation in the PRHR. Unfortunately. the system
response for each event was sufficiently dif’erent to make generalization difficult. It is clear, however,
that one must assume loss of PRHR heat transfer at the end of the accumulator injection, although for
some events PRHR heat transfer continued after the injection.
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45 Behavior of Other Components

Several interesting observations were made during the course of testing. The behavior of the
components unigue to AP600-—the core make up tanks and the passive residual heat removal
system—are discussed in Sections 4.2 and 4.3, In addition, characteristic primary system flow
osciilation was observed for the loss-of-coolant accident (LOCA) tests. These oscillations, along with
the primary system behavior up to the loss of natural circulation, are discussed in this section.

Also included in this section is a summary of events that occur during the test. These events included
the actuation of safety systems, such as reactor trip, pump trip, steam generator isolation, core makeup
tank (CMT) draining, accumulator discharge, auvtomatic depressurization system (ADS) initiation, and
in-containment refueling water storage tank (IRWST) draining. Included are the timing of the events
relative to the initiation of the test and the system pressure at this time.

4.5.1 Core Behavior - Oscillations After Reactor Cooclant Pump Trip

Oscillations in the primary system flow, temperature, and pressure occurred for LOCA events when
the reactor coolant pumps (RCPs) were shut down, and two-phase fluid conditions existed in the

primary system,

When the RCPs were stopped, the power-to-flow (P/F) ratio for the heated rod bundle increased. As a
result of the loss of system pressure down to the saturation pressure for hot-leg temperature, boiling in
the heated rod bundie and flashing in the upper plenum occurred and produced sufficient steam to
control the system pressure, and hoth temperature and pressure increased. This increased the void
fraction in the power channel and, consequently, reduced the density of the two-phase liquid being fed
into the hot legs.

The two-phase mixture in the steam generators left the steam generators as saturated water. Some of
the sicam was being condensed in the U-tubes (the primary-side pressure was higher than the
secondary-side pressure at this time, allowing some heat to be transferred to the secondary-side fluid),
while the rest of the steam was separated from the two-phase mixture in the high point of the U-tubes.
Since the driving head for the natural circulation flow was determined by the density difference
between the single-phase fluid in the coid side of the primary system and the two-phase mixture in the
hot side of the primary system, the flow through the heated rod bundie increased, reducing boiling
intensity, primary system pressure and temperature. void fraction, and as a consequence, the driving
head for flow through the power channel. When flow through the heated rod bundle subsequently
decreased, the boiling intensity again increased, increasing the driving head for flow in the primary
system. The cycle was repeated and the flow through the power channel started to oscillate, resulting
in oscillations in the heated rod bundle and upper-plenum void fraction, upper-plenum temperature,
and system pressure.

Since a part of steam was separated from the iwo-phase mixture in the high point of the U-tubes, it
eventually broke the flow path through the U-tubes when the free surface had fallen too low to be
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overcome by the buoyancy head. The oscillations v.cre sustaired as long as there was flow through
the steam generators. When the steam generator U-tubes siarted to drain, these oscillations stopped.
For steam generator-B, the £~ * stopped earlier than the flow for steam generator-A due to the higher
void fraction in the fluid frc it leg-B.

These oscillations were observed in all tests where boiling occurred in the power channel after RCPs
are shut off until the flow path through the steam generator U-tubes was broken. In steam generator
tube rupture (SGTR) test SG1110, oscillations in the primary system started at about 3000 seconds
when CMTs and passive residual heat removal (PRHR) natural circulation flows decreased and were
not sufficient to subcool the power channel.

Primary system pressure (upper-head pressure and hot-leg pressure) and the upper-plenum temperature,
and the void fraction in the heated rod bundle oscillated in phase (see Figures 4.5-1 and 4.5-2). The
amplitudes of these oscillations was about | i** respectively. The
fluid void fraction in the steam generator U-tubes oscillated approximately in opposite phase with the
primary system pressure. When the void fraction in the heated rod bundie and the saturation
temperature for primary system pressure (see Figure 4.5-3) decreased, they reached minima st about

[ ]**“ after the tubular downcomer (TDC) flow rate had reached a maximum at

| J*" and started to decrease. The fluid void fraction in the upper part of the hot legs at
the steam generator U-tubes increased in this period because of flashing, caused by the lower
saturation temperature (system pressure). The fluid void fre>tion in the steam generator U tubes
reached maxima at about [ ]**. At the same cime | ** the TDC flow rate
dropped, and due (o the low flow rate, the core void fraction started to increase due to boiling. As the
saturation temperature increased (the system pressure increased) the void fraction in the steam
generator U-tubes hot-side decreased. The calculated steam generator U-tube cold-side void fraction
stayed higher, compared to the hot-side void frac’on, because of lower fluid level on the cold side due
to the lower temperature. In this time period condensation occurred predominantly on the cold side of
the steam generator U-tubes. At av~ut | |*** the PRHR heat exchanger (HX) return flow
raie (oscillating) started to increase, thereby reducing liquid temperature in cold leg-A.

At about | [*"* when the void fraction in the heated rod bundle approached its maximum
and the hot-leg void fraction increased (Figure 4.5-5), the driving head for flow in the primary system
increased increasing the TDC flow rate (Figure 4.5-3). The fluid void fraction in the steam generator
U-tubes decreased with the increasing saturation temperature for system pressure, the void fraction in
the heated rod bundle peaked at about | J*" and then decreased while the TDC flow rate
increased, reaching the maximum at about | ]**< The high flow through the power channel
reduced boiling in the power channel. The void fraction in the heated rod bundle as well as the hot
leg void fraction decreased reducing the driving head for primary system flow (flow rate Aecreased),
and the cycle was completed.

The TDC flow rate lags primary system pressure (core void fraction) by about 1/4 of the oscillation
period.
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The minimum fluid void fraction in the steam generator U-tubes gradually increased (Figure 4.5-6)
indicating that a part of steam was separated in the high point of the U-tubes where temperature
(metal) was the highest and steam was superheated.

The fluid void fraction in the hot leg-B is higher than in the hot leg-A and more steam is separated in
the high point of the steam generator-B U-tubes. This resulted in a break of the flow path through the
steam generator-B earlier (at | ]**) than in the steam generator-A. Afier break of the flow
path in the steam generator-B flow through it was stopped, the TDC flow reduced to about one haif,
and oscillation period increased from about | *** (Figure 4.5-7). The oscillations in
the primary system continu=d until | |*** when flow stopped through the steam generator-
A U-tubes. The liquid level in the U-tubes gradually decreased thereby draining the steam generators.
The TDC flow -ate decreased to about the total PRHR HX and the CMTs ratural recirculation flow
rate at about [ Jabe

The fluid void fraction in the top of the PRHR HX inlet line (Figure 4.5-8) changed due to the
oscillation of the saturation temperature for system pressure (intensity of flashing oscillates in the inlet
line or even condensation occurred in the inlet line) as well as separation of steam at the top of the hot
leg into the PRHR HX inlet line. The fluid maximum void fraction in the top of the PRHR inlet line
was significantly higher than in the heated rod bundle ([ ]*°° percent in the rod bundle "ersus [ ]***
percent in the PRHR HX inlet line). The increasing system pressure (increasing saturatic n
temperature) stopped flashing in the inlet line and condensation occurred in it (Figure 4.5 9); that
produced vacuum in the inlet line and causea the low void fraction fluid from the hot leg to fill the
the top of the inlet line (Figure 4.5-8), which was followed by the higher void fraction fluid; the fluid
void fraction in the top of the inlet line dropped, then increased due to high void fraction fluid
entering from the hot leg, and at that time the PRHE. HX return flow peaked (Figure 4.5-8). Then
decreasing system pressure again caused flashing in the inlet line resulting in the high fluid void
fraction in the top of the PRHR HX inlet line and the next cycle started.

452 Timing of Events During Accident Sequences

Tables 4.5-1 10 4.5-2 list the timing of the major events during the ten SPES-2 tests being analyzed,
referenced (o a time zero, which corresponds to the time of the initiating event. Table 4.5-1 presents
data for the 2-inch LOCA tests. Table 4.5-2 covers the 1-inch and double-ended guillotine breaks.
Table 4.5-3 covers the steam generator tube ruptures. For each event, the time it occurs and the
associated system pressure (that is, the top of pressurizer pressure) is presented. Some of these results
are discussed further in the following text. Timings for the CMTs are discussed in Section 4.2; and
timings for the PRHR are discussed in Section 4.3,

Reactor Trip (R) Signals and Related Events
All of the LOCA events were conservatively tripped on a low-pressure signal when the pressurizer

pressure reached | [**¢ (that is, the power was reduced to simulate control rod entry into the
core and transition to decay heat levels). For the 1-inch break, this occurred at around |
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" For the 2-inch breaks, the trip signal was issued between |
with the coid-leg breaks being the earliest and the direct vessel injection (DVI) line break being the
latest. The very rapid depressurization experienced in the double-ended guillotine break of the DVI
line (S00706) leads to a trip signal in | J** In all cases, the main steam isolation signal
was detected two to three seconds after the reactor trip (R) signal was issued.

For the steam generator tube rupture tests, the reactor trip was initiateG on low pressurizer level. For

test SO1110, signals were issued at | ]*** when the level decreased 1o | ]*** for test
SO1309, the signal was issued at | ]*"* when the pressurizer level was |
(WCAP-14309, Final Data Report)."’ The main steam isolation signal was detected [

**“ later.

Safety Systems Actuation (S) Signals and Related Events

In the LOCA simulations, the safety systems actuation (S) signal was issued when the pressurizer

pressure reached | ]** For the 1-inch breaks, this was about | **< after the trip
signal; for the 2-inch breaks, the delay was about | 1**“ In the case of the double-ended
guillotine break, the delay was only three seconds. Following the S signal, main feedwater isolation,
PRHR actuation, and CMT injection signals occurred approximately | **“ later. Reactor
coolant pumps (RCP) trips were detected within | 1*"“ of the signal, which is consistent with
the | J*"* design delay.

For the steam generator tube ruptures, the S signal occurred at the same time as the reactor trip. Main
feedwater isolation, PRHR actuation, and CMT injection were detected | 1“5 after the
signal. RC® trips were again detected within | ]*** of the signal.

Accumulator Injection

The start times for accumulator injections are listed in Tables 4.5-1 to 4.5-3 together with the system
pressure at the time of actuation. The start time and the time at which all the water has been ejected
are listed in Table 4.5-4,

In general, for the LOCA events, accumulator injection began when the system pressure reached
approximately 700 psi. The only exceptions to this appeared to be accumulator-B in tests S00706 and
S00401. The former was a result of the initiating event, which was a break of the associated DVI
line, and this water injection was collected in the CMT-side break catch tank. The latter is an artifact
of the way in which the accumulator injection was detected. That is, for three consecutive time steps,
the measured accumulator flow must exceed | 1** In this test (as discussed further below),
there was a period of sporadic outflow that made the initial injection difficult to detect by this method.
In reality, a small level of outflow will have occurred from around [ **¢ onward.

The rate of initial accumulator injection depends on whether the ADS phase has been initiated. This is
illustrated in Figures 4.5-10 to 4.5-12. For the double-ended direct vessel injection (DVI) line break,
ADS-1 actuation occurred | ]** before accumulator injection starte,, and ADS-2 began eight
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seconds later. There was, therefore, a very rapid initial rate of water discharge. At the other extreme,
for the 1-inch cold-leg breaks, ADS actuation was | ]**< after the start of the accumulator
injection. Until the ADS stage hegan, the accumulator discharge was very sporadic; however, once the
rate of sysiem depressurization increased, so did the accumulator discharge. For the 2-inch cold-leg to
CMT balance line and cold-leg breaks, there were shorter delays ([ **) between
accumulator injection starting and ADS actuation, so the sporadic outflow phase was much shorter.
For the 2-inch DVI line break, accumulator injection and ADS-1 actuation were almost coincidental.

It is interesting to note that in test SO0504, the effect of the nonsafety systems was to delay the onset
of rapid accumulator injection by approximately | J*"“ relative to the equivalent tests without
these systems. Figures 4.5-10 to 4.5-12 show that the actuation of ADS-2 and ADS-3 leads to further
increases in the rate of accumulator discharge.

Comparing Tables 4.5-1, 4.5-2, and 4.5-3 shows that the accumulators take between [

[*" 10 empty from the time of ADS-1 actuation, for all but S00706, which is very rapid
and takes | I*"* to discharge. The discharge time for the 1-inch breaks was slightly less
than in the 2-inch breaks because there had been a significant loss of water during the prolonged
sporadic outflow phase. Averaged over the time for the accumulators to empty, in all tests the air
expansion is near isothermal. However, during the initial discharge there is a reduction in air
temperature which is followed by a reheat as the walls supply energy to the air.

Figures 4.5-10 10 4.5-12 show that, foliowing the emptying of the accumulators, the rapid outflow
continued as the discharge lines emptied. Following the fall in discharge flow, there was another burst
of lower flow. This is likely to be a result of the passage of the air discharged from the accumuiators.
The consequences of this air discharge is discussed further in Section 4.4-1. In all tests with ADS-4
actuation, except S00706, there was a further small pulse at the time ADS-4 began.

In the two steam generator tube rupture tests, CMT draindown did not occur and ADS was not
activated. However, in test S01309, the primary system depressurized enough for sporadic accumulator
outflow to occur during the last | [*** of the transient (Figure 3.10-24).

ADS Actuation

ADS actuation occurred when CMT level decreased to the actuation points. These are as follows:

ADS-1 CMT level of | s
ADS-2 CMT level of | ot
ADS-3 CMT level of | e
ADS-4 CMT level of | Jop

For the steam generator tube ruptures, these conditions were never met and ADS actuation did not
occur. For the LOCA events, there was a spread of initiating times—dzpending on the rate of CMT
emptying. The higher the system pressure at the time of the actuation, the greater the effect of the
ADS. The system pressures pertineat (0 the time of ADS actuation are listed in Tables 4.5-1 and
45-2.
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For the SGTRs, the loss of water from the primary system was not enough to lead to CMT draindown,
and thus, ADS actuation did not occur. For all the LOCA events, except SO0504, all four stages of
ADS were activated. In test SO0504, the water injected from the nonsafety cystems—chemical volume
and control system (CVCS) and normal residual heat removal (NRHR)—prevented the complete
draindown of the CMTs and, hence, ADS-4 actuation. The nonsafety system injection also delayed
the onset of ADS-1, ADS-2, and ADS-3 actuation by | ]“* relative to the equivalent tests
without these systems (S00303 and S01703). The lower the elevation of the break, the more rapid the
draindown of the CMTs, and ADS-1 actuation occurred approximately | **¢ earlier in the
2-inch DVI line break relative to the 2-inch cold leg break, which was an additional [ | ad
earlier than in the 2-inch cold-leg to CMT balance line break. Halving the size of the cold-leg break
delays the onset of ADS actuation by nearly | g

IRWST Injection

Gravity fed water injection from the IRWST began when the primary system had depressurized to near
atmospheric conditions (that is, in the region of | ]** in these tests). The time of initiation was,
therefore, dependent on both the severity of the initial depressurization and the effectiveness of the
ADS phase. For the steam generator tube ruptures, there was no ADS actuation, the primary sysiem
did not fully depressurize, and therefore, there was no IRWST injection. For all the LOCA events,
except SOOS04, IRWST injection was achieved. In test SO0706 (the double-ended guillotine break of
the DV1 line), the IRWST line on the unbroken side began to feed water | ]** after ADS-1
actuation. For the one-and two-inch breaks, ADS depressurization led to IRWST injection,
approximately | J** after ADS-1 actuation. In test SO0S04, ADS-4 actuation was
not achieved and the system pressure remained above that at which IRWST injection can begin.
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S0033 | seie S04 SO0603 T S01007
2-in. CL 24n. CL 2-in. CL {w/NS Systems) 2-in. DVI 2-im. CL/CMT BL
Event (sec/psi) (sec/psi) (sec/psia) (sec/psia) {sec/psia)
Reactor trip signal (R)

Main steam line isolation (A/B)

Safety systems actuation signal (S)

Main feedwater 1solation (A/B)
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TABLE 4.5-2
EVENT TIMINGS AND SYSTEM PRESSURES FOR 1-INCH AND DEG LOCAs

Test Number

Event

- - N

Reactor trip (R) signal

Main steam line wolation (A/B)

—

Salety systems actuation (S) signal

Main feedwater isolauon (A/B)

S ——

CMT mmjection (A/B)

PRHR supply actuation

RCP tnp (A/B)

Accumulator injection (A/B)

ADS

-
|

EI———

ADS4 (A/B

IRWST mection (A/F

|




TABLE 4.5-3
EVENT TIMINGS AND SYSTEM PRESSURES FOR SGTRs

Event

Test Number

=

Reactor trip low pressurizer level

signal (R)

Main steam line solation (A/B)

T — -

Safety systems actuation (S) Signal

Mam feedwater 1solation (A/B

CMT mjection (A/B)

PRHR supply actuation

ST

RCP tip (A/B)

EE——

Accumulator mjection (A/B)

A/B)

ST myecuon (A/B)

ISR —
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TABLE 454
ACCUMULATOR INJECTION START AND END TIMINGS COEFFICIENT

Injection Start Time | Accucnulator ' pty '
Accumulator (sec.) Time (se

500401 1-in. CL LOCA A . s
B
S01613 1-in. CL. LOCA A
B
$00303 2-in. CL. LOCA A
B
$01703 2-in. CL LOCA A
B
S00504 Z-in. CL LOCA with A
nonsafety systems B
S00605 2-in. DVI LOCA A
B
$01007 2-in. CL-CMT Balance A
line LOCA B
$00706 DEG DVI LOCA A
B
S01110 1 tube SGTR A
| B
S01309 1 tube SGTR A
B
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The figures listed are proprietary and, therefore,
are not available in the Class 3 version of this report.

These figures are available in the Class 2 version of this report.
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4.6 Overalli Mass Balance

The total system mass inventory, at each point in each transient, is shown in Figures 4.6-1 to 4.6-10
with the initial value. These figures represent the total water inventory in the SPES-2 facility that is
included in the mass model. Certain piping lengths have not been included in the model because of
their small volume and the lack of suitable differential pressure measurements in many cases. The
amount of mass neglected by omitting these piping lengths was estimated based on temperature and
pressure measurements for time O in test SO0303. This missing mass is listed in Table 4.6-1 along

with the volume of the components (data from WCAP-14073, SPES-2 Facility Description).”

The majority of this additional mass will appear within the total measured system inventory when the
relevant salety system is utilized, although the precise amount included at any time depends on what
systems have been used and how much water mass remains within the pipes. Figures 4.6-1 to 4.6-10
show that, in most tests, there was an apparent gain in total svstem water that is consistent with a total
additional water mass of up to | [**“ Ibm. The following tests are not bounded by this missing

mass figure

Test SO0504

i

In this test, the final system mass inventory was approximately | |** Ibm higher than the

initial value. This is a test in which the nonsafety systems—chemical volume contrel system
(CVCS) and normal residual heat removal (NRHR)—were used and these injected nearly

|*** Tbm of water during the test. In this test, the in-containment refueling water storage
tank (IRWST) injection did not occur and there was a considerable level of water in the core
makeup tank (CMT) to cold-leg balance line (CLBL) at the end of the test, so not all the

neglected mass will be included in the system inventory

fest SO1110

This is a steam generator tube rupture (SGTR) in which the end inventory was approximately
Ibm less than at the start. The mass of water transferred from the primary to
secondary side of the system was not included in the mass balance, since this focused on the
primary system components. The amount of mass transferred was small, amounting to a total
of ibm. In this test, the CMTs did not enter the draindown phase and accumulator
injection and IRWST injection did not occur. The majority of the additional mass (listed in

[able 4.6-1), therefore, did not enter the system being modeled

Test S01309

This is the other steam generator tube rupture; however, in this case, there was the additional
complication that the CVCS also injected water throughout the test and the ADS-4 catch tank
was used to coliect water from the power-operated relief valve (PORV) cycled by the operator

There is, therefore, a loss from and injection to the modeled system that is not included in the




initial mass balance that is shown by the mass increase shown in Figure 4.6-9. The total
transfer from the primary to the secondary side is [ ]*"* lbm. The total mass of water
injected from the CVCS is [ ]*"“ 1bm and the total collected in the ADS-4 catch tank was
[ *1bm. Due to problems with CVCS flow measurements, a constant flow of

[ ]*" Ibm/sec was assumed for the entire transient. This led to an overestimate of

100 Ibm. inserted mass relative to WCAP-14309, Final Data Report.””

4.6.1 Component Masses: A Test-by-Test Comparison

Tables 4.6-2 through 4.6-12 provide test-by-test component mass comparisons for both loss-oi-coolant
accident (LOCA) and non-LOCA tests (where appropriate) at the following times in the transient:

Start of transient

End of initial blowdown phase

Start of first CMT draindown

Automatic depressurization system (ADS-1) actuation
Point at which first accumulator empties

ADS-4 initiation

Start of IRWST injection start

End of transient

The following observations can be made:

At the initiation of the transient, all tests have essentially the same mass inventory distribution.

At the end of the initial blowdown phase, the mass inventory in the power channel is
unchanged in the 1-in. LOCA and SGTR events. In the 2-in. LOCA events, the core and
upper plenum have lost mass. As expected, the double-ended guillotine break of the direct
vessel injection (DVI) line shows the most severe power channel and heated rod bundle water
loss during this phase of the transient.

By the time the first CMT goes into draindown mode, cold leg-B is essentially empty in all
the LOCA tests. Due to the more prolonged system draindown, the power channel mass
inventory is now lower in the 1-in. LOCA events than the 2-in. events.

At ADS-1 initiation, the power channel mass inventories lic between [ 1™ and | 1*** 1bm
in all LOCA tests except those involving DVI line breaks and the mass distribution between
the heated rod bundle, downcomers and upper plenum is similar. The DVI line breaks show
more severe reductions in inventory up to this point in the transient. The 2-in. break of the
DVI line has a lower power channel inventory at this point than is the case for the double-
ended break; however, this is only a temporary situation.
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Table

1
‘>

Accumulator injection refills the power channel in all the LOCA tests, except the DVI breaks

where not all the initial accumulator inventory reaches the core. In the case of the 2-in. DVI

line break, there is a partial refilling of the power channel by the time the first accumulator

empties; but in the case of the double-ended break, the power channel inventory has further

reduced to this point

Following the emptying of the accumulators, all tests show a further reduction in power
channel and rod bundle water inventory until the IRWST injection starts. In all the LOCA
events, the minimum power channel inventory is just before IRWST injection takes effect. As
noted below, this is not necessarily the time of minimum water inventory. In the case of the
double-ended guillotine break of the DVI line (S00706), the end of the accumulator injection
18 later than ADS-4 actuation. Thus, the apparent increase in inventories between these two

events actually represents a continuing temporal reduction

By the end of the transients, the power channel is water-solid up to the hot-leg elevation in all
LOCA tests, except the double-ended break of the DVI line in which heated rod bundle

voidage still persists

6-13 shows the minimum power channel (that is, span of DP-000P) inventory and the time at

which it occurs

One-in. LOCA Events: The minimum power channel inventory arises just before IRWST injection
! I )

takes effect. The minimum inventory is | I**“ lower in the test with only one passive residual

heat removal (PRHR) heat exchanger (HX) tube (S00401). The minimum inventory in that test is

abouf

I*"" higher than that achieved in the 2-in LOCA events

[wo-in. LOCA Events: The minimum power channel inventory is about [ J**° Ibm, and it occurs

seconds into the transient during the core oscillation phase

Double-Ended Guillotine Break of DVi Line: A minimum power channel inventory of only [

Ibm occurs I*** seconds into the transient during the accumulator injection

SGTRs: With the nonsafety systems operating (S01309), the minimum power channel inventory

occurs during the imitial blowdown: in test SO11

heated

the core

r

1

10 the minimum occurs during the flashing in the

rod hundie, which occurred from | |*** seconds to the end of the transient. For this period

imnventory oscillates between around > 1bm

in all the tests undertaken on the SPES-2 facility, there is no evidence for uncovery of the heated rod

bundle

there s

e maximum clad temperature shown in Figures 3.x-62 (x = 2,3....11) clearly shows that

no dramatic clad temperature increase. This demonstrates that the rod bundle always remain

suffhiciently wet 10 maintain adequate cooling




Component

Volume (ft.%)

TABLE 4.6-1 |
MASS OMITTED FROM THE MASS BALANCE MODEL |

Initial Mass (ibm)

4

CMT-A mjeciion line

abc

CMT-B injection line

CMT 1o cold-leg balance line

PRHR supply line

| PRHR return line

IRWST to DVI-A injection lmne

| IRWST w DVI-B injection line

| Accumulator-B injection line

Direct vessel injection line A

I Direct vessel injection line B

Total

The total missing mass represents less than 1 percent of the initial inventory.
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S00401

S01613

S06303

S01763

S00564
2-in
CL4NS

S00605
2-in DV}

501807
2-in BL.

TABLE 4.6-2
COMPONENT MASS COMPARISON AT START OF TRANSIENT IN LOCA TESTS

S00706
DEG of DVI

e

w892 non\1 892 w-4f.non 1b 061095
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[ENT IN NON-LOCA TESTS

FABLE 4.
FTRANS
S01309

'ARISON AT START OF

SO1114
1 SGTR

MPONENT MASS COM!

—

—

Power cha
1r

I heated rod
lowncomers

¥

*nuam




TABLE 4.64 J
COMPONENT MASS COMPARISON AT END OF BLOWDOWN IN LOCA TESTS

S00401
1-in CL

$01613
1+in CL

S00303
2-in CL

$01763
2-in CL

S00504
2-in
CL4NS

S00605
2-in DVI

501007
2-in BL

S00706
DEG of DVI

Event ume

—

=

Power channel
(PC)

|PC: beated rod
| bundle

PC: downcomers

{PC: upper plenum

|Hot leg-A

{Hot leg-B

Cold leg-A
Cold leg-B

ISG primary-A

SG primary-B

Pressurizer + SL

CMT-A

CMT-B

| Accumulator-A

Accumulator-B

IRWST

w K92 pon\i K92w-4f non: 1b-06]1 098
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TABLE 4.6-5
COMPONENT MASS COMPARISON AT END OF BLOWDOWN IN NON-L.OCA TESTS

T S01110 S01309
1 SGTR 1 SGTR4NS

Event tume

Power channel (PC)

"

PC: heated rod bundle

PC: downcomers

————

PC: upper plenun

Hot leg-A

l
Hot leg-B

( ' ‘\1 i( | A

Cold leg-B

SO prnimary-A

SG primary-B

Pressurizer + Sl

|
'
!

CMT-A

CMT-B

Accumulator-A

Accumulator-B

Lik\\\'i




S00401
1-in CL

S01613
1-in CL

TABLE 4.6-6
COMPONENT MASS COMPARISON AT START OF CMT DRAINDOWN IN LOCA TESTS

S00303
2-in CI

$01703
2+in CL

S00504
2-in
CL4NS

S00605
2-in DVI

S01007
2-in BL

S\L0706
DEG of DV

Event time

=

=

Power channel
(PC)

PC: heated rod
bundle

PC:. downcomers

PC: upper plenum

Hot leg-A

Hot leg 3

Cold leg-A

Cold leg-B

SG primary-A

SG primary-B

Pressurizer + SL

CMT-A

CMT-B

Accumulator-A

Accumulator-B

IRWST
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TABLE 4.6.7
COMPONENT MASS COMPARISON AT TIME OF ADS-1 INITIATION IN LOCA TESTS

S00504
S0040i | S01613 | SO00303 $01703 2-in S06605 | S01007 S00706
lin CL | 14in CL | 2-in CL | 2-in CL. | CL4NS [2-in DVI| 2-in BL |DEG of DVI
Event time i T abe
Power channel
(PC)

PC: heated rod
bundie

PC: downcomers
PC: upper plenum
Hot leg-A
Hot leg-B

Cold leg-A
Cold leg-B

SG primary-A
SG primary-B
Pressunizer + SL
CMT-A

CMT-B
Accumulator-A
Accumulator-B
IRWST
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TABLE 4.6-8
COMPONENT MASS COMPARISON AT TIME FIRST ACCUMULATOR
EMPTIES IN LOCA TESTS

PC: upper plenum

Hot leg-A

lHol leg-B

Coid leg-A
Cold leg-B

SG primary-A

SG pnmary-B

Pressunizer + SL

CMT-A

CMT-B

Accumulator-A

lAccumulmor-B

IRWST

u\1K92-non\1 B92w-4f pon: 1h-061 (05
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TABLE 4.69

COMPONENT MASS COMPARISON AT TIME ADS-4 INITIATION IN LOCA TESTS

S00504
500401 S01613 | S06303 | S01703 2-in S00605 | S01007 | SO0706
14in CL | 1-in CL | 2in CL | 2-in CL | CL+NS | 2-in DVI | 2-in BL | DEG of
DVvi

Event titne N N
Power channel
(PC) L%
PC: beated rod
bundic

PC: downcomers

PC: upper plenum

Hot leg-A

Hot ieg-B

Cold leg-A

Cold leg-B

SG primary-A

SG primary-B

Pressunzer + SL

CMT-A

CMT-B

Accumulator-A

Accumulator-B

IRWST

w1 B92-pon\ 1 RO2w-4f non: 1b-061005
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TABLE 4.6-10

COMPONENT MASS COMPARISON AT START OF IRWST INJECTION IN I OCA TESTS

S00401
1-in CI

S01613
1-in CI

[

S01763
2-in CI

S00303
2-in Cl

S00504
2-in
CL+NS

S00665
2-in DVI

S01007
2-in BI

S00706
DEG of DV]

Event tume

-

a,bc

Power channel
(PC)

PC: heated rod
bundle

——

PC: downcomers

Hot "Jf A

—

Hot leg-B

Cold ’t‘}' A

-+

Cold leg-B

SG primary-A

SG pnmary-B

Pressurizer + Sl

CMT-A

CMT-B
=

Accumulator-A

e —

Accumnulator-B

[RWS1T




TABLE 4.6-11
COMPONENT MASS COMPARISON AT END OF TRANSIENT IN LOCA TESTS

|

S00401
1-in CI

S01613
i-in CL

& N

l

S01703
2-in CL

SH0303
2-in CI

S00504
2-in
CL4+NS

SO0665
2-in DVI

Se1007
%-in Bl

S00706
DEG of DVI

F_.._
Event tume

-
Power channel
(PC)

PC: heated rod
bundle

PC: downcomers

PC: upper plenum

Hot leg-A

Hot leg-B

Cold leg-A

Cold I('_}' B

SG primary-A

SG primary-B

Pressurizer + Sl

CMT-A

CMT-B

Accumulator-A

Accumulator-B

IRWST




TABLE 4.6-12
COMPONENT MASS COMPARISON AT END OF TRANSIENT IN NON-LOCA TESTS

S01110 S01309
1 SGTR I SGTR+NS

[_ T Jabg

Event time

Power channe! (PC)

PC: beated rod bundle

PC:. downcomers

PC: upper plenum

Hot leg-A

e

Hot l(')' B

Cold leg-A

Cold leg-B

SG primary-A

SG primary-B

Pressunizer + Sl

CMT-A

CMT-B

Accumulator-A

Accumulator-B

IRWST




: TABLE 4.6-13
MINIMUM HEATED ROD BUNDLE MASS INVENTORIES :

Test Description
cold-leg LOCA
in. cold-leg LOCA
cold-leg LOCA
cold-leg LOCA

Test
S00401
S01613
S00302
$01703
S00504 2-in. cold-leg LOCA + nonsafety system
S00605 DVI LOCA
S01007 | 2-in. cold-leg to CMT balance line LOCA
S00706 | Double-ended DV break
I tube SGTR

abc

2-in.

2-in.

SO1110
$01309

I tube SGTR + nonsafety systems
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The figures listed are proprietary and, therefore,
are not available in the Class 3 version of this report.

These figures are available in the Class 2 version of this report.
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4.7 Overall Energy Balance

As discussed in Section 2.9, the error in the total system energy inventory was determined by
considering the SPES-2 facility (primary system, core makeup tanks [CMTs), accumulators, and in-
containment refueling water storage tank [IRWST]) as a control volume. The energy balance on this
control volume is defined as

U.I'Il = UM i UM " UM B U.. + AUﬂIﬁ + A‘J.-I + UNS (4.7‘1)
where:
Uge = error in the overall energy balance
U,e = integrated power in the heated rods
Ugow = energy of the fluid leaving the control volume
U., = integrated heat loss to the surroundings
Uy, = integrated heat transfer in the steam generators

AUy, = change in the energy of the fluid in the control volume

AU, = change in the energy of the metal in the control volume

Uy = energy of the fluid entering the control volume through nonsafety systems-—chemical and
volume control system (CVCS) and normal residual heat removal (NRHR )-—when

operating

As discussed previously, several assumptions are necessary to calculate the components of the energy
balance. These include the following:

1. Determination of the enthalpy of the fluid leaving the break is made by assuming saturated liquid
at all times during the tests.

This assumption is expected to be reasonably valid, since the break is at the bottom of the pipe for
break sequences located on predominantly water solid piping (that is, cold-leg breaks) and for
smaller breaks that exhibit siower depressurization to preclude flashing in the break location.

2. Determination of the enthalpy of the fluid leaving ADS-1, ADS-2, and ADS-3 is made assuming
saturated vapor when the calculated void fraction in the top of the pressurizer is greater than 0.9
and assuming saturated liquid when the calculated void fraction is less than 0.9.

This assumption is used as a switch between fluid and steam discharge through the automatic
depressurization system (ADS). It is expected to be a good approximation for most times during
the test.

wA1892-non\1 892w-4g non: | b-061 095 4.7-1




Determination of the enthalpy of the fluid leaving ADS-4 is made assuming saturated liquid at the

hot-leg temperatures

is assumption is expected to be valid for most tests, since the ADS-4 is actuated when the

system pressure is low. Thus, approximating the ADS-4 flow as saturated liguid, even when two-

phase, is a good approximation due to the large density difference at lower pressures, such that the

majority of the mass flow is liquid

Determination of the energy transfer in the steam generators is made assuming a constant overall
heat transfer coefficient until the pumps are tripped. At this time the overall heat transfer drop

dramatically due to the lower flow through the tubes

This assumption results in a constant level of energy transfer from the primary side 10 the
secondary side until the pumps trip. Afier this time, the heat transfer drops to a very small value
This result is the same for all tests. For the loss-of-coolant accident (LOCA) tests, the energy
transier is set 10 zero when the primary system pressure is less than the secondary-side pressure
This assumption results in a small negative energy error before the pumps are tripped, as more
energy transter is predicted than actually occurs. After the pumps are tripped, the model
accurately predicts the energy transfer

The total fluid energy at the start of the test neglects approximately 100 Ibm of fluid due to

several small diameter piping runs not being included

Section 4.6 showed that just over 100 Ibm of liguid is initially omitted from the mass imnventory
rom vanious piping runs including the CMT d'scharge lines, CMT to cold-leg balance lines,
passive residual heat removal (PRHR ) tubiug and lines, direct vessel injection (DVI) lines, and
accumulator injection lines. This results in an amount of energy which is equal to the neglected
mass umes the saturated liquid enthalpy at operating conditions. This results in approximately
50,000 Btu]™ of energy that is not accounted for by the energy balance and is included in the

verall error when these pipes are discharged into the primary system

he energy content of the metal in a given component 18 calculated from the average fluid

temperature for thalt component

OI tus assumption 1§ to force the thick metal components to thermally react as quickly

) ]

id temperature. In reality, there is a time lag associated with the metal lemperature
change. Typically, the error in the overall energy balance increases when the primary system
emperature 1s being reduced rapidly, and it decreases whern the primary system femperature

aches equilibrium and the actual metal temperatures caich uf




7. Uncertainties associated with measurements,

The errors in the data from uncertainties in the instrumentation are accumulated over the test.
They affect the overall heat balance and are included in the overall mass and energy error.

The enczgy balance error is shown for each test in Figures 4.7-1 10 4.7-10.

4.7.1  Loss-of-Coolant Accident (LOCA) Tests

The energy balance error curves show similar behavior from test to test. From the initiation of the test
until the primary system pumps shut down, the error was slightly negative. This indicates that the
energy transfer at the steam generators was slightly overpredicted. The rapid increase in the ervor,
which occurred shortly after the initiation of the event, was caused by the lack of thermal lag in the
metal energy calculation. The error peaked and was reduced as the actual metal temperature
approached that of the primary system. The resulting accumulated energy at the end of the test
resulted from the missing fluid mass in the piping (about 50,000 Btu), the accumulated uncertainties in
the measurements, and the accumulated error associated with the assumptions of the break and ADS
discharge enthalpy. The error was larger for the larger breaks (test S0706, Double-Ended Guillotine
(DEG) DVI Line Break, Figure 4.8-5). This indicates that the break flow is single-phase saturated
liquid, was less valid for the larger breaks where the steeper pressure gradients may result in flashing.

4.72 Steam Generator Tube Rupture (SGTR) Tests

The energy balance error curves for the two SGTR tests (Figures 4.7-8 and 4.7-9) show the same
slightly negative behavior during the first 500 seconds due to the approximations in the steam
genciator heat transfer calculation. However, unlike the LOCA tests, no large peak associated with the
metal time lag was observed for these tests. This is due to the slow cool-down rate of the primary
system associated with these tests. At the ead of the test, the accumulated error was similar to that
observed in the LOCA tests and resulted from the neglected fluid mass in the piping (about

50,000 Btu) and the accumulated uncertainties in the measurements.

For test S01309, the ADS-4 catch tank was used to measure mass from the affected steam generator
power-operated relief valve (PORV) which was cycled by the operation. This mass includes both the
break flow associated with the tube ruptures (140 Ibm) and the feedwater flow to the steam generator
(260 Tbm), and it is reflected in the energy balance error in Figure 4.7-9,

Overall, with the exception of test S0706, the error associated with the energy balance was generally
within 10 percent of the total energy out the ADS and/or breaks. This is considered to be an
acceptable result, given the approximate nature of the assumptions used to generate the =nergy balance.
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The figures listed are proprietary and, therefore,
are not available in the Class 3 version of this report.

These figures are available in the Class 2 version of this report.
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50 CONCLUSIONS

The data from the SPES-2 integral systems experiments have been analyzed. These experiments used
a scaled test facility to investigate the performance of the AP600 passive safety systems. It was
observed that, in all experiments, the heater rod bundle remained in a coolable state and no
temperature excursions were observed. The passive safety systems provided ample injection flow to

the heater rod bundle over the full transient. It was also observed that the intrusion and operation of
the nonsafety injections systems did not degrade the overall safety performance of the passive systems
The tests with the active systems were able to terminate with the heater rod bundie in & coolable state
with the bundle covered with a two-phase mixture. The observed performance of the test facility with
and without the application of the active charging systems should resolve any concerns regarding
possible active and passive system interaction

The results of these analyses, coupled with the results summarized in the Final Data Report,
demonstrate the acceptability of the SPES-2 tests

The analysis of the SPES-2 test data has indicated the relative importance of the passive residual heat
removal (FRHR) as 2 heat removal system. As the reactor system depressurizes and the steam
generators drain, the amount of heat removal from the PRHR increases and is sufficient to decrease the
primary pressure below the steam generator secondary-side pressure such that the generators are not a

heat sink but rather a weak heat source

The SPES-2 tests were performed simulating the nitrogen releas= from the accumulators. The effects
of the noncondensible gas release was found to have a negligible effect on the system response for the
small-break loss-of-coolant accidents (SBLOCAs). Tracing the flow path for the noncondensibles
indicates that some of the nitrogen will migrate to the PRHR, which will decrease its effectiveness
However, in the time frame that this occurs, the PRHR is not the predominate heat removal path, since
ADS-2 and ADS-3 have opened, ADS-4 is about to open, and most of the energy leaves the system
through the automatic depressurization system (ADS) flow paths. Noncondensible gases will also
accumulate in the CMTs after the CMTs are empty

An overall energy and mass balance was performed for the experiments that indicated that both mass
and energy were preserved over the test duration. The assumptions used to csimate the break and
ADS energy flowe, while approximaie, were found to be adequate such that energy closure could be
obtained with reasonable accuracy. The mass of liquid was accurately characterized throughout the
test facility such that the mass storage and distribution can be determined and used to validate the

computer models of the test facility

The SPES-2 experiments provided valid integral systems effects data that caprured the key thermal
hydraulic phenomena identified in the phenomena identification ranking table (PIRT) for the

AP6(X) small break loss-of-coolant accident (LOCA), steam generator tube rupture (SGTR) transients
and the steam line break transients (SLLB). By performing computer code validation against the
SPES-2 experiments, the ability of the codes to predict the key thermal-hydraulic phenomena can be
assessed. The computer codes will be validated so that they can be used, in confidence, to assess the

performance of the AP600 passive safety systems

704
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