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LIST OF ACRONYMS

ADS Automatic depressurization system
AICC adiabatic isochoric complete combustion
AOV air-opera‘zd valve

ASME American Society of Mechanical Enginecrs
CHF critical heat flux

CL cold leg

CMT core makeup tank

CNS containment system

COL combined operating license

CRDM control rod drive mechanism

CRT core reflood tank

CVvCsS chemical and volume control system
DAS data acquisition system

DCP design change proposal

DEG double-ended guillotine

DECLG double-ended cold leg guillotine

DF decontamination factor

DG diesel generator

DNB departure from nucleate boiling

DOE United States Department of Energy
DSER draft safety evaluation report

DVI direct vessel injection

ECCS emergency core cooling system

EPRI Electric Power Research Institute

ESF engineered safety feature

HL hot leg

HT heat transfer

HVAC heating, ventilation and air conditioning
HX heat exchanger

IASCC irradiation-assisted stress corrosion cracking
1&C instrumentation and control

1S incore instrumentation system
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IRWST in-containment refueling water storage tank

ITAAC inspection, tests, analysis and acceptance criteria
/D length over diameter

LBLOCA large-break LOCA

LOCA loss-of-coolani accident

LTC long-term cooling

MSILV mainsteam line isolation valve

MSLB mainsteam line break

MSS main steam system

NRC Nuclear Regulatory Commission
NRHR normal residual heat removal system
NSSS ruclear steam supply system

PAMS post-accident monitoring system

P&ID piping and instrumentation diagram
PBL pressure break line

PCS passive containment cooling system
PCT peak clad temperature

PIRT phenomena identfication rantsing table
PLS plant control system

PMS protection and safety monitoring system
PORV power-operated relief valve

PRA probabilistic risk assessment

PRHR passive residual heat removal

PWR pressurized water reactor

PXS passive core cooling system

QDFPS qualified data processing system

RAI request for additional information
RAM reliability, availability, and maintainability
RCDT reactor coolant drain tank

RCP reactor coolant pump

RCS reactor coolant system

RHR residual heat removal

RTD resistance temperature detector
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SBLOCA
SCC
SFS
SFWS
SG
SGS
SGTR
SI
SMS
SPS
SSAR
STD

URD
USC
VBS

VFS

small-break LOCA

stress corrosion cracking

spent fuel cooling system

startup feedwater system

steam generator

steam generator system

steam generator tube rupture
safety injection

special monitoring system

passive containment spray system
standard safety analysis report
standard

unfavorabe exposure time

upper plenum test facility

utility requirements document
utility steering committee
non-radioactive ventilation system
passive control room ventilation system

containment air filtration system
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SUMMARY

The SPES-2 facility was 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 analvsis of the AP6(00). This report describes the SPES-2 test
program and test results.

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 (Societa Informazioni
Esperienze Termoidrauliche), ENEL (Ente Nazionale per I'Energia Elettrica), ENEA (Ente per Le
Nuove Technologie, I'Energia e 1'ambiente), and Sopren-Ansaldo.
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1O INTRODUCTION

his report describes the SPES-2 test program and test results. SPES-? was a full-height, full-pressur
integral systems simulaton of the Westinghouse AP600 reactor design. This 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 Nazionale per I'Energia Elettrica), ENEA
(Ente per le Nuove Technologie, I'Energia e I'ambiente), and Sopren-Ansaldo, performed the SPES-2 tests
(0 obtain data on the integrated behavior and performance of the AP6(X) passive salety systems (o support
validation of the computer codes used to perform the licensing safety analyses for the AP6()

1.1 Background

AP6(0 is a 600 MWe Westinghouse Advanced Reactor designed to increase plant safety with accident

mitigation features that, once actuated, depend only on natural forces such as gravity and natural

circulavon to perform all required safety functions. These "passive” safety features can also result in a

sigmficant simplification in plant systems, equipment, and operation. In addition to the passive safety

ystems, the AP600 design incorporates many design improvements, including the following

* a low-power density core
* anew design for primary loop arrangement that eliminates the cold-leg loop seal
* direct safety injection into the reactor-vesseli downcomer a

Ihe APO60X) primary system is a twi loop design. Each loop contains one hot leg, two cold legs, and on

Steam generator with two canned reactor coolant pumps (RCPs) attached directly to the steam generatos

uti el head I passive satety systems are comprised of the IHHM\HH;’
* Two full-pressure core makeup tanks (CMTs) that can provide borated makeup water to the
primary system at any pressurg
. I'wo accumulators that provide borated water to the reactor vessel when/if primary pressure
) psia
. \ passive residual heat removal (PRHR) heat exchanger (HX), comprised of a C-shaped tube
bundie submerged inside ti«¢ in-containment refueling water storage tank (IRWST), that can
remove heat from the primary system at any pressure
. ¢ automatc depressunzation system (ADS which 18 ¢ '.’Tr;‘r!l\‘,"i 01 a set of valves connected
e pressurizer steam space and the two hot legs I'hese valves are pened \m.p.l,!l"ld.}h o
provide a controlled depressurization of the primary system
. An IRWST that provides a la g€ Sourc I core cooling water, which drains by gravity after the
ADS has a ited




* 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.

The SPES-2 test facility was designed to model the AP600 but made use of the existing SIET SPES
facility. The original SPES test facility was constructed in 1985 as a full-height, full-pressure model of
a Westinghouse three-loop pressurized water reactor (PWR).

SPES (now called SPES-2) was substantially modified to model the AP600 plant at full-scale elevation
and full pressure, while simulating the full AP600 plant range of power with a volume scaling facior of
17305 SPES-2 makes use of some major components of the previous facility such as rod bundle,
pressurizer, steam generators and RCPs. However, the reactor-vessel downcomer, lower plenum, upper
plenum, and upper head were all replaced to model the AP600 plant components. Also the SPES RCPs
were re-oriented in order to eliminzte the cold-leg loop seal that exists in standard Westinghouse 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 Reference 1.

After construction, a series of cold, low-pressure and hot, high-pressure pre-operational tests were
performed to characterize the SPES-2 facility, to demonstrate proper operation of the facility, and to ensure
that piping/component parameters properly matched the AP600 plant prior to the performance of matrix
tests. The matrix tests discussed in Section 1.3 were developed 1o 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 B-in. direct vessel injection (DVI) line, steam generator tube ruptures
(SGTRs), and a large main steamline break (SLB).

This final data report discusses the results of the cold pre-operational tests, hot pre-operational tests, and
matrix tests performed at the SPES-2 facility. This report supersedes the data and information provided
in the Quick Look Reports (Reference 2).

1.2 Test Objectives

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

* To obtain data on the AP600 thermal-hydraulic phenomena and behavior of the passive safety
system following specific small-break LOCAs, SGTRs, and an SLB.

¢ To obtain detailed experimental results for verification and validation of safety analysis computer
codes.
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1.3 Test Matrix

The SPES-2 test matrix was developed to examine the performance/capability of the AP600 passive safety
systems to mitigate the effects of postulated DBEs and to provide useful data for computer code
development and validation. These events and the individual test initial and boundary conditions were
selected 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

15 shown in Table 1-1 and is discussed below

Note that matrix test no. 2 in Table 1-1 was not performed because the AP600 actuation logic for the
" HR HX was revised to initiate PRHR operation whenever the safety systems actuation (S) signal occurs
Tias test was intended to simulate a LOCA recovery with steam generator startup feedwater (SFW)
operating. This would have delayed PRHR HX operation until ADS was actuated, with the prior AP600

actuaton logic
Loss of Coolant Accidents

The passive safety systems are required to provide sufficient water for LOCA mitigation over a long
period of tume, thus CMT draindown, ADS actuation, accumulator delivery, and primary system
depressurization to IRWST delivery all must occur. Therefore, eight different LOCA simulations with a
wide selection of sizes and locations were required and tested to observe the integrated operation of the
passive system over a wide range of conditions. All LOCA tests, with one ¢xception, were performed
without operation of the active, nonsafety pumped injection/heat removal. All tests were initiated from
full-power operating conditions and used the minimum Standard Safety Analysis Report (SSAR) pressure

setpoints for reactor trip and safety system actuations

l'est No. 1 A l1-in. diameter break simulation was selected as the smallest LOCA to be
simulated. This was based on analyses that showed that complete heatup of the
CMT water occurred prior to ADS actuation, so that any effect of CMT water

flashing during depressurization could be observed

Fest No. 3 A 2-inch break simulation in the bottom of a cold-leg loop pipe (which contains
a CMT balance line) was performed as the base case LOCA to which other
LOCAs would be compared. Analvsic showed that this break resulted in the
minimum primary system water irventory during passive system mitigation of

higher probability, small cold-leg breaks

This 2-inch diameter, base case break simulat on was repeated at the end of the
test program to demonstrate the repeatubility of the SPES-2 facility operation

and passive safety system performance
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Test No. 4

Test | os. S&7

Test No. 6

Test No. 8

Test No, 13

The 2-inch LOCA simulation with operation of the active, nonsafety systems
was performed in order to observe passive safety system versus nonsafety
system interactions as compared with the base case 2-inch LOCA (test no. 3).

A 2-inch break simulation in the DVI line and in the cold-leg to CMT balance
line were each performed to observe the effect of break location on the passive
safety system mitigation capability as compared to the base case 2-inch LOCA
(test ro. 3).

A DEG break simulation of one of two DVI lines was performed to minimize
the amount of safety injection flow delivered to the reactor vessel (only one of
two CMTs, accumulators, and IRWST injection lines deliver). Also, this was
considered to be the largest break that could be reasonably simulated in the
SPES-2 facility.

A DEG break simulation of one 8-inch cold-leg to CMT balance line was
performed to observe the effect on the faulted CMT and to provide a
comparison LOCA with the DEG DVI LOCA.

The 1-inch diameter break simulation (test no. 1) was repeated with the number
of PRHR HX tubes increased from one tube to three tubes to maximize the
primary system cooling and to better simulate two PRHR HXs in operation in
the AP600 plant.

Steam Generator Tube Ruptures

The mitigation of an SGTR consists of reducing the pressure of the primary system to be equal to or less
than the faulted steam generator pressure to terminate primary to secondary flow and to prevent overfill
of the fiulted generator. Al the same time, heat removal from the primary system must be provided both
t0 maintain subcooling during the primary pressure reduction and to remove core decay heat. In current
PWR designs, the recovery from an SGTR typically requires operator actions to identify and isolate the
faulted generator, to estabiish manual heat removal from the primary system, and to manually depressurize
the primary system. Three SGTRs were performed at SPES-2. Al 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 to initiate reactor trip and safety system actuations.

Tesi 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 (used in current plants) and passive system
operation.
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Test No. 10 An SGTR without opera,or 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.

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 effect of
backflow from the faulted steam generator on ADS depressurization capability
and to obtain data for determining primary system boron concentration versus
time.

Steam Line Break

This test was a simulation of a large single-ended SLB. It was performed to provide a rapid 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 "RHR HX tubes
10 maximize primary system cooling and to better simulate t'vo PRHR HXs in
operation in the AP600. The break size was scaled to simulate a 1.388 ft.”
AP600 break area (full steam generator outlet area) and was performed with no
operator actions or active, nonsafety system operation.

1.4 SPES-2 Test Runs

There were seventeen test runs at the SPES-. facility—thirteen of which were successful and are reported
in this final data report. Four runs were considered either unsuccessful or inappropriate to report.
Table 1-2 lists all seventeen runs, the test date, a brief test description, and a comment on the test
acceptance. The test numbering scheme involved six characters: the first character, S, refers to the SPES-2
facility; the second three numbers are a sequential test run number (i.e., increased by 1 each time a test
was initiated); the last two characters refer to the matrix test number (from Table 1-1). For example, the
eleventh test run at the facility was the performance of matrix test number 10 and was SO01110.

Three of the SPES-2 mairix 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 1o be performed.
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TABLE 1
SPES-2, TEST MATRIX
== =
Test Description
Test (AP6O0 Transient Statas Nonsafety AP600 Single Failure
No. Test Type Simulated) Systems Simulated Comment
I Small Break l-inch cold-leg break CVCS, NRHR, and One of two 4th-stage Maximize CMT heatup prior to
LOCA {(Note 2), bottom of SFWS Off. No valves on loop B ADS actuation.
loop B (Note 1) operator actions (OAs).
2 Small Break l-inch cold-ieg break, CVCS, NRHK Off; Ome of two 4th-stage This test deleted due to AP6(X)
LOCA bottom of loop B SFWS On (Note 3). valves on loop B design changes.
No OAs.
3 Small Break 2-inch cold-leg break, CVCS, NRHR, and One of two 4th-stage Reference cold-leg break.
{Note 4) | LOCA bottom of loop B SFWS Off. No OAs. valves on loop B
4 Small Break 2-inch coid-leg break, CVCS, NRHR, .nd One of two 4th-stage Nonsafetv/passive system
LOCA bottom of leop B SFWS On (Note 3). valves on loop B meractions.
5 Small Break 2-inch DVI break CVCS, NRHR and One of twe 4th-stage | Asymmetric CMT performance.
LOCA SFWS Off. No OAs. valves on loop B
6 Small Break DEG break of DVI CVCS, NRHR, and One of two stage ! Complete loss of one-of-two
LOCA SFWS Off. No OAs, and stage 3 valves injection flow paths.
7 Small Break 2-inch break in CVCS, NRHR, and One of two 4th-stage Examine effect on CMT drain
LOCA CL/CMTB balance line SFWS Off valves on loop B down.
8 Small Break DEG break of a CVCS, NRHR, and One of two stage | No delivery from faulted CMT.
LOCA CL/CMTRB balance line SFWS Off. No OAs. and stage 3 ADS
valves
9 SGTR Design basis SGTR CVCS, SFWS On; None Recovery with operator action;

{1 tube)

Operator action to
isolate SG, subcool,
depressurize.

show recovery margin.
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TABLE 141

Status Nonsafety Systems

SPES-2, TEST MATRIX (Cont.)

Design basis SGTR
(1 tube)

No CVCS or SFWS. No.
OAs.

None

SGTR recovery with no
operator action

Design basis SGTR
(1 tube) with inadvertent
ADS actuation.

No CVCS or SFWS. No OAs.

Ome of two
4th-stage valves on

ioop B

ADS actuated to cause
steam generator o

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 tubes | A 1.388 fi.° single-ended and no ADS actuation
m service). SLB on SGA discharge. OCCUrs.

13 Small Break l-inch 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 test
HX tubes in P
service).

Notes:

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

l
2. Break sizes are "a broken pipe of the indicated diameter,” e.g., 2-inch break is 3.146 in.’

3. SG man feedwater isolated on S-signal and SFWS initiated, SFWS on until isolated on HI SG level or LO-Tcold.
4.

Seiected as repeat test to show facility repeatability.
—

—




TABLE 1.2
TEST RUNS AT SPES22
Test Run Test Date
Number Test Description Comments
SO0103 2/5/94 Successfal, but not inciuded in final report since AP&O0)
SBLOCA - 2-inch cold-leg break @ bottom of loop B ADS valve sizes and setpoints were changed
-
SOM203 4/9/94 Successful, but not included in final report since
pressunizer to CMT balance line was subsequently
SBLOCA - 2-inch cold-leg break @ bottom of loop B deleted
-—y
SK303 4/30/94 SBLOCA - 2-inch cold-leg break @ bottom of loop B Successful
SO0401 5/6/94 SBLOCA - 1-inch cold-icg break @ bottom of loop E Successful
SOO504 5/18/94 SBLOCA - 2-inch cold-leg break @ bottom of loop B
with nonsafety systems Successful
——
SOO0S 512794 SBLOCA - 2-inch DV!I break Successiul
SOHO706 6/10/94 SBLOCA - DEG break of DVI Successful
SONRNT 6/12/94 Unsuccessful - due 1o valve misalienment in break
SBLOCA - 2-inch break in CL/ACMT balance line piping to condenser
—
SONOO)R 6/23/94
(blind} SBLOCA - DEG break of CL/CMT balance line Successful
SO1007 777/94 SBLOCA - 2.nch break i CL/CMT balance line Successfal
SO0 7/14/94 SGTR - 1 wbe; passive safety systems only Successful
SO1211 977194
(bimnd) SGTR - | whe; inadvertent ADS actuation Successful
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2.0 TEST FACILITY DESCRIPTION

o

J Introduction

'he SPES facility is an expenmental plant located at SIET (Societa Informazioni Esperienze
lermoidrauliche) laboratories in Piacenza that was used to simulate the PWR W312 reactor with a
lume scale of 1/427, full neight and full pressure. To undertake a safety research program in the
held of advanced reactors, ENEA (the Italian Commission for New Technologies, Energy, and
Environment) proposed to SIET a study of the modifications necessary to transform the original SPES
plant into a new facility, the SPES-2, which would model as closely as possible the AP600 design
The SPES facility was substantially modified to simulate the AP600 plant while maintaining full-scale
elevation, full-pressure, and full-power with a volume scaling factor of 1/395. The SPES-2 facility
retained some major components of the previous facility (rod bundle, pressurizer, steam generators)
but had significant changes in the power channel and the primary pumps. In addition, all of the main
oolant loop piping and the passive safety systems were expressly designed and constructed for
SPES-2 in order 10 model the AP600. A complete description of the SPES-2 facility is provided in
the Facility Description Report (WCAP 14073, Rev. (0, May 1994)




2.2 Facility Scaling Summary
2.2.1 Gencral Scaling Criteria
The SPES-2 facility shall simulate the following:
¢ The primary sys.
* The secondary system up to the main steam line isolation valves (MSLIVs)
* The passive safety systems: accumulators, core makeup tanks (CMTs), in-containment
refueling water storage tank (IRWST), passive residual heat removal (PRHR), and automatic

depressurization system (ADS)

e The nonsafety systems: normal residual heat removal system (NRHR) and chemical and
volume control system (CVCS)

The overall scaling factor shall be 1/395 and the main characteristics shall be:

*  Process fluid water

¢ Loop number 2

* Pump number 2

* Primary design pressure 20 MPa
e Secondary design pressure 20 MPa
* Primary design temperature 365°C

e Secondary design temperature 310°C

*  Maximum power 9 mW
¢ Elevation scaling 1:1

The SPES-2 scaling criteria shall preserve the following parameters:

*  Fluid thermodynamic conditions
e Vertical elevations

¢ Power-to-volume ratio

¢ Power-to-flow rate ratio

¢ Transit time of fluid

* Heat flux

For example, the surge and passive safety system lines, where friction pressure drops are relevant to
scaling of the AP60G plant, have been designed to maintain the dimensions of the reference plant,
whereas the facility piping was designed with the Froude number conservatism in order to preserve the
slug to stratified flow pattern transition in the horizonta! piping.
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The passive safety systems were designed according to the criteria described above in order to
reproduce, as accurately as possible, the thermal-hydraulic phenomena in AP600 during a transient.
Also. when deemed necessary, the layout of the connection lines was designed to preserve the
similarity of the full-scale AP6(X) layout.

Elevation and volume comparisons between the SPES-2 facility and AP600 are shown in Tables 2.2-1
and 2.2-2. The facility P&ID is shown in Figure 2.2-1.

2.2.2 Specific Scaling Criteria
Power Channel
e Vertical elevations shall be preserved.
* The bundle geometry (rod pitch and diameter) shall be preserved.

* The total volume and the volumes of the single sections (lower plenum, riser, uppet plenum,
upper head) shall be scaled by 1/395.

The elevations of the lower plenum and upper head need not be preserved because they have no
influence on the natural circulation phenomena.

Power Channel Downcomer

* The annuiar shape shall be maintained up to the direct vessel injection (DVI) nozzles, after
which a tubular section shall connect it to the lower plenum.

* The annuiar and the tubular sections shall have the same friction pressure drops.
* The total volume shall be scaled by 1/395.
¢ Vertical elevations shail be preserved.

* The circumferential pressure drops in the annulus shall be similar to those in the AP6(X).

* The nominal head shall be preserved.

* A flywheel shall be provided to better simulate the reference coastdown behavior.
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Steam Generators

*  While the steam generators remain the same, the number and length of the U-tubes shall not
be scaled to the AP600, resulting in a lower than underestimated heat transfer surface.

* The secondary side volumes shall be scaled by 1/395 (2.5 percent difference).
The vertical elevations in the secondary side are preserved up to the top of the steam separator.
The steam dome :levation, on the other hand, has no influence on the natural circulation
phenomena.
Pressurizer
* The volume shall be scaled by 1/395.
¢ The bottom elevation shall be preserved,
¢ The level swelling phenomena shall be reproduced.
The level swelling phenomenon can occur in the pressurizer dae to flashing of the contained liquid or
because of steam inflow from the primary circuit. These rnenomena have a significant influence on
the quality of the fluid discharged through the ADS depre ssurization valves that are located on the top
of the pressurizer.
The preservation of the level swelling will be accomp’.ched ty making the average void fraction in the
SPES-2 pressurizer equal to that in the AP600 durin’, sirilar thermal-hydraulic conditions. The
diameter and the height correspond to the adoption of the Wilson (19¢  model.
Loop Piping
For the hot and cold legs:
* The Froude number shall be preserved.
¢ The horizontal part of the hot leg shail 1 ave the same length over diameter (L/D) as the
AP600, and the indirect section of the hot leg shall maintain the same angle (55 degrees) as in

the reference plant.

* Downstream of the surge line nozzle, the hot leg shall compensate for the volume difference
between the AP600 and SPES-2 facility hot side of primary loop.

* The layout of the cold leg shall be designed to reproduce the flow path during < cold-leg break
transient wherein the fluid must flow from the unbroken cold leg to the broken cold leg.
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¢ The surge line friction pressure drops shall be maimained.
In the AP6(0X, the purips are directly attached to the steam generator outlet plena, whereas in the
SPES-2 facility, the pumps are not connected to the steam generator. Therefore a section of pipe is
necessary 10 maintain the elevation between the steam generator outlet and pump outlet. This pipe
also compensates for the volume differences between the AP600) and SPES-2 facility primary loop
cold side.
Passive Safety Systems
For the CMTs:

¢ Volume shall be scaled by 1/395,

* The metal mass shall be scaled to conserve condensation of steam along the component walls.

For the IRWST:
* The water volume shall be scaled by 1/395 and th elevation maintained.
Accumulators:

* Volume shall be scaled by 1/395
* Gas and water volume shail be scaled in the same proportion as the AP600

For the PRHR heat exchanger (HX):
* Only one of the two AP600 HXs shall be simulated. (The other one is a spare.)
* A C-shaped tube, similar to that in the AP600 design shall be used.
* The fiction pressure drops shall be maintained.

* The number of tubes shall be scaled down by 1/395,

* The four stages shall be simuiated, per stage, by means of a ball valve with an ad hoc orifice.

e The flow area shall be scaled to the AP6(X).

* The connection of the fourth stage to the hot legs shall be locaied at the same L/D from the
power channel as that in the AP600 reactor vessel.
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TABLE 2.2-1

ELEVATION COMPARISON

AP6O0 SPES-2 Difference

Component ft. ft. ft.
Lower Plenum Bottom (-7.571) (-7.515) (0.056)
Downcomer Bottom (-6.168) (-6.168) (0
Bottom of Active Fuel (-5.484) (-5.482) (0.002)
Top of Active Fuel (-1.827) (-1.822) (0.005)
Top of Upper Head (3.819) (2.779) (1.04)
DVI Nozzle (-0.508) (-0.508) )}
Hot-Leg Centerline / (0 (0) (0)

IC old-Leg Centerline (0.445) (0.445) (0)
Pressurizer Bottom (5.856) (5.856) (O
Pressurizer Top (16.953) (12.646) (4.307)

ITop of Steam Generator Tube Sheet (4.107) (4.107) (0

lTup of U Tubes (14.734) (12.43) (2.304)

l(‘MT Botiom (1.801) (1.801) (0)
CMT Top (%.041) (R.041) (0
Accumulator Bot.om (-4.026) (-4.026) {0
Accumulator Top (0.734) (-0.982) (1.716)
PRHR HX Bottom (average) (2.667) (2.667) (0
PRHR HX Top (average) (8.026) (8.026) () ]
IRWST Bottom (0.533) (0.533) ) 1
IRWST Water Level (8.53) (8.53) (0)
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TABLE 2.2-2
VOLUME COMPARISON

B e
AP600 SPES-2 SPES-2
volume { ideal volume actual volume |

Component (f.") (deca meter’) (deca meter’)
Hot Leg 3 542 R 067 16
Inlet Plenum 6.142 15.549 3.7:
U-Tubes 25.366 64218 40.65
Outiet Plenum 6.606 16.724 3.72
Pump Suctions 28.51/28.62
Pumps 5.04 12.76 433
Cold Legs 3.717 041 13.38
Total loop 172 50413 127.628 126.91/127.02
Surge Line 2.878 7.286 0.63
ressunzer 36.757 93.056 95 4

-

Total 39.635 100.34 105.03
Power Channel
Downcomer 21479 54.377 54 IR**
Lower Plenum 9.005 22.797 22.83
Riser 200,929 §2 GRS SR R %
Upper Plenum 17.798* 45.058 41.27
Upper Head 21.157 53.562 53.83
Fotal 72.57 228.779 231.12
e

Total primary circuit 230819 584.37 590.08
Core Makeup Tank 56.634 143.377 143
Accumuiator

56.634143.377143
IRWS1T 2006 5.08 § 0K
SG Secondary Side 157.159 39K - XN
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2.3 Facility Description

The SPES-2 facility consists of a full simulation of the AP600 primary and passive core cooling
systems. The stainless steel test facility uses a 97-rod heated rod bundle that has a uniform axial
power shape and uses skin heating of the heater rods. There are 59 heater rod thermocouples
distributed over 10 elevations with most located at the top of the bundle to detect the possibility of
bundie uncovery. The heater rods are single ended and are connected to a ground bus at the top of the
bundle at the upper core plate elevation. All but two rods are designed to have the same power. Two
heater rods are hot rods that have 19 percent higher power.

The primary system, as shown in Figure 2.2-1, includes two loops—each with two cold legs, one hot
leg, a steam generator and a single reactor coolant pump (RCP). The cold-leg flow splits downstream
of the simulated RCP into two separate cold legs, which ther flow into ar: annular downcomer. The
pumps can deliver the scaled primary flow, and the heater roa - .dle can produce the scaled full-
power level such that the AP600 steady-state temperature distribution can be simulated. The steam
generators have a secondary-side cooling system that removes heat from the primary loop during
simulated full-power operation. Startup feedwater and power-operated relief valve (PORV) heat
removal is provided following a simulated plant trip.

The upper portion of the simulated reactor vessel includes an annular downcomer region, where the
hot and cold legs, as weil as the safety injection lines, are connected (Figure 2.3-1). The annular
downcomer is connected to a pipe downcomer below the direct vessel injection (DVI) lines; the pipe
downcomer then connects o the vessel lower plenum. In this fashion, the four cold-leg. two hot-leg
characteristics of AP600 can be preserved along with the downcomer injection. There are turning
devices to direct the safety injection flow downwards in the annular downcomer, as in the AP600.

A full-height, PRHR HX, constructed in a C-tube design, is located in a simulated IRWST that is
maintained at atmospheric pressure. The line pressure drop and elevations are preserved and the heat-
transfer area is scaled such that the natural circulation behavior of the AP600 PRHR HX is simulated.

The design of the CMTs is unique and has been developed by the SIET engineers so that the CMT
metal mass is scaled to the AP600 CMT. The SIET CMT design uses a thin-walled vessel inside a
thicker pressure vessel, with the space between the two vessels pressurized to approximately 70 bar.
In this manner, the amount of steam that condenses on the CMT walis during draindown is preserved.
Since the CMTSs are full height and operate at full pressure, the metal mass-volume ratio of a single
pressure vessel would have been excessive, resulting in very large wall steam condensation effects.

A SPES-2 ADS combines the two sets of AP600 ADS pipiny off the pressurizer into a single set with
the first-, second- and third-stage valves. An orifice in series with each ADS isolation valve is used to
achieve the proper scaled flow area. The three ADS valves share a common discharge line 10 a
condenser and a collection tank that has load cells to measure the mass accumulation. A similar
measuring arrangement is also used for the two ADS fourth-stage lines, which are located on the hot
legs of the primary system.
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Small breaks are simuiated using a spool piece that contains a break orifice and quick-opening valve.
The break discharge is also condensed and measured by collecting the flow into a catch tank. .

The specifics of the key systems/components are discussed in the following subsections.
2.3.1 Primary Piping

The primary piping consists of two loops. Each loop is made up of one hot leg and two cold legs.
The hot leg, which connects the power channel to a steam generator, duplicates the AP600 up to the
pressurizer surge line nozzle by maintaining the AP600 L/D in the horizontal section, and the same
55-degree angle in the inclined section.

As in the AP600 design, the SPES-2 facility has two cold legs per loop that transition from a single
coolant pump vertical discharge. The split from the single pump discharge into the two cold legs is at
the same elevation as the AP600 steam generator channel hiead in order to preserve the same flow path
that the fluid must take from the unbroken cold leg to the broken one during a cold-leg break
transient.

Due to the importance of the surge line during ADS depressurization, the line has been designed to
preserve the friction pressure drops.

2.3.2 Power Channel .
The pressure vessel consists of the following sections:

* An upper head

* An upper plenum that houses an annular downcomer and nozzles for the following lines:

=~ two hot legs

- four cold legs

-~ two DVI (safety system injection lines)

-~ & downcomer upper-head bypass

= & bottom outlet going to a tubular downcomer section that connects to the lower plenum
riser, with an inside octagonal cross section that houses the core bundle

* The lower plenum with the tubular downcomer inlet that contains the unheated lower portion
of the rod bundie.

The volumes of the above mentioned sections are scaled by 1/395. The main features of SPES-2
pressure vessel are shown in Table 2.3-1, and the main characteristics of the power channei arc shown
in Table 2.3-2. '
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2.3.3 Rod Bundle

The rod bundle is electrically heated and consists of 97 Inconel rods that reproduce, in the active zone,
the same geometry (rod pitch, rod diameter, and length) as that in the AP600 reactor core. The axial
power profile is uniform for all the rods. The profile is also radially uniform with the exception of
two rods that have a peaking factor of 1.19. The maximum power is 9 mW and the maximum current
is 70 kA. The scaled full power used for the AP600 transients is 4.89 mW (x 1.02).

The main characteristics of the rod bundle are listed in Table 2.3-3.
2.3.4 Power Channel Downcomer

The downcomer is composed of an annular section with four cold legs and two direct vessel injection
(DVI) nozzles for safety injection. Below these nozzles, a pipe connects the annular downcomer to
the lower plenum. The annular and the tubular downcomer sections have the same friction pressure
drops as the AP600, as well as a similar circumferential annular pressure drop. The total volume is
scaled by 1/395.

2.3.5 Pressurizer

The pressurizer controls primary system pressure during normal and transient plant operation and
consists of a cylindrical flanged vessel equipped with two immersible electrical heaters, each with a
maximum controlled power of 16 kW. The pressurizer volume is scaled and the bottom elevation is
preserved. The diameter and the height correspond to the adoption of the Wilson model for level-
swelling phenomena.

2.3.6 Pumps

Two primary pumps (one per loop) drive primary coolant into the power channel downcomer 10
remove the generated heat. The pumps are centrifugal single-stage hor - ntal-shaft type. The suction
line is horizontal, and the pumps’ discharge is directed downwards into n. pipe common to the
two cold legs. A flywheel provides an incrtia closer to the AP600. The (o1ational speed can be
controlled in the range +/-190 percent of the nominal value (with fluid in two-phase conditions) and
the speed variations can be programmed by means of a motor-driven regulator.

2.3.7 Steam Generators
The SPES-2 facility has two identical generators to transfer thermal power from the primary 1o the

secondary circuil. The steam generator primary side consists of a tube bundle and inlet/outlet plena.
The steam generator bundle includes thirteen Inconel-600 U-tubes in a square array.
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The secondary side volumes are scaled by 1/395, and all of the vertical elevations are preserved up to
the top of the steam separator (the steam dome has no influence on the natural circulation phenomena),
The main characteristics of SPES-2 steam generators are shown in Table 2.3-4,

2.38 Passive Safety Systems

The passive safety systems were designed to reproduce, as accurately as possible, the thermal-
hydraulic phenomena that can occur in the AP600 during transients. Also, where necessary, the layout
of the connections lines simulated the AP600 layout. The following safety components, associated
piping, and required valves were designed following these criteria:

*  Two CMTs with volume and metal mass scaled to conserve overall water temperatures and
steam condensation on the CMT walls. The CMT design shall use a thin-walled vessel inside
a thicker pressure vessel with the space between the two vessels pressurized with air at 70 bar.

¢ Two accumulators with volume scaled by 1/395.

* One passive residual heat removal (PRHR) with a full-height, C-shaped heat exchanger with
friction pressure drops maintained and number of tubes scaled.

* One in-containment refueling water storage tank (IRWST) at atmospheric pressure with water
volume scaled by 1/395 and elevation maintained.

* Four stages of the ADS simulated by means of ball valves (one per stage) with a series of
orifices that achieve the proper scaled flow area. The two sets of piping connected to the
steam space of the pressurizer in the AP600 are combined into a single set with the first,
second, and third stage valves in SPES-2.

The injection capability of the AP600 nonsafety systems, such as CVCS, NRHR, and SFW, simulated
any safety/nonsafety system interaction. The friction pressure drops of all the connecting lines were
maintained. Small breaks were simulated using a spool piece that contained a break orifice and quick
opening valve. The break, ADS, and secondary relief valve discharges were collected into different
catch tanks with load cells to measure the mass accumulation.
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TABLE 2.3-1
PRESSURE VESSEL MAIN CHARACTERISTICS |

Pressure
| nominal 2250 psi (15.5 MPa)
| design 2900 psi (20.0 MPa)

Temperature

core inlet 529.0°F (276.1°C)
core outlet 594.3°F (312.4°C)
design 688.8°F / (364.9°C)
Flow rate

hot leg 27.8 Ib/sec (12.6 kg/sec.)
core bypass 0 Ib/sec (0 kg/sec.)
downcomer upper-head bypass 0.55 Ib/sec (0.25 kg/sec.)
Overall Height 343 fi. (1045 m)
Net Volume 773 1} (218.75 dm”)
Nozzle Diameter

hot leg 263 in. (66.7 mm)
cold leg 2.13 in. (54.0 mm)
direct vessel ijection (0.465 m. (11.8 mm)
tubular downcomer 3.62 in. (92.0 mm)
downcomer upper-head bypass 0.957 in. (24.3 mm)
Vessel Material AISI 316

Loose Flanges Number
lower plenum
riser

core

upper plenum/head

m\apdOM 625w\02 non: 1b-040295

ro
w
n



2
i
>
7
*

s
‘QJ
2

s

4
£
2
o

9T

TABLE 2.3-2

POWER CHANNEL MAIN CHARACTERISTICS

r—-———_-—_-‘m__—n e——— — =
Flow Fluid Body Flange Rolting
Elevations Length D Area Area Volume | Volume Mass Mass Mass
| Description (mm) (mm) (mm) (dm?) dm” | + (@dm") | dm’) (kg) (kg) kg)
Lower Plenum -1515 6600 915 152 181 Li3 16.60 10.30 21 36 b1
6600 1 6168 432 216 4 366 297 15.50 12.53
Rise 6168 | SS68 600 152 1.81 113 10.88 6.76 66 40
5568 | 1458 4110 141 1.65 0.97 67.94 39.68 541 794 329
pper Plenum 1458 683 | 2141 158 1.96 1.96 41.27 41.27 158 9
pper He 683 871 188 158 1.96 1.96 357 356 467 i8
871 2709 1838 | 187 215 275 50.26 50.26
Aupular Downcome; 878 652 1530 0.99 0.99 1487 | 1487 304¢*
bular Downcomel 800 6076 6270 873 0.60 0.60 37.53 31.53 346 84 23
$020 | 6168 148 216/182 106 037 1.57 1.57
!i)nwnu'ymet Upper 600 1425 825 243 0.05 0.05 0.38 041 1 21.52 6.12
| _SB812 ! -10S8 8473 429 0.143 0.145 12.37 12.37 93 2054 |
Total 31.12 07 | 99606 446

*  Octagonal section

Note: The rod bundle mass, upper plate, and gnds included, 15 239 kg

** The meta! mass of the separation cylnder 1s included m the upper plenum




. ]
| TABLE 2.3-3 |
| ROD BUNDLE MAIN CHARACTERISTICS |

| Number of Rods
| total
standard rods
| hot rods
Design Pressure, MPa/l emperature
standard rod 2900 psi/842°F (20/450°C)
2321 psi/1202°F (16/650°C)
2900 psi/932°F (20/500°C)
2321 psi/1292°F (16/700°C)

| Rod External/inner Diameter
standard rod
I hot rod
| Lattice square square

| Pitch 0496 in. (12.6 mm)

0.374/0.311 . (9.5/79 mm)
0.374/0.295 in. (9.5/7.5 mm)

| Minimum Rod-Wall Gap 0.110 in. (2.8 mm)

: Lengths

[ total 254,61 in. (6467 mm)

inside vessel 244 88 in, (6220 mm)

| heated 14421 in. (3663 mm)

| Power

| nominal 4894 kW

| maximum 9000 kW

| Maximum Current 70 kA I

Rod Material
from O to 5,12 in. (0-130 mm) copper

from 5.12 10 95.43 in. (130 mm - 2424 mm) AlS] 316

{rom 95.43 to 229.65 in. (2424 mm - 6087 mm) Inconel 600
from 239.65 w0 254.61 in. (6087 mm - Nickel 200
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TABLE 2.34 |
STEAM GENERATOR MAIN CHARACTERISTICS

Design Pressure 2900 psi (20MPA)
Design Temperature 689 °F (365°C)
| Nominal Conditions
pressure 710.7 psi (4 9MPA)
| feedwater flowrate 2.98 Ibm/sec. (1.35 kg/sec.)
feedwater 1emperature 439°F (226°C)
| level 42 fu (12.8 m)
| rebief valve set pressure 1015 psi (7.0 MPa)
| safety valve set pressure 1450 psi (10 MPa)
| PORV orifice D 0.205 in. (5.2 mm)
I U Tube Number 13
U Tube Average Length 54.8 f. (16.7 m)
Heat Exchange Surface 127 f” (11.8 m?%)
I Overall Height 51.15 fi. (15.59 m)
Secondary Fluid Volume 13.7 fr.} (388 dm")
NOZZLE ID
feedwater line 1.5 in. (38.1 mm)
steam line 29 . (73.7 mm)
inlet/outlet plena 2,62 in. (66.6 mm)
Materials
primary plena, tube sheet ASTM-SA 152 F 304
lower vessel ASTM-SA 106 Gr B
intermediate vessel (sep. side) ASTM-SA 204 Gr C
upper vessel (steam dome) ASTM-SA Gr B
loose flanges ASTM-SA 105
separator, dryers AISI 304
fillers Nickel-plated
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2.4 Instrumentation

The SPES-2 facility instrumentation has been developed to provide transient mass and energy balances
on the test facility. There are approximately SO0 channels of instrumentation that monitor the facility
and component pressure, temperature, and mass inventory.

A variety of different methods and components were used to measure the significant thermodynamic
Quantities that are direct (absolute and differential pressure, temperature, voltage, current, etc.) and
derived quantities (mass velocity, flowrate, etc.) as shown below:

Quantity Method or Component

Pressure - Pressure transmitters

Differential pressure - Differential pressure transmitters
Temperature - Thermocouples/thermoresistances
Collapsed level - Differential pressure transmitters
Density - y-densitometers

Velocity - Turbines/orifices, venturi tubes
Flow rate - Turbines/orifices, venturi tubes
Integral flowrate - Catch tanks

Electrical power - Voltage drops and shunts

The flows into the simulated reactor system, such as the CMT discharge flow, the accumulator flow
and the IRWST flow, are measured using venturi flow meters. Flows out of the test facility, such as
break flow and ADS flow, are measured with a turbine meter and condenser/collection tank. The use
of condensers allows accurate mass flow versus time measurements of the two-phase ADS and break
flow streams. The use of collection tanks following the condensers provides redundancy for the
critical measurements of the mass leaving the test system. Differential pressure measurements are
arranged as level measurements on all vertical components to measure the rate of mass change in the
component. There are also differential pressure measurements between components 10 measure the
frictional pressure drop, both for single- and two-phase flow, The CMTs are instrumented with wall
and fiuid thermocouples to measure the CMT condensation and heatup during their operation. The
PRHR HX is al<o instrumented with wall and fluid thermocouples so that the tube wall that flux can
be calculated from the data. There are thermocouples in the simulated IRWST to measure the fluid
temperature distribution and to assess the amount of mixing that occurs. The rod bundle power is
measured accurately to obtain the rod heat flux and the total power input to the test facility.

The specific instrunentation for loop A is shown in Figure 2.3-1 and for loop B is shown in

Figure 2.3-2. A complete listing of the SPES-2 instrumentation is provided in Appendix C. These
instrumentation layouts reflect the SPES-2 facility at the end of the testing program. The modified
instruments are listed in Table D2, and the failed instruments are listed in Table D1. A discussion of
each instrumentation type and its applications is discussed in the following subsections.
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2.4.1 Absolute and Differential Pressure Transmitters
Pressure transmitters are used to measure the following:

* Pressure drops on piping, orifices, and venturi tubes
* Absolute pressures
* Liquid and collapsed levels

The main features are the following:

* Silicon piezoresistive sensor

*  Microprocessor electronics

* Compensation of temperature and static pressure changes

* Measuring ranges: 0 to 20 MPa, 0 to 700 KPa, 0 to 100 KPa
* Minimum applicable range: 20 to 400 of measuring range

242 Thermocouples and Thermoresistances

The temperatures of fluid, structures, piping, and corc heater rods are measured by ungrounded
sheathed type-K thermocouples. The majority of the thermocouples that measure fluid temperatures
are installed in the test facility pipelines with the hot junction on the pipe axis (D/2); some of the
thermocouples are installed with a different criterion (i.e., D/3).

Fluid temperatures in the IRWST are measured using a type-PT100 resistance temperature detector.

2.43 Flowmeters

Single-phase fluid (water or steam) flow rates are measured by using different types of flowmeters
such as calibrated oritices, venturi tubes and full-flow turbine.

2.44 Integral Mass Flowmeters

The masses of water disch» »ed from a break locavon, from ADS stages 1, 2, 3, and 4 valves, and
from the steam genersior 12lief valves are collected and measured versus time by three steam
condensers and weigh tanks. The weighing system is composed of three load cells per tank with a
maximum load of 3000 kg.

245 Gammadensitometers

Four gammadensitometers are provided 1o measure densities of single- and two-phase fluid: three

Cs-137 three-beam gammadensitometers are located in the break line; and one Am-241 two-beam
gammadensitometer is located in the break line.
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The attenuation of y-radiation through pipe wall and fluid is measured by using a sodium-iodine
scintillation detector (accuracy = £5 percent of rated value) aligned in the y-ray beam. This

attenuation is proportional to fluid average (chord average density). The y-densitometers are used

both as single instruments and are coupled with a full-flow turbine to mr.asvre two-phase flows

2.4.6 Power Meters

e dc power of the rod bundle is measured by taking the overall voltage drop across the heated rod
Cluster and measuring the feeding current with 6 shunts: 5 shunts for the 8-mW group and 1 shunt for
the 4-mW group, with an accuracy of +/- 1 percent. The power of internal/external pressurizer heaters

IS measured by wattmeters, with an accuracy of +/- 1.7 percent power




The following figures have been intentionally deleted
from this document due to their proprietary nature.
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2.5 Data Acquisition System (DAS)

The data acquisition and elaboration system collects and handles measured signals from the plant. The

large amount of operations necessary to the user are implemented in appropriate software procedures

in order to avoid errors and loss of information

SPES data acquisition basically consists of a data logger digital subsystem and the four following main

components
DEC VAX4000-200 (main computer)
DEC VAXSTATION 2000 (graphic workstation)
DEC MICROVAX 1l (remote VO driver)
Device for transferring files, working in DOS environment
AX4000-200 has the following features
Five VUPS CPI
DSSI 1 » controller (RISC technology)
I'en MIPS Ethernet controller (RISC technology)

Sixty-four Megabytes of RAM

Mass storage | gigabyte RF72 DEC hard disk
1.2 gigabytes TLZ0O4 DEC removable cartridge

Peripheral equipment 3 consoles
4 video terminal

DEC LA100 printer

4 senal Poris

Ethernet port
AXSTATION 2000 has the following features

Six megabytes of RAM
Ethernet controller
Mass storage | 30 megabvtes of hard disk

Peripheral equipment b<in. video DEC VR290 XWINDOW terminal




DEC MICROVAX 1I has the following features:

¢ ETHERNET controller

* Mass storage: 130/90 megabytes of hard disk
70 megabytes tape streamer removable cartridge

¢ Peripherals: 4 serial ports
14-in. video (with software for emwation of V1240 terminal)

The device for transferring files is a DEC VAXMATE computer AT IBM compatible with the
following features:

e 80286 CPU

* One megabyte of RAM

* 5 % inch, high density disk drive

* Four virtual hard disk for a total of 60 megabytes
* Ethernet controller

*  Printer port

The RTVAX 300 digital data acquisition subsystem is composed of different remote data loggers
linked in & star configuration to the main computer. A virtual central node is instalicd in the main
computer. The loggers are linked by a thin ethernet cable. Each of these remote units has the
following main characteristics:

*  One megabyte buffer memory

*  Microprocessor card with 32 bit bus, 20 MHz clock
¢ Ten megabytes throughput Ethernet controller

* Switch mode power box

¢ 100 Hz maximum value sampling rate

* Data conditioning and amplifying card

2.5.1 Centrol Loops

During the test, control loops manage and control the key plant parameters. Most of the control loops
arc electronic and are located on the control room main board. These main control loops regulate:

¢ Primary pressure and level

* Steam generator pressure and level

* CMT external containment air pressure
¢ SFW, NRHR, CVCS flow rates

* Bundie power
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The basis for the SPES-2 bundle power decay is to simulate the heat flux versus time from the AP600
fuel rods, including stored energy and fission product decay heat. This power decay versus time has
been determined based on AP600 LOFTRAN analyses. The fission product decay heat versus time is
based on the ANS 1979 decay heat standard plus two sigma uncertainty. The SPES-2 heat loss
compensation value (150 kw) is based on pre-operational testing and is added to the SPES-2 bundle
power decay. Table 2.5-1 provides the SPES-2 decay heat simulation as a function of time after trip
with the exception of the compensation for the SPES-2 heat losses. Because of the limitations of the
SPES-2 heater rod control system, the AP6(X) core power versus time is simulated as follows:

* SPES-2 core power is maintained at 102 percent for 5.75 seconds after the reactor trip setpoint
is reached.

* The SPES-2 power is reduced in a single step to 20 percent (maximum power of the
continuous low power heated rod power control system) and maintained until 12.38 seconds
after reactor trip. At this time the integrated SPES-2 heated rod power is equivalent to 1/395
of the AP600 nuclear fuel heat input.

* The SPES-2 power level is maintained at 20 percent (the maximum power level) until
14.5 seconds. At this time, the AP600 core power fraction of full power is 0.169; where
0.169 (4.89 MW) + 150 kW = 0.2 (4.89) and 150 kw is equal to the heat loss compensation.

¢ From 14.5 seconds until the actuation of the first stage of ADS, the SPES-2 power decay is
that identified in Table 2.5-1 pius 150 kW (the heat loss compensation).

*  When the first stage of ADS is actuated, the SPES-2 heat loss compensation is stopped and the
power decay is as show on Table 2.5-1.

2.5.2 Safety Devices
A combination of mechanical devices, in conjunction with the DAS computer logic, were put in place
to guarantee the structural integrity of the SPES-2 components and meet the safety requirements of the
plant operators. The following mechanical safety devices were installed at each facility:

* Safety valve on the pressurizer top, set at 20 MPa (2900 psia)

* Safety valve on steam generator-A/-B secondary side, set at 10 MPa (1450 psia)

* Safety valve on accumulator-A/-B, set at 6.9 MPa (1000 psia)

* Safety vuve on CMT-A/-B ext. containment set at 7.1 MPa (1029 psia)

* Blowout disk on CMT-A/-B, set at 110 bar differential pressure between primary and
secondary side
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The structural integrity is also guaranteed by alarms and actions performed by a programmable logical

controller (PLC). Both power groups are switched off if the power channel rod temperature greater .
than 590°C or the primary pressure greater than 17.2 MPa. The 8 mW group is switched off if the

reactor coolant pump speed less than 600 rpm and the steam generator level is less than 2 m.

Pressurizer internal heaters are switched off if the level is less than 2 m.

The pressurizer power-operated relief valve (PORV) (ADS stage 1) opens if pressure greater than

16.2 MPa and closes when pressure less than 16.2 MPa. The steam generator PORV opens if pressure
greater than 7.0 MPa and closes when pressure less than 7.0 MPa. The CMT containment PORV
opens if air pressure greater than 6.7 MPa and closes when pressure less than 6.7 MPa.
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Time From Trip (seconds)

SPES-2 POWER DECAY CURVE

TABLE 2.5-1

0.0
5.75
5.76
12.38
14.50

250
27.5
30.0
35.0
400
45.0
50.0
70.0
100.0
200.0

500.0

10060.0

2000.0

3000.0

4000.0

Note 11 Heat loss compensaton of 150 kW begins, but then terminates after ADS-1 actuation.

0.169 «4890kW +150kW _

0.2

4K90kW

(Note 1)

0.1542
0.1300
0.1121
0.0917
0.0868
0.0823
0.0782
0.0710
0.0648
0.0604
0.0573

0.0403
0.0317

0.0259

0.0222
0.0183
0.0162

0.014%
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2.6 Facility Operation
The day before the test, SPES-2 personnel verify that:

¢ the plant is configured for the test

e all plant alarms and protection functions are operating

e the DAS test procedure can perform the required trips for the test
* all the control systems and auxiliary systems are operating

* the pland is ready for start-up

On the day of the test, several key steps are performed to bring the plant up to initial conditions.

The pressurizer internal heaters are turned on and the ADS-1 valve is opened until the primary sysiem
fluid temperature reaches 100°C, after which the level and pressure controls are set to auto mode.
When primary pressure is about 3 bar, the RCPs are started up. After the rod-bundle electric
resistance check (it should be ~1.9 mQ), the 4 MW power group is turned on to give approximateiy
60 percent of the maximum current (equivalent to ~900 kW of generated power). The heat-up and
pressurization of the facility is carried out maintaining this power until the hot leg temperature reaches
200°C, while subcooling conditions in the circuits. Steam generator levels are brought close to the
nominal value and the power channel power is increased step-by-step using the 8 MW and 4 MW
power groups. When nominal conditions are reached, they are maintained for about 500 seconds
before starting the transient. {o start the transient for all tests, a specific break valve (or valves if
required) is opened to begin break flow. At this point, the transient follows a course of events that is
specific to the test procedure for that particular matrix test.

However, some generalities of the sequence of events for facility operation can be made for most of
the tests. Once a setpoint 1s reached initiating the R signal, the main feedwater (MFW) isolation
valves are closed and the power decay simulation (discussed in Section 2.5.1) is begun. Upon S signal
initiation, the CMT isolation valves and the PRHR isolation valves are opened, and the main steam
line isolation valves are closed, all with a 2-second delay. 16.2 seconds after S signal, the RCP
coastdown is initiated. ADS-1 is actuated on CMT volume of 67 percent with the cther ADS stages
following the delay time specified in the test procedure. Heat loss compensation is terminated with
ADS stage 1 actuation. The accumulators begin injecting when the primary system pressure falls o
~700 psia. The IRWST begins injecting water when the primary system pressure is 26 psia. The test is
terminated when final conditions are achieved as specified in the test procedure. The specific facility
operation and configuration for each test is discussed in subsections 2.6.1 through 2.6.13.
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2.6.)  Facility Operation for Test S00303

Ihe purpose of test SO0303 was to investigate the plant behavior and system response during a
purf : | £

simulated 2 in. cold-leg break on loop B (the CMT side of the plant) with intervention of the passive

(22
safety systems only. The test was performed with the pressurizer to CMT-A/-B balance lines closed

by means of blind flanges installed on both the pressurizer and CMT connections. The break was

located at the bottom of loop B cold leg-B2 between the cold leg-B2 to CMT-B balance line and the
power channel. The break line for the facility was configured as shown in Figure 2.6-1 with a break

orifice installed as described in Figure 2.6.1-2. The orifices installed throughout the facility are listed

in Table 2.6.1-1

Once the facility was at initial conditions, the test was initiated by opening the break valve. When the
reactor trip R occurred (pressurizer pressure P-027P = 12.41 MPa = 1800 psia), the heater rod bundie
power was controlled to match the scaled AP60X) decay heat, and the steam generator MSLIVs were
closed with a 2-second delay. When the S signal occurred (pressurizer pressure P-027P = 11.72 MPa
1 700 psia), the PRHR isolation valves and the CMT injection valves were opened and the MFWIVs

were closed, all with a 2-second delay, and the RCP coastdown was initiated with a 16.2-second delay

e CVCS, NRHR, and SFW were off throughout the whole transient. The test simulated the failure
of one of two 4th-stage ADS valves on loop B. The ADS valves were programmed (0 open versus
either CMT level L-A40E or L-B40E with the delay time shown in Table 2.6.1-2. The accumulators
were set to inject water via DVI when the primary pressure was lower than 4.9 MPa (710.6 psia). The
IRWST was set to inject water via DVI when the primary pressure was lower than (.18 MPa

(26.1 psia). The test was terminated when the flow rates (F-A60E/F-B60E) discharged by the IRWST

reached a stable flow (without significant fluctuation)
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TABLE 2.6.1-1
SPES-2 INSTALLED ORIFICFS

Diameter (mm) Thickness (mm) :
| ADS-1 437 12 l
| ADS-2 9.35 12
ADS-3 9.35 12
ADS4A 20.68 7 L
ADS4B 14.62 7 J
H CMT-A ijection line 4.1 55 :
i CMT-B mjection line 57 5.5
—CIdT-A cold leg bal. line (2 onf.) 7.5 55
CMT-B cold leg bal. line (2 onf.) 75 5.5 i
Accumulator-A injection hine 4.86 7.3 l
H Accumulator-B mjection line 4.56 7.3
Cold leg-B2 break device 2.56 33

* Rounded entrance with 2.6 mm radius
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ADS Stage

Orifice Dia.

(mm/in.)

TABLE 2.6.1-2
PROGRAMMED OPENING OF ADS VALVES

(%)

L-A40E or L-B4E
(m/At.)

First

4.37/0.172

67

4.152/13.622

Second

9.35/0.368

67

4.152/13.622

Third

9.35/0.368

67

4.152/13.622

Fourth A

20.68/0.814

20

1.192/3.911

60 sec. after
20% CMT
vol., but no
sooner than
360 sec. after

67% CMT vol.

I—

Fourth B

14.62/0.576

20

1.19273.911

60 sec, after
20% CMT
vol., but no
sooner than
360 sec. after
67% CMT vol.
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Figure 2.6.1-1 Breakline for 2-in. Cold-Leg Break
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SPES2 — Break device on CL
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Figure 2.6.1-2 SPES-2 Break Orifice on CL for 2-in. Break
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2.6.2 Facility Operation for Test S00401

The purpose of test SO0401 was to investigate the CMT heatup with simuitaneous operation of the
PRHR during a simulated 1-in. cold-leg break on loop B (the CMT side of the plant). The test was
performed with the pressurizer to CMT-A/-B balance lines closed by means of blind flanges installed
on both the pressurizer and CMT connections. The break was located at the bottom of loop B

cold leg B2 between the cold leg-B2 to CMT-B balance line and the power channel. The break line
for the facility was configured as shown in Figure 2.6.2-1 with a break orifice installed as described in
Figure 2.6.2.2. The orifices installed throughout the facility are listed in Table 2.6.2-1.

Once the facility was at initial conditions, the test was initiated by opening the break valve. When the
reactor trip R signal occurred (pressurizer pressure P-027P = 12.41 MPa = 1800 psia), the heater rod
bundle power was controlied to maich the scaled AP6(X) decay heat, and the SG MSLIVs were closed
with a 2 second delay. When the S signal occurred {pressurizer pressure P-027P = 11.72 MPa =

1700 psia), the PRHR isolation valves and the CMT injection valves were opened and the MFWIVs
were closed, all with a 2-second delay, and the RCP coastdown was initiated with a 16.2-second delay.

The CVCS, NRHR, and SFW were off throughout the whole transient. The test simulated the failure
of one of two fourth-stage ADS valves on loop B. The ADS valves were programmed (0 open versus
either CMT level L-A40E or L-B40E with the delay time shown in Table 2.6.2-2. The accumulators
were set 1o inject water via DVI when the primary pressure was lower than 4.9 MPa (710.6 psia). The
IRWST was set to inject water via DVI when the primary pressure was lower than 0.18 MPa

(26.1 psia). The test was terminated when the flowrates (F-A60E/F-B60E) discharged by the IRWST
reached a stable flow (without significant fluctuation).
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TABLE 2.6.2-1 ‘
SPES-2 INSTALLED ORIFICES
Location Diameter (mm) Thickness (mm)
—
ADS-1 437 12
ADS-2 g 1% i2
ADS-3 g 1€ 12
ADSAA 206X 7
ADS 4B 14.62
A
CMT-A mjection line 4] 5.5
CMT-B mjection hine 5 5.5
CMT-A cold leg bal. hine (2 5 55
= -
CMT-B cold leg bal. line (2 5 58§
Accomulator-A mecuon line 4 .86 712
}_
Accumulator-B ijection line 4 .86 73
.
Cold leg-B2 break device ] 2K 33 *

Rounded entrance with ].3

mm radius

moapniER 625w la non bh- (02




Orifice Dia.

TABLE 2.6.2-2
PROGRAMMED OPENING OF ADS VALVES

L-A40FE or L-B4OE

Delay Time
ADS Stage (mm/in.) (%) (m/ft.) (sec.)
First 4.37/0.172 67 4.152/13.622 30
Second 9.35/0.368 67 4.152/13.622 125
Thard 9.35/0.368 67 4.152/13.622 245 I
Fourth A 20.68/0.814 20 1.192/3.911 60 sec. aﬂcrﬁﬂI
20% CMT
vol., but no
sooner than
360 sec. after
67% CMT vol.
Fourth B 14.62/0.57¢6 20 1.192/3.911 60 sec. after
20% CMT
vol., but no
sooner than
360 sec. after
67% CMT vol.
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Figure 2.6.2-1 Breakline for 1-in. Cold-Leg Break
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& SPES?2 — Break device on CL
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Figure 2.6.2-2 SPES-2 Break Orifice on CL for 1-in. Break
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2.6.3 Facility Operation for Test S00504

The purpose of test SOOS04 was to investigate the interaction between nonsafety and safety systems
during a simulated 2-in. cold-leg break on loop B (the CMT side of the plant). The break was located
at the bottom of loop B cold leg-B2 between the cold leg-B2 to CMT-B balance line and the power
channel. The break line for the facility was configured as shown in Figure 2.6.3-1 with a break oniic»
installed as described in Figure 2.6.3-2. The arifices installed throughout the facility are listed in
Table 2.6.3-1.

Once the facility was at initial conditions, the test was initiated by opening the break valve. When the
reactor trip R occurred (pressurizer pressure P-027P = 12.41 MPa = 1800 psia), the heater rod bundle
power was controlled 10 match the scaled AP600 decay heat, and the SG MSLIVs were closed with a
2-second delay. When the S signal occurred (pressurizer pressure P-027P = 11.72 MPa = 1700 psia),
the following actuation were performed:

PRHR isolation valves opened with a 2-second delay.
CMT injection valves opened with a 2-second delay.
MFW isolation valves closed with a 2-second delay.
SFW flow was initiated with a 2-second delay.

CVCS flow was initiated with a 2-second delay after S signal and pressurizer level less than
10 percent (0.38 m).

RCP coastdown was initiated with a 16.2 second delay.

The plant computer was programmed for SFW to be ON until isolated vy either T, = 268°C
(514°F) or high steam generator narrow-range level = 79 percent of span which corresponds to
measured levels L-A208/ L-B20S = 2.1 m (6.89 ft.). In the case of low T, one of the four cold-leg
temperatures (T-AO11P, T-AO12P, T-BOI1P, and T-BO12P = 268°C = 514°F) would be sufficient to
completely stop SFW flow to both steam generators. However, in the case of high steam generator
narrow-range level, SFW flow would be stopped only to that steam generator which has reached that
setpoint.  The othar steam generator would continue to receive SFW flow. Additionally, SFW flow
would begin again to that particular steam generator should its narrow range level fall below

79 percent.

The ADS valves were programmed to open versus either CMT level L-A40E or L-B40E with the
delay time shown in Table 2.6.3-2. The accumulators were set to inject water via DVI when the
primary pressure was lower than 4.9 MPa (710.6 psia). The NRHR was set to inject water via DV!
when the primary system pressure was lower than 1.1 MPa (1600 psia). The IRWST was set to inject
water via DVI when the primary pressure was lower than 0.18 MPa (26.1 psia). The test was
terminated when the pressurizer and CMTs have refilled and their levels (L-010P, L-A40E, and
L-B40E) have stabilized.
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TABLE 2.6.3-1

SPES-2 INSTALLED ORIFICES

Diameter (mm)

437

ADS-2 9.35

i ADS-3 935 12

I ADS-4A 20.68 7
ADS 4B 20.68 7
CMT-A mjection line 41 3.3
CMT-B njection line 7 8.7 55
CMT-A cold leg bal. line (2 onf.) 75 55
CMT-B cold leg bal. line (2 ornif.) 5 53
Accumulator-A injection line 4.56 73

ﬂ Accumulator-B mjection line 4.86 13

Cold Leg-B2 break device

* rounded entrance with 2.6 mm radius
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(mm/in.)

TABLE 2.6.3.2
PROGRAMMED OPENING OF ADS VALVES

Orifice Dia.

CMT Volume
(%)

L-A40F or L-B4OE

(m/ft.)

Delay Time
(sec.)

4.37/0.172

67

4.152/13.622

30

9.35/0.368

67

4.152/13.622

125

9.35/0.368

67

4.152/13.622

245

20.68/0.814

20

1.192/3.911

60 s~c. afier
20% CMT
vol , but no
svoner than
360 sec. after
67% CMT vol.

——

Fourth B

20.68/0.814

20

1.192/3.911

60 sec. after
20% CMT
vol., but no
sooner than
360 sec. after
67% CMT vol.
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2.6.4 Facility Operation for Test S00605

The purpose of test SOO605 was to investigate the asymmetric CMT performance with operation of the
PRHR in conjunction with a simulated 2-in. DVI-B break (the CMT side of the plant) and passive
safety systems only for mitigation. The break is located on DVI-B between the ECCS injection and
the power channel. The test was performed with the pressurizer to CMT A/B balance lines closed by
means of blind flanges installed on both the pressurizer and CMT connections. The break line for the
facility was configured as shown in Figure 2.6.4-1 with a bicak orifice installed as described in

Figure 2.6.4-2. The other orifices installed throughout the facility are listed in Table 2.6.4-1.

Once the facility was at initial conditions, the test was initiated by opening the break vaive. When the
reactor trip R occurred (pressurizer pressure P-027P = 12.41 MPa = 1800 psia), the heater rod bundie
power was controlled to match the scaled AP600 decay h:2at, and the steam generator MSLIVs were
closed with a 2-second delay. When the S signal occurred (pressurizer pressure P-027P = 11.72 MPa
= 1700 psia), the PRHR isolation valves and the CM™ injection valves were opened and the MFWIVs
were closed, all with a 2-second delay, and the RCP coastdown was initiated with a 16.2-second delay.

The CVCS, NRHR, and SFW were off throughout the whole transient. The test simulated the failure
of 1 of 2 fourth-stage ADS valves on loop B. The ADS valves were programmed to open versus
either CMT level L-A40E or L-B40E with the delay time shown in Table 2.6.4-2. The accumulators
were set 1o inject water via DVI when the primary pressure was lower than 4.9 MPa (710.6 psia). The
IRWST was set to inject water via DVI when the primary pressure was lower than 0.18 MPa

(26.1 psia). The test was terminated when the flowrates (F-AG0E/F-B60E) discharged by the IRWST
reached a stable flow (without significant fluctuation).
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TABLE 2.6.4-1 |
| SPES-2 INSTALLED ORIFICES

Location Diameter (mm) Thickness (mm)

ADS4A 20.68 7
ADS4B 14.62 7
CMT-A injection line 4.1 5.5
CMT-B imjecuon line 5.7 55
CMT-A cold leg bal. line (2 onf.) 7.5 5.5
CMT-B cold leg bal. line (2 onf.) 7.5 55
Accumulator-A njection line 4.86 73
Accumulator-B injection line 4.86 73

Cold leg-B2 break device

* Rounded entrance with 2.6 mm radius
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TABLE 2.6.4-2
PROGRAMMED OPENING OF ADS VALVES |

Delay Time

Orifice Dia. CMT Volume L-A40E or L-B4OE
ADS Stage {mm/in.) (%) (m/AL.) (sec.)
First 4.37/0.172 67 4.152/13.622 30
Second 9.35/0.368 67 4.152/13.622 125
Third 9.35/0.368 67 4.152/13.622 245
1
Fourth A 20.68/0.514 20 1.192/3.911 60 sec after 20% CMT vol.,
but no socner than 360 sec
after 67% CMT vol,
Fourth B 14.62/0.576 20 1.192/3.911 a0 sec after 20% CMT vol.,
but no sooner than 360 sec
after 67% CMT vol. H
(M——
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Figure 2.64-1 Break Line Configuration for 2-in. DVI-B Break
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Figure 2.6.4-2 SPES-2 Break Orifice on DVI-B for 2-in. Break
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2.6.5 Facility Operation for Test SOu/us

The purpose of SO0706 was to investigate the plant . ~havior and system response during a full bore
double-ended guiliotine (DEG) break of DVI-B (comple= loss of one of two passive injection lines)
with passive safety systems only for mitigation. The brea.” is located on DVI-B prior to entry to the
power channel. The DEG is simulated by using two break valves and a spectacle flange in the open
position installed between them as shown in figure 2.6.5-1. The break valve identified in

Figure 2.6.5-1 as BR-0S5 had an orifice installed at its inlet described in Figure 2.6.5-2. The break
valve identified in Figure 2.6.5-1 as BR-04 had a venturi tube installed at its inlet described in
Figure 2.6.5-3 in order to simulate the flow venturi in the AP600 reactor vessel DVI nozzle. The
other orifices installed in the facility are listed in Table 2.6.5-i. The test was performed with the
pressurizer 1o CMT A/B balance lines closed by means of blind flanges installed on both the
pressurizer and CMT connections.

Once the facility was at initial conditions, the test was initiated by opening the break valves. When
the reactor trip (R) occurred (pressurizer pressuze P-027P = 12.41 MPa = 1800 psia), the heater rod
bundle power was controlled 10 maich the scaled AP600 decay heat, and the steam generator MSLIVs
were closed with a 2-second delay. When the S signal occurred (pressurizer pressure P-027P =

11.72 MPa = 1700 psia), the PRHR isolation valves and the CMT injection valves were opened and
the MFWIVs were closed, all with a 2-second delay, and the RCP coastdown was initiated with a
16.2 second delay.

The CVCS, NRHR, and SFW were off throughout the whole transient. The test sitnulated the failure
of one of two stage 1 and 3 ADS valves. The ADS valves were programmed to open versus either
CMT level L-A40E or L-B40E with the delay time shown in Table 2.6.5-2. The accumulators were
set to inject water via DVI when the primary pressure was lower than 4.9 MPa (696, psia). The
IRWST was set to inject water via DVI when the primary pressure was lower than 0.18 MPa

(26.1 psia). The test was terminated when the flowrates (F-A60E/F-B60E) discharged by the IRWST
reached a stable flow (without significant fluctuation).
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TABLE 2.6.5-1
SPES-2 INSTALLED ORIFICES

Location Diameter (mm) T Thickness (mm)

"

ADS-) 3.00

ADS.2 Q 1%

ADS-3 6.61

ADS-4A 20.68

ADS4B 200.6X

CMT-A mection line

CMT-B imjecuon hne

CMT-A cold leg bal. line (2 onf.)

CMT-B cold ieg bal. line (2 orif,)

Accumulator-A mjecuon hne

Accumulator-B mjection line

DVI-B break device ECCS side
r..-

DVI-B break device vessel side venturn see Figure 2.6.5-3

*

Rounded entrance with 9 mm radius




TABLE 2.6.5-2 |
| PROGRAMMED OPENING OF ADS VALVES |

Orifice Dia. | CMT Volume | L-A40F or L-B40OE Delay Time :
ADS Stage (mm/in.) (%) (m/L) (sec. ) f
First 3.09/0.122 67 4.152/13.622 30 I
Second 9.35/0.368 67 4.152/13.622 125 I
Third 6.61/0.260 67 4.152/13.622 245
Fourth A 20.68/0.814 20 1.192/3.911 60 sec after 20% CMT vol.,
but no sooner than 360 sec.
after 67% CMT vol.
Fourth B 20.68/0.814 20 1.192/3911 60 sec after 20% CMT vol.,
but no sooner than 360 sec.
after 67% CMT vol,
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2.6.6 Facility Operation for Test SO0908

The purpose of test SO0908 was to investigate the plant behavior and system response during a full
hore double-ended guillotine (DEG) break of the CL-B2 to CMT-B balance line with passive safety
systems only for mitigation. The DEG break was simualated by using the two valves located on the
cold leg-B2 balance line; one on each side of the CMT balance line isolation valve. The break valve
identified in Figure 2.6.6-1 as BR-05 had an orifice installed at its inlet described in Figure 2.6.6-2.
The break valve identified in Figure 2.6.6-1 as BR-(4 had an orifice installed at its inlet described in
Figure 2.6.6-3. The orifice normally in the balance line near cold leg-B2 was removed so that break
flow would only be limited by the break orifice. The other orifices installed in the facility are listed in
Table 2.6.6-1. The test was performed with the pressurizer to CMT-A/-B balance lines closed by
means of blind flanges installed on both the pressurizer and CMT connections.

Once the facility was at initial conditions, the test was initiated by opening the break valves. When
the reactor trip R occurred (pressurizer pressure P-027P = 12.41 MPa = 1800 psia), the heater rod
bundle power was controlled to match the scaled AP6(X) decay heat, and the steam generator MSLIVs
were closed with a 2 second delay. When the S signal occurred (pressurizer pressure P-027P =

11.72 MPa = 1700 psia), the PRHR isolation valves and the CMT injection valves were opened and
the MFWIVs were closed, all with a 2-second delay, and the RCP coastdown was initiated with a
16.2-second delay.

The CVCS, NRHR, and SFW were off throughout the whole transient. The test simulated the failure
of one of two stage 1 and 3 ADS valves. The ADS valves were programmed to open versus either
CMT level L-A40E or L-B40E with the delay time shown in Table 2.6.6-2. The accumulators were
set 1o inject water via DVI when the primary pressure was lower than 4.9 MPa (696.1 psia). The
IRWST was set to inject water via DVI when the primary pressure was lower than (.18 MPa (26.1
psia). The test was terminated when the flowrates (F-A60E/F-B60E) discharged by the IRWST
reached a stable flow (without significant fluctuation).
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TABLE 2.6.6-1
SPES-2 INSTALLED ORIFICES

CMT-A cold leg bal. line (2 onf.) 13 5.5
l CMT-B cold leg bal. line (2 onf.) removed
l Accumulator-A injection line 486 7.3

[ Accumuiator-B mjection iine 4 86 7.3

DVI-B break device CMT side B.OS ** 9 *

DVI-B break coid leg side 871 g+

| ADS-4A 20.68 7
I ADS-4B 20.6% 7
CMT-A iny cion line 4.1 55
CHMT - mjection line 5.7 39

* Rounded entrance with 9 mm radius (see Figures 2.6.6-2 and 2.6.6-3)

** The actual scaled break size of the 8-inch Sch. 160 CL-BL 1s 8.71 mm. However, since no significant
amount of break flow is discharged from this point, the 8.95 mm orifice from matrix test No. 6 was utilized
(see Figure 2.6.6-3).
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TABLE 2.6.6-2

PROGRAMMED OPENING OF ADS VALVES

Orifice Dia. CMT Volume L-A4UE or L-B4OE Delay Time

ADS Stage (mm/in.) (%) (m/AL) (sec.)
I Farst 3.09/0.122 67 4.152/13.622 30
Second 9.35/0.368 67 4.152/13.622 125
Third 6.61/0.260 67 4.152/13.622 245 1
Fourth A 20.68/0.814 20 1.192/3.911 60 sec after 20% CMT vol.,

but no sooner than 360 sec.
after 67% CMT vol.

Fourth B 20.68/0.814 20 1.192/3.911 60 sec after 20% CMT vol.,
but no sooner than 360 sec.
after 67% CMT vol.
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2.6.7 Facility Operation for Test S01007
The purpose of test SO1007 was to investigate the asymmetric CMT performance following a 2-in. ‘
break in the cold leg-B2 to CMT-B balance line with passive safety systems only for mitigation. The

break was located on the cold-leg side of the balance line isolation valve identified in Figure 2.6.7-1 as

BV-0YB. The break valve identified in Figure 2.6.7-1 as BR-04 had an orifice installed at its inlet

described in Figure 2.6.7-2 in order to simulate a 2-in. break. The other orifices installed in the

facility are listed in Table 2.6.7-1. The test was performed with the pressurizer to CMT-A/-B balance

lines closed by means of blind flanges installed on both the pressurizer and CMT connections.

Once the facility was at initial conditions, the test was initiated by opening the break valve. When the
reactor trip R occurred (pressurizer pressure P-027P = 12.41 MPa = 1800 psia), the heater rod bundie
power was controlled to match the scaled AP600 decay heat, and the steam generator MSLIVs were
closed with a 2-second delay. When the S signal occurred (pressurizer pressure P-027P = 11.7°
= 1700 psia), the PRHR isolation valves and the CMT injection valves were opened and the Ml = 3
were closed, all with a 2 second delay, and the RCP coastdown was initiated with a 16.2 second delay.

The CVCS, NRHR, and SFW were off throughout the whole transient. Tue test simulated the failure

of one of two fourth-stage ADS valves. The ADS valves were programmed to open versus either

CMT level L-A40E or L-B40E with the delay time shown in Table 2.6.7-2. The accumulators were

set to inject water vit DVI when the primary pressure was lower than 4.9 MPa (696.1 psia). The

IRWST was set to inject water via DVI when the primary pressure was lower than 0.18 MPa .
(26.1 psia). The test . terminated when the flowrates (F-A60E/F-B60E) discharged by the IRWST

reached a stable flow (without significant fluctuation).
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TABLE 2.6.7-1
SPES-2 INSTALLED ORIFICES

ADS-1 437 12 |
ADS-2 9.35 12
ADS-3 9.35 12
ADS-4A 20.68 7
ADS-4B 14.62 7

l—(‘.MT-A injection line 4.1 5.5 |
CMT-B mjection line 5.7 35
CMT-A coid leg bal. line (2 onf.) 1.5 5.5
CMT-B cold leg bal. line (2 onf.) 135
Accumulator-A injection line 4.86 73 1
Accumulator-B injection line 4,86 7.3
Balance Line-B break device 2.56 33"

* Rounded entrance with 2.6 mm radius I
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Orifice Dia.
(mm/in.)

TABLE 2..7-2
PROGRAMMED OPENING OF ADS VALVES

CMT Volume
(%)

L~A40E or L-B4OE
(m/At.)

3.09/0.122

67

4.152/13.622

9.35/0.368

67

4.152/13.622

125

9.35/0.368

67

4.152/13.622

245

20.68/0.814

1.192/3.911

60 sec after 20% CMT vol,,
but no sooner than 360 sec
after 67% CMT vol.

14.62/0.576

1.192/3.911

60 sec after 20% CMT vol.,
but no sooner than 360 sec
after 67% CMT vol.
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268 Facility Operation for Test S01110

The purpose of test SO1110 was to investigate the plant behavior and system response during a single
steam generaior tube rupture (SGTR) using only the passive safety systems for mitigation. The test
was performed with the pressurizer to CMT-A/-B balance lines closed by means o1 blind flanges
installed on both the pressurizer and CMT connections. The tube rupture was simulated via a line
connected from the primary side (RCP B suction piping) to the secondary side of steam generator-B.
Two venturi flowmeters were installed in the line; one to measure fluid flow from the primary side to
the secondary side, and the other to measure flow from the secondary side to the primary side. A
detailed drawing of this arrangement is given in Figure 2.6.8-1. A break orifice, scaled to the size of a
single AP600 steam generator tube inner diameter of 0.6075 inches, was installed at the inlet of the
break valve (BR-0M). A detailed drawing of the orifice is shown in Figure 2.6.8-2. The other orifices
installed throughout the facility are listed in Table 2.6.8-1.

Once the facility was at initial conditions, the test was initiated by opening the break valve. When the
reactor trip R and safety injection signal S occurred due to low pressurizer level (pressurizer level
L-010P = 0.378m = 1.24 ft.), the heater rod bundle power was controlled to match the scaled AP600
decay heat, and the steam generator MSLIVs were closed with a 2-second delay. Additionally, the
PRHR isolation valves and the CMT injection valves ~ere opened and the MFWIVs were closed, all
with a 2-second delay, and the RCP coastdown was initiated with a 16.2 second delay.

The CVCS, NRHR, and SFW were off throughout the whole transient. The test simulated the failure
of one of two fourth-stage ADS valves on loop B. Although ADS actuation did not occur, the ADS
valves were programmed anyway to open versus either CMT level L-A40E or L-B40E with the delay
time shown in Table 2.6.8-2. The accumulators were set to inject water via DVI when the primary
pressure was lower than 4.9 MPa (696.]1 psia). The IRWST was set to inject water via DVI when the
primary pressure was lower than 0.18 MPa (26.1 psia). The test was terminated when the primary and
secondary system pressures equalized so that the average break flow for 10 minutes was essentially
zero and the CMT levels were not decreasing.
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TABLE 2.68-1 ’
SPES-2 INSTALLED ORIFICES |
! 1

Location Diameter (mm) Thickness (mm)

| ADS-1

ADS-2

| ADS-3

| ADS4A

ADS4B

CMT-A imjection line 4.1 55

| CMT-B injection line 5.7 55

| CMT-A cold leg bal. line (2 orif.) f 5.5

LCMT-B cold leg bal. line (2 orif.) 7.5 55
Accumulator-A mjection line 4.56 73
Accumulator-B injection line 486 73 j

Cold leg-B2 break device

* Rounded entrance with 0.9 mm radius
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(mm/in.)

Orifice Dia.

CMT Volume

TABLE 2.68-2 ?
PROGRAMMED OPENING OF ADS VALVES ’

L-A40E or L-B4OE

(m/ft.)

Delay Time
(sec.)

First 4.37/0.172

67 4.152/13.622

30

9.35/0.368

4.152/13.622

125

9.35/0.368

Third

4.152/13.622

245

20.68/0.814

| Fourth A

1.192/3.911

60 sec after 20% CMT vol.,
but no sooner than 360 sec
after 67% CMT vol.

14.62/0.576

1.192/3.911

60 sec after 20% CMT vol.,
but no sooner than 360 sec
after 67% CMT vol,
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Figure 2.6.8-1 Break Line Configuration for Steam Generator Tube Rupture (SGTR)
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2.6.9 Facility Operation for Test S01211

The purpose of test SO12011 was 1o investigate the plant behavior and system response during a single
steam generator tube rupture (steam generator-TR) and an inadvertent ADS actuation 2 minutes + 30
seconds after S signal using only the passive safety systems for mitigation. The test was performed
with the pressurizer to CMT-A/B balance lines closed by means of blind flanges instailed on both the
pressurizer and CMT connections. The tube rupture was simulated via a line connected from the
primary side (RCP B suction piping) to the secondary side of steam generator-B. Two venturi
flowmeters were installed in the line; one to measure fluid flow from the primary side to the secondary
side, and the other to measure flow from the secondary side to the primary side. A detailed drawing
of this arrangement is given in Figure 2.6.9-1. A break orifice, scaled to the size of a single AP600
steam generator tube inner diameter of 0.6075 in., was installed at the inlet of the break valve
(BR-M). A detailed drawing of the orifice is shown in Figure 2.6.9-2. The other orifices installed
throughout the facility are listed in Table 2.6.9-1.

Once the facility was at initial conditions, the test was initiated by opening the break valve. When the
reactor trip R and safety systems actuation signal (S) occurred due to low pressurizer level (pressurizer
level L-O10P = 0.676m = 2.22 ft.), the heater rod bundle power was controlled to match the scaled
AP600) decay heat, and the steam generator MSLIVs were closed with a 2-second delay. Additionally,
the PRHR isolation valves and the CMT njection valves were opened and the MFWIVs were closed,
all with a 2-second delay, and the RCP coastdown was initiated with a 16.2-second delay.

The CVCS, NRHR, and SFW were off throughout the whole transient. The test simulated the failure
of one of two fourth-stage ADS valves on loop B. The ADS valves were programmed to open with
the delay times shown in Table 2.6.9-2. Additionally, heat loss compensation of 150 kW was
terminated after ADS stage 2 actuation, instead of the typical ADS stage 1. The accumulators were
pressurized to inject water via DVI when the primary pressure was lower than 4.9 MPa (696.1 psia).
The test was terminated when the secondary side of the faulted sieam generator was nearly empty.
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TABLE 2.6.9-1
SPES-2 INSTALLED ORIFICES

Thickness (mm)

437

12

ADS<4A 20.68 V
ADS4B 14.62 7 I
CMT-A mjection line 4.1 5.5 J
CMT-B imjection line 5.7 55 H
I CMT-A CL bal. line (2 orif.) 15 5.5
I CMT-B CL bal. line (2 orif.) 7.5 33
Accumulator-A injection line 4.86 73
Accumulzator-B mjection line 4.86 73
Cold leg-B2 break device 0.85 2"

* Rounded entrance with 0.9 mm radius
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TABLE 2.69:2
PROGRAMMED OPENING OF ADS VALVES

g Orifice Dia. | CMT Volume L-A40E or L-B4OE Delay Time

| ADS Stage (mm/in.) (%) (mAL) (sec.)

[Flﬂ\( 4.37/0.172 2 min + 30 sec after "S"

I Second 9.35/0.368 2 min + 125 sec after "S"
Third 9.35/0.368 2 min + 245 sec after "S"
Fourth A 20.68/0.814 20 1.192/3.911 0 sec after 20% CMT vol,,

but no sooner than 360 sec
after 67%

Fourth B 14.62/0.576 20 1.192/3.911 60 sec after 20% CMT vol,,

but no sooner than 360 sec
after 67%

mAApHON 625w O2h pon ' 1 40295
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Figure 2.6.9-1 Break Line Configuration for Single Steam Generator Tube Rupture (SGTR)
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2.6.10 Facility Operation for Test S01309

The purpose of test SO1309 was to investigate the plant behavior and system response during a single
steam generator tube rupture (SGTR) using nonsafety and safety systems along with operator action to
isolate th* faulted steam generator, subcool and depressurize the primary system. The test was
performed with the pressurizer 1o CMT-A/B balance lines closed by means of blind flanges installed
on both the pressurizer and CMT connections. The tube rupture was simulated via a line connected
from the primary side (RCP-B suction piping) to the secondary side of steam generator-B. Two
venturi flowmeters were installed in the line; one 1o measure fluid flow from the primary side to the
secondary side, and the other to measure flow from the secondary side to the primary side. A detailed
drawing of this arrangement is given in Figure 2.6.10-1. A break orifice, scaled to the size of a single
AP60X) steam generator tube inner diameter of 0.6075 inches, was installed at the inlet of the break
valve (BR-(M). A detailed drawing of the orifice is shown in Figure 2.6.10-2. The other orifices
installed throughout the facility are listed in Table 2.6.10-1.

Once the facility was at initial conditions, the test was initiated by opening the break valve. When the
reactor trip (R) and safety systems actuatiza signal (S) occurred due to low pressurizer level
(pressurizer level L-O10P = 0.378m = (.24 fi.), the heater rod bundle power was controlled to match
the scaled AP600 decay heat, and the steam generator MSLIVs were closed with a 2-secon delay.
Additionally, the PRHR isolation valves and the CMT injection valves were opened and the MFWIVs
were closed, all with a 2-second delay, and the RCP coastdown was initiated with a 16.2-second delay.

The CVCS was programmed to start when pressurizer level (L-010P) = 3.1 m = 10.17 ft. and deliver a
scaled flow rate (F-001A) = 0.016 kg/sec. = 0.0353 Ibm/sec. After the S signal, the CVCS setpoints
were automatically reset to be ON at pressurizer level £ 10 percent (L-010P £ 0.676 m) and OFF at
pressurizer level 2 20 percent (L-010P 2 1.352m). The SFW was auiomatically initiated after the S
signal at its nominal flowrate to try to restore the steam generator narrow range level (L-A208/L-
B20S) at the nominal value of 1.48m (4.86 ft.).

It was determined that an operator would be able to identify the faulted steam generator approximately
5 minutes after an S signal. Therefore, for this test the operator isolated the faulted steam generator 5
minutes after the S signal by closing the SFW isolation valve (CV-06B), but still continued 10 feed
SFW 1o the intact steam generator (steam generator-A). The operator actions to subcool and
depressurize were originally programmed into the plant control computer to perform. However, during
the performance of the test, it was apparent that a higher cooldown rate was required at the SPES-2
facility in order for the logic programmed into the computer to perform the operator actions as
specified. Therefore, the actions to open the ADS-1 valve and steam generator-A PORV to subcool
and depressurize were performed manually by plant personnel.

The pressurizer internal heaters remained on until low pressurizer level = 2m = 6.56 ft.. but the two
bottom external pressurizer heaters remained on throughout the transient to compensate for pressurizer
heat loss and to maintain pressurizer pressure. The test simulated the failure of one of two fourth-
stage ADS valves on loop B. Additionally, the ADS-1 and ADS-3 had smaller crifices installea
equivalent to one-half the AP60O ADS-1 and -3 valves in order to have better control of the primary
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system depressurization. Although ADS actuation did not occur during the test, the ADS valves were

programmed 1o open versus either CMT level L-A40E or L-B40E with the delay time shown in .
Table 2.6.10-2. The accumulators were set to inject water via DVI when the primary pressure was

lower than 4.9 MPa (696.1 psia). The IRWST was set to inject water via DVI when the primary

pressure was lower than (.18 MPa (26.1 psia). The test was terminated when the primary and

secondary system pressures equalized so that the average break flow for 10 minutes was essentially

zero and the CMT levels were not decreasing.
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TABLE 2.6.10-1
SPES-2 INSTALLED ORIFICES

Location Diameter (mm) Ihickness (mm)

ADS-]

ADS-.2

ADS-3

ADS4A

CMT-A mjecuon line

CMT-B mmection lne

CMT-A cold leg bal. line (2

CMT-B cold leg bal. lme (2

Accumulator-A mjection lin

Accumulator-B mmecuon line

Cold leg-B2 break device

.

Rounded entrance with 0.9 mm radis




{mm/in.)

CMT Volume
(%)

TABLE 2.6.10-2 |
PROGRAMMED OPENING OF ADS VALVES

Orifice Dia.

L-A40E or L-B&OE
(m/AL.)

Delay Time

2.2,.0072 67 4.152/13.622
Second 9.35/0.36% 67 4.152/13.622 125
Third 2.2.0072 67 4.152/13.622 245
Fourth A 20.68/0.814 20 1.192/3.911 60 sec after 20% CMT vol.,
but no sooner than 360 sec.
after 67% CMT vol.
Fourth B 14.62/0.576 20 1.192/3.911 60 sec after 20% CMT vol.,
but no sooner than 360 sec.
after 67% CMT vol.
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. Figure 2.6.10-1 Break Line Configuration for Steam Generator Tube Rupture (SGTR)
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2.6.11 Facility Operation for Test S01512

‘ l'.."' \“l<|,'

generator-A PORYV as the break opening. The steam generator-A PORV had an orifice installed with a

a large steam line break with passive safety systems only, was simulated using the steam

diameter of 20.4 mm (shown in Figure 2.6.11-1) which corresponds to an AP600 break area of
1.38% ft*. (This area corresponds to the steam generator outlet nozzie orifice area.) The other orifices
instailed at the facility are listed in Table 2.6.11-]

lest SO1512 was performed with the facility operating at full pressure and flow, but at "hot standby
conditions. The power channel was at zero power (i.e., no decay heat was simulated) but with heater
\ rod power at 150 kW for facility heat loss compensation. Additionally, the following initial conditions

existed

* RCPs were running =1t p .ainal flow (cold leg flow = 12.92 Ib/sec.)
* pressurizer pressur. vas at 2250 psia

\ * core AT was ~ 1°F  lavg =545°F)
* pressurizer level was between 6.56 ft. and 8.2 fi

*  sleam generators pressure was approximately 1000 psi

'
. steam generators narrow range level was approximately 4.9 fi
. main feedwater isolation valves were closed

* common steam line 1solaton valve (BV-07) was closed
‘ * man steam isolaton valves (BV-0SA/BV-05B) were opened
* CVCS, NRHR, and SFW were not operational

[he test was initiated by opening the steam generator-A PORV (BV-06A) at time zero. All heat loss

compensation was terminated when the steam generator-A PORV was opened. Based on pretest

predictions using a lead/lag function of 50/5, the S signal was manually generated by the SPES plant
mputer one second after the break opening.  The pressurizer internal heaters were shut off by the S

signal.  Also, at S signal, the CMT and PRHR isolation valves were opened with a two-second delay

the main steam line isolation valves were closed with a 4-second delay, and the RCPs were shutdown
with a 16.2-second delay

The ADS was not expected 1o actuate for this test, but was programmed to open versus CMT level
with the appropriaie time delays as listed in Table 2.6.11-2. The accumulators were pressurized 1

inject when the pnmary pressure was reduced to less than 696 psia. The IRWST was at full normal
vel such that it would inject water when the primary pressure was lower than 26,1 psia. The test

was lerminated when the pnimary system temperatures and pressures had stabilized and the CMT level

Was not gecreasing




TABLE 2.6.11-1

SPES-2 INSTALLED ORIFICES

Location Diameter (mm) Thickness (mm)
ADS-1 437 12
ADS-2 9.35 12
ADS-3 935 12
ADS4A 20.68 7
ADS4B 20.68 7
CMT-A mjection line 4.1 55
CMT-B injection line 5.7 55
CMT-A CL bal. line (2 onif.) 75 55
CMT-B CL bal. line (2 onif.) 1.5 3.5
Accuramator-A injecton line 4.86 73
—A—-camulww-l! injection line 4.86 73
Cold leg-B2 break device 204 0*

* Rounded entrance with 5§ mm radius

e
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TABLE 2.6.11-2
PROGRAMMED OPENING OF ADS VALVES ﬁ;
=== —— —
Orifice Dia. CMT Volume [-A40E or L-B40E Delay Time
ADS Stage (mm/in.* (%) (m/At.) (sec.)
First 4.37/.0172 67 4.152/13.622 30
Second 9.35/0.368 67 4.152/13.622 125
Thard 9.35/0.368 67 4.152/13.622 245
Fourth A 20.68/0.814 20 1.192/3.911 60 sec after 20% CMT vol.,
but no sooner than 360 sec.
after 67% CMT vol.
Fourth B 20.68/0.8)4 20 1.192/3.911 60 sec after 20% CMT vol.,
but no sooner than 360 sec.
after 67% CMT vol.
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Figure 2.6.11-1 SPES-2 Break Orifice for Main Steam Line Break
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2.6.12 Facility Operation for Test S01613

The purpose of test SO1613 was to investigate the CMT heatup with simultaneous operation of the
PRHR with 3 heat exchanger tubes in operation during a simulated 1-in. cold leg break on loop B (the
CMT side of the plant). The test was performed with the pressurizer to CMT-A/B balance lines closed
by means of blind flanges installed on both the pressurizer and CMT connections. The break was
located at the bottom of loop B cold leg-B2 between the cold leg-B2 to CMT-B balance line and the
power channel. The break line for the facility was configured as shown in Figure 2.6.12-1 with a
break orifice installed as described in Figure 2.6.12-2. The orifices installed throughout the facility are
listed in Table 2.6.12-1.

Once the facility was at initial conditions, the test was initiated by opening the break valve. When the
reactor trip (R) occurred (pressurizer pressure P-027P = 12.41 MPa = 1800 psia), the heater rod bundle
power was controlled to match the scaled AP6(X) decay heat, and the steam generator MSLIVs were
closed with a 2-second delay. When the S signal occurred (pressurizer pressure P-027P = 11.72 MPa
= 1700 psia), the PRHR isolation valves and the CMT injection valves were opened and the MFWIVs
were closed, all with a 2-second delay, and the RCP coastdown was initiated with a 16.2-second delay.

The CVCS, NRHR, and SFW were off throughout the whole transient. The test simulated the failure
of one of two fourth-stage ADS valves on loop B. The ADS valves were programmed (0 open versus
cither CMT level L-A40E or L-B40E with the delay time shown in Table 2.6.12-2. The accumulators
were set (o inject water via DVI when the primary pressure was lower than 4.9 MPa (710.6 psia). The
IRWST was set 1o inject water via DVI when the primary pressure was lower than 0.18 MPa

(26.1 psia). The test was terminated when the flowrates (F-A60E/F-B60E) discharged by the IRWST
reached a stable flow (without significant fluctuation).
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TABLE 2.6.12-1
SPES-2 INSTALLED ORIFICES

Diameter (mm)
ADS-1 437 12
ADS-2 9.35 12
ADS-3 9.35 12
ADS4A 20.68 7
ADS-4B 14.62 7
CMT-A mjecuon line 4.1 5.5
CMT-B injection line 57 55
CMT-A cold leg bal. line (2 onf.) 7.5 5.5
CMT-B cold leg bal. line (2 orif.) 7.5 5.5
Accumulator-A injecuon line 4.86 7.3
Accumulator-B imjection line 4.86 73
Cold leg-B2 break device 1.28 33"

* Rounded entrance with 1.3 mm radius
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TABLE 2.6.12-2
PROGRAMMED OPENING OF ADS VALVES
m —
Orifice Dia. CMT Volume L-A40FE or L-B40OE Delay Time
ADS Stage (mm/in.) (%) (m/AL.) (sec.)
First 4.37/0.172 67 4.152/13.622 30
Second 9.35/0.368 67 4.152/13.622 125
Third 9.35/0.368 67 4.152/13.622 245
Fourth A 20.68/0.814 20 1.192/3.911 60 sec. after
20% CMT
vol., but no
sooner than
360 sec. after
67% CMT vol.
Fourth B 14.62/0.576 20 1.192/3.911 60 sec. after
20% CMT
vol., but no
sooner than
360 sec. after
67% CMT vol.
— —_— ]
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Figure 2.6.12-1 Break Line Configuration for 1-in. Cold Leg Break
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SPES2 — Break device on CL

Po

sizione 13 su P&ID orifizi

6.4

\\\JL
Quant.: n.1  Mat.: AISI 316 3%
Collocazione : Linea rottura

su .CL-B
flg. o1"1

)
$1.284+0.05

"
2
'
L ]
\\
N,
\“-n~ s

\
\

1.4

e

2 a monte valvola BR-01 .
/2 ANSI1500 S.180 LM&LF

Iltaly

Geometria ;;u_ig % ﬁ%
ST

i o Orifizi calibrati

| ——Scela ]

—TFoalie| &l
25.03.26]15

1:1-2:1

Figure 2.6.12-2 SPES-2 Break Orifice on CL for 1-in. Break
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2.6.13 Facility Operation for Test S01703

The purpose of this test run was to repeat test SO0303 in order to investigate the repeatability of the
plant behavior and system response during a simulated 2-in. cold leg break on loop B (the CMT side
of the plant) with intervention of the passive safety systems only. The test was performed with the
pressurizer 10 CMT-A/-B balance lines closed by means of blind flanges installed on both the
pressurizer and CMT connections. The break was located at the bottom of loop B cold leg-B2
between the cold leg-B2 1o CMT-B balance line and the power channel. The break line for the faciuty
was configured as shown in Figure 2.6.13-1 with a break orifice installed as described in

Figure 2.6.13-2. The orifices installed throughout the facility are listed in Table 2.6.13-1.

Once the facility was at initial conditions, the test was initiated by opening the break valve. When the
reactor trip (R) occurred ‘pressurizer pressure P-027P = 12.41 MPa = 1800 psia), the heater rod bundle
power was controlled to match the scaled AP6(X) decay heat, and the steam generaior MSLIVs were
closed with a 2-second delay. When the S signal occurred (pressurizer pressure P-027P = 11.72 MPa
= 700 psia), the PRHR isolation valves and the CMT injection valves were opened and the MFWIVs
were closed, all with a 2-second delay, and the RCP coastdown was initiated with a 16.2-second delay.

The CVCS, NRHR, and SFW were off throughout the whole transient. The test simulated the failure
of one of two fourth-stage ADS valves on loop B. The ADS valves were programmed 10 open versus
either CMT level L-A40E or L-B40E with the delay time shown in Table 2.6.13-2. The accumulators
were set 1o inject water via DVI when the primary pressure was lower than 4.9 MPa (710.6 psia). The
IRWST was set 1o inject water via DVI when the primary pressure was lower than 0.18 MPa

(26.1 psia). The test was terminated when the flowrates (F-A60E/F-B60E) discharged by the IRWST
reached a stable flow (without significant fluctuation).
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FABLE 2.6.13-1 ;

SPES-2 INSTALLED ORIFICES }

l Location Diameter (mm) | Ihickness (mm) ;

‘ o . TR ST TR 4‘ TS — ,_1

i ADS-1 4.37 ‘ 12 J
} e e ————— . — o —

| ADS-2 | 9.35 | 12 '
s» - — — —— e . R |

|

ADS-3 O 1€

13 — R I I R R RN~ -
i ADS4A 20 .6 7

1'. -—- - — - —_— S e S T O — ~<I
: ADS-4B 14 62 ‘ ‘
| — ——— e ————————————————————————————— e —————————l

-
i
|
i
|
i
|
|

I+ ——— RUITI—
|

CMT-A mjection line | 4.1 ‘ 5.5

CMT-B imection line 5.7 5.5

i ——— . R R R R R N, S R RN St
CMT-A cold leg bal. line (2 onf.) 1.5 5.5
. |

S e — - —— R SNSRI W ——
{ |

CMT-B cold leg bal. line (2 onif.) 7.5 5.5

b e et e — o ——r —— . S —ot e ————————————— i S o — ma—

Accumulator-A mection line 1,86 ! 713
| e S e N R R T A, J N NI R SR S,

Accumulator-B injection hine 4 86
¢ - — e ——————————— —— - S — S ——
Coid Jeg-B2 break device 7 86 1 3

§ - e a—— e—————————— e — e — ———————————————————————————————————————————————————————————————————————

Rounded entrance with 2.6 mm radius
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TABLE 2.6.13-2
PROGRAMMED OPENING OF ADS VALVES

Orifice Dia. CMT Volume L-A40F or L-B4OE Delay Time
ADS Stage (mmvin.) (%) (mAt.) (sec.)

First 4.3700.172 67 4.152/13.622 30

Second 9.35/0.368 67 4.152/13.622 125

Third 9.35/0.368 67 4.152/13.622 245

Fourth A 20.68/0.814 20 1.192/3.911 60 sec. after
20% CMT
vol., but no
sooner than

360 sec. after

67% CMT vol.

Fourth B 14.€2/0.576 20 1.192/3.911 60 sec. after
20% CMT
vol., but no
sooner than

360 sec. after

67% CMT vol.
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Figure 2.6.13-1 Break Line Configuration for 2-in. Cold Leg Break
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SPES2 — Break device on - CL
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Figure 2.6.13-2 SPES-2 Break Orifice on CL for 2-in. Break




3.0 DATA REDUCTION
3.1 Introduction

The following sections describe the data reduction and validation processes used for the SPES-2 tests.
In general, the data were transmitted from the test site by SIET to Westinghouse on DEC TK-50 tape
cartridges; however, the cold pre-operational tests were provided on 3.5-in. diskettes. The SIET data
files were run through several software programs at Westinghouse as part of the validation process in
order 1o convert the data 1o English engineering units and to create useable data files and plots.
Various ways of plotting the data were used in order to review, validate, and present the data.

Information regarding acquiring and recording data at the test site can be found in Section 2.5,
Section 2.5 describes the data acquisition systems (DAS) for the SPES-2 facility.

3.2 Test Validation
The SPES-2 test data were reviewed and validated using a three-step process.

The first step was performed at the test site immediately following the test and documented in the
Day-of-Test Report by SIET personnel. The Day-of-Test Report and the TK-50 tape cartridge were
sent 1o Westinghouse generally within a few of days after the test. Depending upon the length of the
test, the data fit onto one or two tape cartridges. The Day-of-Test Report evaluated the operability of
key instruments and deviations from specified initial conditions (for example, did the test meet the
minimum acceptance criteria?). The Day-of-Test Repon alsc documented any facility modifications or
onsite test observations. Specifically, the Day-of-Test Report assessed whether the test needed to be
rerun due to some significant problem observed during the performance of the test. See Appendix A
for a sample of the Day-of-Test Report format.

The overall test acceptance criteria established prior to the SPES-2 tests is shown in Table 3-1.
Although not an explicit part of this pre-test acceptance criteria, an overall facility mass balance
objective of 10 percent was established. The critical instruments identified in the acceptance criteria
were the minimum set of instruments identified by the safety analysis personnel to perform a transient,
component-by-component mass and energy halance. The critical instruments for the SPES-2 facility
are identified in Table 3-2.

The second step in the data validation process was performed at the Westinghouse Energy Center by
Test Engineering personnel. This step was performed after receiving the Day-of-Test Report and
processing the data tape. This data validation was documented in the Quick Look Report (QLR). The
QLR provided a preliminary validation of all test data (for example, did the data meet all acceptance
criteria”). A standard outline was issued to and accepted by the Nuclear Regulatory Commission
(NRC) prior to writing the QLRs. The key purpose of the QLR was to issue some pedigree of the
data (reviewed but not validated data) to the NRC shortly after the test was performed without
specifically evaluating the data for code validation purposes.
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The QLR examined the test in more detail than the Day-of-Test Report and included items such as

calculation of an overall facility mass balance; deviations from specified initial and boundary '
conditions, such as heater rod power decay; and identification of any out-of-range, suspicious, or failed
instruments. As part of the QLR process, different types of instruments were compared to verify their

response (for example, tank levels were compared flow instrumentation).

The safety analysis personnel reviewed and signed-off on the QLRs prior 1o issuance to ensure
understanding of the test performance and to determine if any unusual facility responses occurred. A
preliminary data file on digital audio tape (DAT), including the identification uf the failed
instrumentation channels, was transmitted with the QLR to the NRC. A QLR was issued for each
accepted test. Several tests were judged to be unacceptable, and therefore, a QLR was not issued. For
those tests deemed unacceptable at test site, the test was rerun until an acceptable run was
accomplished.

The third and final step in validating the data was performed for the Final Data Report. This included
a detailed review of the transient progression, evaluation of facility and component performance, and
cross-test comparisons as included herein. The Final Data Report provides the final assessment as to
whether the respective data were acceptable for code validation purposes.

Figure 3-1 illustrates the progression of the data validation process from the SPES-2 test site to the

Westinghouse Energy Center. This figure shows the building-block approach followed in reviewing,

evaluating, validating, and documenting the data. Each step in the process was based upon the .
information/knowledge gained from the previous step, but was generally performed by a different set

of personnel.  As the process progressed from left to right, the steps evolved from problem

identification 10 problem resolution. This three-step process allowed various personne! from different

disciplines to review the data prior to final publication. These steps were followed in order to provide

a high level of data quality assurance.

3.3 Pre-Operational Tests

The pre-operational tests were segregated into cold and hot tests. The cold pre-operational tests were
used to determine facility characteristics (such as component flow resistances) using cold water. The
cold pre-operational test data were provided to Westinghouse by SIET on 3.5-in. disks. Although the
raw data were provided to Westinghouse by SIET, the cold pre-operational tests were evaluated and
reported by SIET. The SIET report was reviewed independently by Westinghouse and issued to the
NRC as a preliminary document, which was similar 10 a QLR but not in the same format. However,
the associated data files were not issued with the SIET report, since this data was not used directly for
code validation. The flow resistances for the various facility components were calculated based upon
the measured pressure drop and flow rate over a range of flow rates. Section 4.1.1 describes the
results of the cold pre-operational tests.

The hot pre-operational tests were used to determine the facility characteristics (such as facility heat ‘
losses and operation) at hot pressurized hot pressurized operating conditions. The hot pre-operational
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test data were provided on DEC TK-50 tapes. The hot pre-operational test data were reduced and

reviewed by Westinghouse. The hot pre-operational tests were evaluated and reported by SIET. The

SIET report was reviewed independently by Westinghouse and issued to the NRC as a preliminary
document (similar to a QLR but not in the same format); however, the associat.d data files were not
issued with the SIET repont, since this data was not used directly for code validation.  Section 4.1.2

describes the results of the hot pre-operational tests
3.4 Matrix Tests

The data for the SPES-2 matrix tests were provided by SIET on DEC TK-50 tapes in approximately
15 10 18 ASCII files depending upon the test. These ASCII files segregated the data into differential
pressure (dP) cells, thermocouples, flows, catch tank masses, power, fluid levels, etc. The data
provided by SIET was in metric units with a nonzero test start time, since the data acquisition system
(DAS) was started well in advance of the test initiation. The typical starting time of the test was

around the 20,000-second time mark

A senes of software programs was written 1o reduce this data. Prior to using these programs, these 15
o 18 ASCII files were manually combined into one file. A summary of the data processing steps is

provided in Figure 3-2

Mhe data provided by SIET included the measured data (such as dPs and temperatures) and the derived
quanuties (such as flow rates and fluid levels). For the most part, the derived quantities were used in
the SPES-2 data review and validation process. The derived quantities are designated with an
underscore () in the channel number (for example, F_A20E); and the measured quantities have a dash

(-) in the channel number (for example, F-A20E)

A software program called SPES_REDUCE was writien to convert the metric units to English units
and 10 set the test start tme (break opening time) as zero ime. SIET provided the actual test start
time to Westinghouse, which was subsequently subtracted from the recorded times using
SPES_REDUCE. Generally, there was about 5§ minutes of pre-test data recorded to establish the
facility steady-state condition prior to performing the test. This pre-test data was represented as

negative ume data in the data files and plots

After running the SPES_REDUCE program, a single output file was created in the same format as the
SIET files—except for conversion of the data units, setting the zero time, and removing extraneous
data file headers. The data was then plotted by using a program called SPES_CREATE. The
SPES_CREATE program generated a set of plots using the Westinghouse NSA plot program. The
NSA plot program then plotted the data in a variety of ways. A set of single channel plots and
multiple channel plots were produced and issued for internal Westinghouse review. Th multiple
channel plots generally included data from loop A and loop B instruments, or a family of instruments
from a key component such as the CMT. The plots aiso contained 20-character instrument

descripuons/locations. The processed data file also was made available for use (read-on!v) to analysts




within Westinghouse. However, the data (both the hard copy plots and the electronic file) for the
three blind tests were secured from the safety analysis personnel. ‘

Afier running the SPES_CREATE program, the SPES_CHECK program was run to identify missing,
extraneous, or duplicate instrumentation chaanels on the data file. The channels on the data file were
compared to a standard list of instrumentation channels. Due 1o the large number oi SPES-2
instrumentation channels, it was possible that some channels were missing on the data tape (from
SIET) or that a duplicate record was inadvertently provided (by SIET). Those channels deemed failed
by SIET were generally not provided on the tape; and after running the SPES_CHECK program, those
channeis were labeled as missing. Also, during the course of the test program, several instrumentation
channels were added to the facility: and after running the SPES_CHECK program, those channels
were labeled as extrancous. Therefore, there were logical justifications for having missing and/or
extraneous channels. After the QLR was issued, several additional categories of instruments were
added manually to the SPES_CHECK program output file. These categories included those channels
that were considered failed and those channels that were considered out-of-range. This file, called an
error file, was used by safety analysts to determine which channels were not available for code
development and code validation purposes.

In rare instances, it was necessary to modify some of the test data; therefore a program called

SPES_CORRECT was developed. This program provided the capability to modify or correct existing
data using the following general equation:

NEW =a » (OLD + b)’ + ¢

where:

NEW = newly created data

OLD = data to be modified or corrected
a, b, ¢, d = constants

The newly created data was appended to the end of the data file, and the old data was left in the
preliminary file. By leaving the old data in the preliminary file, it was easier for Test Engineering to
track the various data modifications. The newly created data was usually labeled with a new channel
number to distinguish it from the old data. For the final file contained in this report, only valid data
was provided (for example, the old data from the operation described above was removed).

As an example, for test SO0303, it was determined that a dP cell in the in-containment refueling water

storage tank (IRWST) line could be substituted for an overranged IRWST fiow meter dP cell. Since a

dP cell in the IRWST flow line was calibrated during the cold pre-operational tests, the data from this

dP cell could be converted to a flow rate using the above equation if the appropriate calibration .
coefficients are known. See Appendix A for detailed description of the data reduction for these

specific IRWST channels and for other the instrumentation channels affected.
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Afier the plots of all data channels were distributed for internal Westinghouse review, two additional
sets of plots were produced. The first set consisted of the initial condition validation plots for those
channels important to establishing facility steady-state conditions, such as rod power, cold-leg flows,
and hot-leg temperatures. These plots presented the data for the stev*y-state period prior to test
initiation (that is, negative time period) in conjunction with the average of the respective data. The
average was calculated via the NSA plot program. Comparisons to the specified initial condition and
aliowable twlerances were performed and reported in the QLR. Any deviations outside the allowable
tolerance were generaily quite small and accepted. The deviations outside the established tolerances
were accepted since tight tolerances were imposed on the personnel performing the tests. These tight
iolerances were established in order to achieve tes: conditions repeatable from test o test. See
Appendix B for comparison of the test conditions.

In addition to the plots of initial test conditions, a normalized power decay plot was generated. This
plot compared the actual heater rod power decay curve with the specified power decay curve. The
actual power decay curve was normalized by dividing the measured power after test initiation by the
calculated average power prior to test initiation.

The second set of plots consisted of muiti-channel plots for inclusion into the QLR. This set of plots,
which presented a concise, yet overall view of the test, were standard for each test—except for some
additional plots needed for the steam generator tube rupture (SGTR) and steam line break tests.

As part of the QLR data review process, an overall facility mass balance was performed. This mass
balance consisted of calculating the water masses in each of the major components prior to the test,
calculating the water masses in each of the same components after the test, and calculating the percent
difference between masses from the two time periods. This facility mass balance provided a measure
of confidence in the response of the component dP cells and catch tanks, and overall facility
performance during the test. If the overall mass balance had been significantly affected (for example,
greater than 10 percent), the test may have been repeated. The overall mass balance results are
reported in this Final Data Report. The results of a transient mass and energy balance will be reported
in the Test Analysis Report.

As the final part of the QLR data review process, the fluid levels and void fractions in the heater rod
bundle, upper plenum, upper head, and hot legs were calculated based upon the differential pressure
and fluid temperature readings. These fluid levels and void fractions were then evaluated with respect
to the actuation of the safety systems (accumulators, CMTs, IRWST) to determine their effect on the
condition of the heater rod bundle (for example, was there any impact of the accumulator injection on
the fluid ievel and void fraction in the heater rod bundle?). A more detailed evaluation of the fluid
levels and void fractions in the heater rod bundle is contained in this Final Data Report,

Wherever appropriate, the saturation temperature corresponding to the component pressure (or
pressurizer pressure) was plotied on temperature graphs to aid in understanding the response of the
respective component thermocouples.  For example, the system saturation temperature was plotted on
the family of CMT thermocouple responses. This activity helped to identify a problem with the
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CMT-B thermocouples for tests SOO504 and SO0605, which was subseguently diagnosed as an
F | ] £

acquisition card fault

For the Final Data Report, several additional steps were performed to validate the data. These

included a detailed review of the transient progression; a review of the performance of each of the

major components; a detailed comparisor of the different tests to ascertain effects of break size, break

location, and nonsafety system operation; and an instrument error analysis
3.5 Error Analysis

Ihe error associated with the measured data from the SPES-2 test facility was derived from equipment
manufacturer s specifications. Component calibrations were performed to verify that the

manufacturer s specifications were met

The absolute maximum error of the dircctly measured physical quantities (such as absolute and

differential pressures, temperatures, etc.) is defined as follows

A=2(A +AK + A

absolute maximum error of the directly measured physical quantities
* (Ac + Bps + A y) = SIET assigned instrument error

maximum error of the instrument hydraulic head

acquisition card A/D converter bit value (acquisition card error)

maximum error of the cold junction (only for thermocouples)
and where

maximum value between the manufacturer error and the maximum error of the
performed calibrations for absolute and differential transmitters; maximum value
between the ANSI special error and the maximum error of the performed
calibrations for thermocouples; maximum value between the UNI-7937 error and
the maximum error of the performed calibrations for thermoresistances

error of the reference primary standard (pressure gauge, reference thermocouple
reference thermoresistance) used in calibration

error of the voltmeter used to acquire the instrument output signal during the

calibration




The standard deviation of the directly measured physical quantiti=s (such as absolute and differential
pressures, temperatures, etc.) is defined as follows:

0 =2 (A + AK + A}y + AL

where:
o = standard deviation of the directly measured physical quantities

The absolute maximum error and the standard deviation of the derived quantities (flow rate,
levels, etc.) are calculated using the following error propagation formulas:

n

8Y
AY =2 ¥ | * AX |
.z..: X,

Y = Y(Xi) with i=1l.n

0.5

o (sv |
oY == E[%Jtole

=l i

where:
AX, = maximum error of the quantities X,
oX, = standard deviation of the quantities X,

The error calculations were carried out using, in a conservative way, the upper value range of the
instrument. All of the derivations for the different types of instruments and the corresponding results
for each channel are provided in Appendix E. A sample of the resuits is presented in Table 3-3 for
each type of instrument (load cells, pressure transmitters, dP cells, etc.).
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TABLE 3-1
OVERALL TEST ACCEPTANCE CRITERIA

* Test initial conditions shall pe within a specified tolerance.

¢« Coumponent actuations shall occur within an acceptable telerance band of the ideal actuation
setpoint,

* Instrumentation shall be operational before the test. Exceptions shall be identified 1o
Westinghouse.

* Any critical instruments not operating shall be identified o the Westinghouse test engineer before
the tests. Inese instruments must be operational before and during the test unless specifically
exempted by the Westinghouse test engineer.

¢ The zero points for pressure and differential pressure transmitters shall be checked before the start
of the test.
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Channel

TABLE 3-2
SPES-2 CRITICAL INSTRUMENTS

Description

| DP-000P

Vessel ievei

| DP-027P/DP-026P

Pressurizer pressure drop

| DP-AOSP/DP-AO6P
| DP-BOSP/DP-BO6P

Steam generator tube hot side dP

| DP-AOTP/DP-AORP
| DP-BOTP/DP-BORP

Steam generator tube cold side dP

DP-AR2E PRHR pressure drop
| F-A6OE/F-B6OE IRWST flow rates
| F-AROE PRHR flow

| 1-01P/O2P/O3P/O4P/OSP/O6P

Power channel power husbar

[ (F-00SP/TF-030P/TF-040P

Catch tank masses

L-010P

Pressurizer level

L-060E

IRWST level

L-A10S/L-B10S

Steam generator levels

L-A20E/L-B20E or F-A20E/F-B20E

Accumulator levels or flows

L-A40E/L-B40E CMT levels
P-017P Vessel pressure
P-027p Pressurizer pressure

P-AO4P/P-BO4P

Hot g pressure

P-AO4S/P-B04S

Surge line secondary-side pressure

P-A20E/P-B20E

Accumulator pressures

P-A40E/P-B40OE

CMT pressure

T-003P or T-((4p

Bundle inlet fluid temperature

I T-021P/T-026P

Pressurizer fluid temperatures

T-043P/44P/45P/46P

Annular downcomer fluid temperatures

T-061E/T-065E

IRWST temperatures
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Channel

TABLE 3.2 |
SPES-2 CRITICAL INSTRUMENTS (Cont.)

Description

T-A4P or T-AOSP
T-B(MP or T-BOSP

Steam generator inlet temperature

It T-AOSS or T-A09S
| T-BOSS or T-B09S
| T-A06S or T-AOKS
T-BO6S or T-BOSS
| T-A07S/T-BO7S

SG secondary-side fluid temperatures

| T-A10P or T-A09P
| T-B10P or T-BO9P

SG outlet temperature

| T-A21E/T-B21E

Accumulator gas temperature

I T-A22E/T-B22E or T-A23E/T-B23E

Accumulator fluid temperature

T-A401E-20E/T-B401E-9E (any 3)

CMT temperatures

T-A41A or T-A42A
T-B41A or T-B42A

CMT containment air temperature

I T-ARZE/T-AR3E

PRHR supply and return line (emperatures

TW-020PXY

Rod temperatures (any 2)

TW-A41E/A43E/A45E/B41E/BME
TW-A411/TW-A421/B411/B421

CMT wall temperature

V-OIP

Power channel voltmeter

W-000P

Rod bundie power

W-(027PE1/PE2/PE3/PI

Wattmeter
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Channel

Maximum Error

TABLE 3.3 ,
TYPICAL SPES-2 DATA MEASUREMENT ERRORS :

Description

Standard Deviation

| [FOOSP

Break line cawch tank

s

i W-00P Rod bundle power (at full
power and 4991.6 kW) l
P-027p Pressurnizer pressure
| L-010P Pressurizer level
| L_010P* Pressurizer level
| F-A20E Accumulator-A flow

| F_A20E*

Accumulator-A flow

i T-024P

Pressurizer temperature

i TWO18P20

Heater rod temperature

| DP-000P

pressure

*Calculated values.

Heater rod bundle differential
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STEP 1

STEP 2

STEP 3

Perform evaluation of parametric
effects; 1.e., break sizes, elc.

Provide and review cross-plots of data
between tests.

Perform data uncertainty analysis.

Perform transient and component
evaluation.

Perform simple benchmark
evaluation on rod bundle.

Perform system-wide transient
evaluation.

Perforin overall mass balance.

Confirm overall mass balance.

Provide minimum facility design
information,

Provide adequate facility design
information.

Determine if test met minimum
acceptance critera,

Determine if test met all acceptance
critena.

Identify all tests performed as valid
and invahd and why.

Provide unqualified data files for
all tests.

Provide unqualified data files for
acceptable tests only.

Provide qualified data files with 0 time
shift (valid data only).

Provide key data plots.

Provide key multi-channel plots;
e.g. loop A vs. loop B.

Provide key multi-channel plots;
e.g. loop A vs. loop B.

Identify anomalous data.

Identify/resolve anomalous data.

Identify/resolve anomalous data.

Provide test observations.

Provide test observations.

Provide and discuss test observations
and resolve problems.

Provide sequence of events.

Compare actual and specified
sequence of events.,

Resolve differences m actual and
specified sequence of events.

Identify procedure deviations.

identify procedure deviations, and

Resolve procedure deviations, and

briefly describe procedure, describe test procedure.
Identify facility Identify facility Identify facility
configuration/modificatons, configuraton/modifications, configuration/modifications.
Check key imual conditions, Check all initial condiuons (IC) and | Resolve deviations in ICs and BCs.
boundary conditions (BC).

Identify moperable instruments.

Identity noperable and erratic
mstruments.

Develop integrated inoperable
instrument list.

Check critical instruments.

Check all mstruments,

Verify all instruments,

Figure 3-1 Data Documentation Steps
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Data tape issued by SIET

Data tape processed by S°’ES_REDUCE

Data file produced by SPES_REDUCE

-

Data file processed by
SPES_CREATE

1

Data file processed by
SPES_CHECK

Data plots produ~ed

by SPES_CREATE

l

Error file produced by
SPES_CHECK

Data plots and file
issued for review

1

L

Data file processed by
SPES_CORRECT
(as needed)

. 51491C 1

IC validation plots
and multi-channel
plots

Figure 3-2 Steps in SPES-2 Data Processing
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4.0 TEST RESULTS
4.1 Pre-Operational Tests

Tests were performed on the SPES-2 facility prior to performing the matrix tests. These pre-
operational tests included: cold pre-operational tests that were performed with cold water and with the
facility at atmospheric pressure (with the exception of accumulator gas pressure); and hot pre-
operational tests that were performed with the facility heated and pressurized.

The cold pre-operational tests were primarily performed to determine/establish the proper resistances of
the primary system loop piping and the piping which connects passive safety features to the primary
system. Table 4.1.1-1 provides a summary of the SPES-2 cold pre-operational tests.

The hot pre-operational tests were performed to verify the operation of the many facility controls
needed to simulate both full-power operation, and actions simulating the AP6(X) plant actuations that
oceur in response to the transients to be simulated in the matrix tests. The hot pre-operational tests
also included tests to further characterize the facility and to directly test safety feature performance
that occurs due o natural circulation. Table 4.1.2-1 provides a summary of the SPES-2 hot pre-
operational tests.

4.1.1 Cold Pre-Operational Tests

A series of cold (no power to the heater rods) pre-operational tests were performed on the SPES-2 test
facility. The purpose of these tests was o characterize the facility; that is:

. To determine the resistance of the primary loop components and of the safety system
piping.

. To establish and verify the size of orifices in the passive system and primary loop piping
runs.

. To guantify the volume of the entire facility.

. To demonstrate the reactor coolant pumps’ (RCPs’) coastdown speed at low pressure.

. To verify the injection characteristics of the chemical and volume control system (CVCS),

normal residual heat removal (NRHR), and startup feed water system (SFWS) pump.
4.1.1.1 Test Matrix

The data obtained were utilized to set-up the computer model used to perform pre-test analyses and to
maximize the correspondence between the facility and the AP600 reactor.
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Table 4.1.1-1 shows the cold pre-operational test matrix and summarizes the purpose of each test. As

indicaied, tests were performed with pumped flow and/or gravity flow where feasible. All tests were
performed with cold water and, with the exception of the accumulators, at atmospheric pressure. The
passive safety components were tested over a range of flow rates that included the expected range of
scaled AP600 flow rates.

4.1.1.2 Summary of Test C-02 Through C-07 Results

Table 4.1.1-2 provides a summary of the SPES-2 observed piping resistances for each of the passive
safety system piping runs. These resistances are also shown multiplied by (1/395)" in the table and
compared with the nominal piping resistances speciied for the AP600. With the exception of the
accumulator discharge piping, the SPES-2 scaled resistances are within [ ]*° percent of the AP600
specified resistances and all are within the AP600 specified tolerances. The SPES-2 accumulator
discharge lines were later orificed, retested, and re-orificed. The accumulator performance was then
compared and found to agree with the accumulator flow rates predicted in the pre-iest analyses.

4.1.1.3 Summary of Test C-01 and C-09 Results

Table 4.1.1-3 provides a summary of the SPES-2 observed resistances for all the reactor coolant
system (RCS) components. These resistances are also multiplied by (1/395)° and compared with the
resistances specified for the AP600. As shown, the SPES-2 overall RCS and power-channel (with
downcomers) resistances are | 1** and | |*““ times the expected AP600 resistances; and the
SPES-2 steam generator resistances are approximately [ |*“ percent higher than the AP6(X). Other
items to note include: the SPES-2 surge line resistance is only [ |*“ percent of the AP600, and the
SPES-2 power chanrel tubular downcomer has approximately [ ]*° times more resistance than the
AP600 reactor-vessel downcomer.
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TABLE 4.1.1-1

SPES-2 COLD PRE-OPERATIONAL TEST MATRIX

Test Test Description Purpose of Test Comments
Determine the resistance of pressurizer
Single-phase flow through | surge line. Calibrate core makeup tank | Pumped cold water
C-01 pressurizer surge line. (CMT) discharge flowmeter. used.
Single-phase flow through Determine the resistance of the balance
the pressunzer to CMT Imes. Provide basis fou sizing the Pumped coid water
C-02A,B | balance line. CMT line orifices. used.
Single-phase flow through CMT discharge line
the cold leg w CMT resistance measured
balance line ana from Verify CMT discharge flowmeter during the test
C-03AB | CMT w reactor vessel. calibration. (See C-(4AB).
It
CMT gravity dramndown by This test was not
using cold leg 10 CMT Verify CMT discharge line onifice performed. C-03 test
C-4AB | balance line. sizing and overall line resistance. results used.
CMT gravity draindown Pressunizer to CMT
using pressurizer to CMT Characterize CMT draindown with no balance line used as a
C-05A,B | balance line. condensation effects. vent path,
Determine the resistance of A high pressure
accumulator discharge hine. Venfy the | blowdown from 700
C-06AB | Accumulator blowdown. venturi flowmeter. psig performed.
In-containment refueling
walter storage tark Determine the IRWST injection lines IRWST draindown
(IRWST) gravity resistance. Establish and verify onifice | starting from 8.5 m,
C-07AB | draindown. size. Venfy flowmeter calibration. 3m, 1 m
SPES-2 pump
parameters required (o
CVCS, NRHR, and SFWS model CVCS, NRHR
pump flow rate Verify AP600 pump flow/head curves and SFWS pumps
C-08 ver fication, can be reproduced. determined.
{ Establish pnmary circuit dPs.
Calibrate hot leg turbine flowmeter.
Verify RCP operating speed.
Determine PRHR dPs. Egqualize flow
Primary system operation rate in cold legs. Determine RCP
C-09 with twe RCPs running. coastdown tme,

Notes:

w

1. Cold pre-operavonal tests are all performed at ambient temperature,
2. Each specified test for the CMTs, accumulators, and IRWST are designated A or B to correspond to the
component tesied; for example, CMT-A or CMT-B.

m\ape ] 625w\ 1 625w non: Th-040205

4113



SHZOPO-{ WU WSTY[\M5T9 [\00odn W

il

TABLE 4.1.1-2
SPES-2 COLD PRE-OPERATIONAL TESTS

VS. AP&O
COMPARISON OF SPES-2 SAFETY SYSTEM PIPING RESISTANCES
=SS —————————
F SPES-2 Observed ;PES-Z Scaled AP600 Specified @ Ratio of S:ES-Z
R Resistance (ft/gpm’) Resistance (ft/gpm’) | . N
(x(1/395)%) Specified Resist.
T N fake e — abe) == = fabc) i - fab.ct

Accumulator o DVI
nozzie

CMT, pressurizer to
CMT balance line

CMT, cold leg to CMT
balance line

CMT, discharge to DVI

IRWST, discharge to
DVI

PRHR HX and
Supply/Return

Notes:
The SPES-2 resistances listed were observed at the expected nominal flow rates.
Nominal APSOO values listed. | ™ 1s typically specified for plant acceptance criteria.

Accumulator discharge lines were unorificed. Orifices were added prior to matrix testing.

BN -

Shown to be identical to line A by calculation.
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COMPARISON OF SPES-2 VS, AP6i0 RCS RESISTANCES (BOTH RCPS RUNNING)

TABLE 4.1.1-3
SPES-2 COLD PRE-OPERATIONAL TESTS

System/Component

SPES-2 Observed
Resistance (ft/gpm’)

SPES-2 Scaled

Resistance
(x(1/395)%)

Resistance
(ft/gpm’)

Ratio of SPES-2

Scaled to AP600
Specified Resist.
P —— 7

RUS"™ (overall)

fabe)

—

abc)

fabg)

Hot leg-A

Hot leg-B

Coid leg-1A

Cold leg-2B

Surge line (hot leg to pressurizer)

Steam generator A

Cold leg-2A
Cold leg-1B

Steam generator B

Reactor vessel {overall)

Reactor vessel inlet

Reactor vessel downcomer barrel

Lower plenum

Core

Upper plenum and outlet nozzles

.

i

ofes:

v...aN—|

Based on total RV flow (B.E. flow 204,000 gpm) and overali DP,
SPES-2 loop and component ID’s used.
AD is annular downcomer; TD is tubular downcomer




4.1.2 Hot Pre-Operational Tests

A series of hot pre-operational tests were performed with the SPES-2 facility prior to the initiation of
the actual matrix tests. The purpose of these tests was to obtain data for the computer model of the
SPES-2 facility used for pre-test predictions, and to verify the proper operation of the facility control
system, components, and instrumentation at power, pressure and temperature conditions to be
simulated. Specific hot pre-operational test objectives include the following:

*  To determine the heat losses versus temperature of the entire facility and main components.
*  To quantify the metal and water heat capacity of the facility and main components.

*  To demonstrate the natural circulation flow rate and heat removal rate of the passive residual
heat removal (PRHR) heat exchanger (HX).

*  To demonstrate the natural circulation flow rate and heat-up of the core makeup tanks
(CMTs).

*  To verify the sizing of the ADS-1, -2, and -3 flow path orifices (that is, facility
depressurization rate is similar to calculated AP600 depressurization rate).

Table 4.1.2-1 provides a summary of the hot pre-operational tests performed on the SPES-2 facility.
These tests are identified as test numbers H-01 to H-06.

4.1.2.1 Hot Pre-Operational Test H-01

The purpose of test H-01 was to measure the heat losses versus temperature for the entire SPES-2
facility and for each of the main components,

Test H-01 Description

Test H-01 was performed with the facility primary system filled with waier and heated up to four
essentially steady-state temperatures. Heat was added to the primary system by the power channel
heater rods and by the two primary system pumps. The pressurizer internal heaters (used for pressure

control) were not operated during heat loss measurement times. The test was performed with the
following additional conditions:

The primary system flow through the power channel was maintained at approximately
[ 1*" Ibm/sec. (approximately 50 percent of the nominal simulated full-power flow rate).

*  The pressurizer water level was maintained at approximately [ ]** fi. (approximately
65 percent) using makeup/letdown to adjust for primary system water density changes
between data collection periods.
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¢  The steam generators were initially filled to < 10 percent of the wide-range level and kept in
thermal equilibrium with the primary system (no heat removal via the steam system and no
feedwater injection).

*  The pressurizer internal heaters were used to maintain the primary system pressure above
saturation pressure throughout the test.

*  The CMTs, PRHR HX, and accumulators were isolated throughout this test.

The test was conducted by setting the heater rod power to obtain a constant primary system
temperature, where the total facility heat loss would be the heater rod power plus the power input from
the two reactor coolant pumps (RCPs). Four primary system temperatures were selected between
approximately 310°F and 590°F. A truly constant temperature could not be achieved for two reasons:
(1) the primary temperature asymptotically approached a constant temperature when the heat input
was fixed; and (2) the continuous adjustment heater rod power coatrol was not operable. Data were
therefore obtained from a series of power plateaus, by choosing the power that gave the smallest
achievable temperature change versus time.

After the facility heat loss at 590°F (310°C) was measured, the speed of the RCPs was reduced to 500
rpm. The reduced flow rate increased the temperature difference measured across each of the primary
system components. This condition was maintained long enough to obtain steady-state conditions, so
that the measured AT across the component versus the total primary system AT represented the
proportion of the component heat loss versus the total facility heat loss.

Test H-01 Heat Loss Calculations and Results

For the measurements of the facility heat losses, time intervals when the primary system was at almost
steady-state temperature were utilized. The facility heat losses were established at four different
steady-state temperature conditions and are presented in Table 4.1.2-2. Also presented in this table is
a best-fit quadratic equation based on the measured data.

Since it was not possible to measure the heat losses for every component in the primary system, the
system was divided into parts: the power channel and hot legs; each RCP and its two associated cold
legs; and each steam generator. For these calculations, the data recorded after the pump speed was
reduced were utilized. Since steady-state temperature conditions were not completely reached for these
tests, time intervals with the minimum temperature change were used. For the heat loss analysis, the
temperatures were averaged over the time interval to eliminate the effect of the temperature change.
For the hot-leg and RCP/cold-leg heat losses, this effect was compensated by subtracting a calculated
value of the corresponding metal mass heat capacity. This was not necessary for the stcam generators,
where the temperature of the secondary side was essentially constant due to the fact that the steam
generators were filled with saturated steam during the test. For each loop section considered, the
difference in fluid enthalpy was determined, corresponding to the average temperature of the subcooled
fluid &t the inlet and outlet of the sections. The component heat loss was calculated by multiplying
the enthalpic change by the actual flow rate through the section and was corrected for the metal heat
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capacity. For the power channel, the heat loss was measured as the difference between the measured
. electrical power input and the power calculated from the enthalpy increase and flow through the power
channel. The component heat losses are provided in Table 4.1.2-3.

4.1.2.2 SPES-2 Hot Pre-Operational Test H-02
The purpose of test H-02 was to quantify the heat capacity of the SPES-2 facility.
Test H-02 Description

This test was performed in conjunction with test H-01, utilizing times during the test when the SPES-2
facility temperature was linearly increasing. The data were then used in conjunction with the
measured facility heat loss versus temperature from test H-01 to quantify the facility heat capacity.
The facility loop conditions were as stated for test H-O1 with the RCPs operating at 2500 rpm. The
pressurizer water level, temperature, and pressure remained constant throughout the data collection;
thus the heat capacity results do not include the pressurizer and surge line water and metal mass.

Also, the steam generators did not contain the water mass corresponding to full-power operation.

Test H-02 Heat Capacity Calculation and Results

Table 4.1.2-4 provides the facility heat capacity results at three different temperatures It includes the

. total input powers, the calculated heat losses, and the calculated heat capacities from the test
measurements. The measured electrical power (the power input from the power channel plus the
pump work) is the sum of the heat losses for the average temperature conditions being evaluated, plus
the energy required 1o raise the system temperature due (o its thermal mass (heat capacity).

4.1.2.3 Hot Pre-Operational Test H-03

The purpose of this test was to verify proper operation of the SPES-2 facility at simulated full-power
operating conditions,

Test H-03 Description
The SPES-2 facility was operated at simulated full-power conditions prior to performing hot
pre-operational test H-06 and prior to the first matrix test SO0103. The purposes of the test included
the following:

*  To establish the RCP rpm to obtain the proper loop flow rate at hot conditions.

¢ To verify proper operation of the RCP seal injection system.

. *  To verify proper operation of the steam generator heat removal system (main feedwater
pumps, steam generator level control, steam generator pressure control, steam condenser).
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*  To verify proper operation of the power channel heater rod bundle and rod instrumentation at

full-power conditions. .

*  To verify propes operation of the pressurizer pressure and level control systems.
Test H-03 Results

Proper operation of the plant components and control systems required for normal operation were
confirmed. Key observations/results included the following:

*  The RCP rpm required to obtain the proper scaled primary loop flow rate was 2710 rpm
(average cold-leg flow was | 1> Ihs/sec. ).

*  The power channel upper-head temperature achieved (| ]*"“°F) was slightly less than the
cold-leg temperature ([ |*"°F),

¢ During the heatup of the facility and ascension in power of the heater rod bundle, some
thermocouples in the bundle failed at high temperature or exhibited a large rise in temperature
when power was increased. This is apparently due to failed or failing insulation in the
thermocouple leads.

Thermocouples that exhibited this anomaly were disconnected, since the false high .
temperature readings will result in a trip of the heated rod power supply.

*  All major component control functions were demonstrated.
4.1.2.4 SPES-2 Hot Pre-Operational Test H-04
The purpose of this test was threefold:
*  To simulate a plant trip and the transition from full-power operation (test H-03) to a hot
shutdown/natural circulation mode of operation, with the heater rod bundle powered to match

the post-trip AP600 core heat.

¢  To demonstrate the heat removal capability and natural circulation flow rate of the PRHR HX
(1 tube).

*  To demonstrate the natural circulation and flow through the CMTs.

The test was therefore performed in three separate operations.
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Test H-04 Description
-ay Power Simulation

This test was 1o include a reactor trip from full-power operation; however, failure of the steam
generator main feedwater system limited the rod bundle power to the capacity of the startup feedwater
system (SFWS). Therefore, the rod bundle power was limited to | |“*< Mw (approximately

[ ™" percent of full power).

The verification of the heater rod decay power control was initiated from 1.03 MW power, with
simultaneous trip of the RCPs and isolation of the steam generator main steam isolation valves. Plant
heat removal was maintained by steam relief via the steam generator power-operated relief valves
(PORYV relief setpoint 1015 psia) and startup feedwater (SFW) was used 10 maintain steam generator
secondary-side level.

PRHR HX Flow and Heat Removal

The PRHR HX natural circulation flow rate and heat removal capability was demonstrated by opening
the PRHR HX outlet isolation valves with the heater rod power at [ ]*"” kW, and the hot-leg
temperature at SX0°F. The primary system temperature response, PRHR inlet and outlet temperatures,
PRHR flow rate, and the steam generator PORV operation was observed until steady-state conditions
were achieved. Core power was increased to [ |*“"“ kW and then to [ ]*™' kW to observe the
effect on PRHR HX, primary system, and secondary system operation.

CMT Recirculation

The cold (ambient temperature) CMTs were actuated by simultaneously opening the cold leg to CMT
balance line isolation valves and CMT discharge line isolation valves, with the primary system at
steady-state natural circulation conditicns (T at [ |*"“°Fand T.at [  ]*"“°F) and core power at
[ 1*" kW, CMT inlet temperature, CMT heatup, CMT flow rates, and primary system and steam
generator responses were observed.

Hot Pre-Operational Test H-04 Calculations and Results

Decay Power Simulation

The results of the bundle power decay heat versus time as controlled by the facility computer agreed
well with the specified power decay from the initial power (approximately [ ]“% kW plus 110 kW
of heat loss compensation) at time O to approximately [ ]“* kW plus 110 kW of heat loss
compensation at 2000 sec.

The coastdown time of the RCPs was approximately [ |**“ seconds for pump A (from |
|** seconds) and approximately [ ]** seconds for pump B (from | ]** seconds). Note
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CMT Recirculation

When the CMTs were actuated with the primary system at steady-state conditions (T,, at | s
and T, at ““'°F, natural circulation flow, and bundle power at [“* kW), natural circulation

flow through the CMTs began as expected

The CMT natwral circulation flow rate observed was initially | I“* Ibm/sec. in CMT-A and
Ibm/sec. in CMT-B. The CMT-B flow rate decreased to | ["“*< ibm/sec, after

tpproximately """ seconds as the CMT heated. This corresponds to an AP600 flow rate of
Ibm/sec. to | I“*" Ibmv/sec., for CMT-B, which agrees well with expected performance

he CMT heatup versus time observed with thermocouples placed internally down the length of the
CMTS, showed that the hot water entering the top of the CMTs remained thermally stratified. Also.
the water temperature decreased as it moved down the CMT, apparently due to initially heating the

CMT walls and due to heat losses from the CMT surface

As the CMTSs heated and approached steady-state, the primary system temperature increased toward the
intial condition before CMT actuation and heat removal via the steam generator PORVs reinitiated
approximately |“*" seconds after the actuation. The CMT levels during the recirculation heatup
were observed to decrease from approximately | " fi. 1o approximately | 1“* ft. This was
due to the decrease in CMT water density as hot water replaced cold water increasing the CMT

average temperature (0 approximately janeleg

he CMT-A flow rate was initially less than CMT-B. and it did not decrease smoothly as the CMT
heated up. This was apparently due to the check valve in the CMT-A discharge line, which does not
work as smoothly as the check valve in CMT-B discharge line. This valve was replaced prior to the

Start oI matnx testing

AlSo as expected, the natural circulation of the CMTs resulted in an increase in pressurizer level as

cold CMT water was heated up in the primary system, requiring that the letdown flow path be utilized
4.1.2.5 SPES-2 Pre-Operational Test H-05

he purpose of this test was to venty that the passive safety system actuations ooecur properly and that
these systems perform as expected. The test was conducted at a low imual primary system pressure,
since this would be the first time the plant safety systems were actuated. Note that the test initial

conditions were selected to be similar to the expected Oregon State University (OSU) test facility

Test H-05 Description

This test was a simulation of an inadvertent opening of the first stage of ADS but was performed from
4 low initual pressure and temperature. In order to more closely simulate the plant and safety svstem
response umes that would be expected to occur in a full pressure and temperature transient, the test

boundary and initial conditions used were similar to those anticipated for the test facility at Oregon

rJ
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State University. In addition, the size of the ADS-1, -2, and -3 flow path orifices was increased from
1/395th area scale (APS(XVSPES-2 scale factor) to approximately 1/100th area scale. The ADS-4 flow
path area was maintained at the SPES-2 scaled area (however, the fourth-stage valve failed to open in
the actual test).

The facility initial conditions are provided in Table 4.1.2-5.

Test H-05 Results

As shown in Table 4.1.2-6, all control system actuations occurred during the test. However, some
actuation times were delayed and two valve operators did not actuate. The valve operators and logic
control for the actuations were inspected and revised.

Pre-operational Test H-06, discussed in Section 4.1.2-6, was the same inadvertent ADS event as H-05
but was performed from simulated full AP600 power, and full pressure and temperature. Table 4.1.2-7
provides a comparison of major events timing for these two tests.

All major events occur at similar times and the primary system depressurization curves are very
similar, with the exception of the initiation of IRWST injection flow. This exception is expected since
the SPES-2 IRWST was filled to the full height AP600 level while OSU plans to utilize a 1/4 height
IRWST. CMT flow versus time, accumulator flow versus time, and PRHR HX performance all
exhibit similar behavior in both tests.

4.1.2.6 SPES-2 Hot Pre-Operational Test H-06

This test was a simulation of an inadvertent actuation of the ADS-1 from a simulated full-power
operating condition. The purpose of this test was to verify that all actuations occur properly and that
the ADS flow paths were properly sized.

The results of this test can be compared with the computer models of both the SPES-2 facility and the
AP600.

Test H-06 Description

This test was initiated with the facility at full-power conditions, by opening the first-stage isolation
valve of ADS (simulates both AP600 first-stage flow path flow areas). This results in a rapid
depressurization of the primary system, reactor trip and safety injection signal actuations, and resulting
mitigation of the event by the passive safety systems.

Test H-06 Results

As indicated in Table 4.1.2-8, test H-06 initial conditions closely matched the specified initial
conditions. Also, as shown the sequence of events in Table 4.1.2-9, all required actuations were
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F'est H-04 Description

Decav Power Simulation

his test was to include a reactor trip from full-power operation; however, failure of the steam

generator main feedwater system limited the rod bundle power to the capacity of the startup feedwater

system (SFWS). Therefore, the rod bundle power was limited to " Mw  (approximately

percent ol full power)

Ihe verification of the heater rod decay power control was initiated from 1.03 MW power, with
simultancous trip of the RCPs and isolation of the steam generator main steam isolaticr valves. Plant
heat removal was maintained by steam relief via the steam generator power-operated relief valves
PORV relief setpoint 1015 psia) and startup feedwater (SFW) was used to maintain steam generator

secondary-side level

PRHR HX Flow and Heat Removal

e PRHR HX natural circulation flow rate and heat removal capability was demonstrated by opening
the PRHR HX outlet isolation valves with the heater rod power at [“*<" kW, and the hot-leg
temperature at S80°F. The primary system temperature response, PRHR inlet and outlet temperatures
PRHR flow rate, and the steam generator PORV operation was observed until steady-state conditions
were achieved. Core power was increased to "' kW and then to “O<T KW to observe the

effect on PRHR HX, primary system, and secondary system operation

CMT Recirculat

1

n

The cold (ambient temperature) CMTs were actuated by simultaneously opening the cold leg to CMT

balance line isolation valves and CMT discharge line isolation valves, with the primary system at

steady-state natural circulation conditions (T}, at | “F and T, at **<°F) and core power at
kW. CMT inlet temperature, CMT heatup, CMT flow rates, and primary system and steam

generalor responses were observed
Hot Pre-Operational Test H-04 Calculations and Results

Decay Power Simulation

he results of the bundle power decay heat versus time as controlled by the facility computer agreed
well with the specified power decay from the initial power (approximately “*“ kW plus 110 kW
of heat loss compensation) at time O to approximately " kW plus 110 kW of heat loss

compensaton at 2006 seq

Ihe coastdown time of the RCPs was approximately ' seconds for pump A |

seconds) and approximately seconds for pump B (from




that the primary pressure at the time of the RCP trip was approximately | |“* psia. Slightly
longer coastdown times occurred during the planned matrix tests, when the RCPs were tripped after
the safety systems actuation (S) signal generated at 1700 psia, due to the reduced forces on the RCP
thrust bearings at lower pressure.

The cold-leg flow rates following the trip of the RCPs quickly stabilized at

approximately | ]** Ibm/sec. ([ ]“*” kg/sec.) per cold leg, which is approximately | ]** percent
of the nominal tull flow, indicating that natural circulation heai removal was established. The hot-leg
temprrature quickly responded to the RCP trip, increasing from [ ]*""°F to a peak of [ |*"“°F,
The hot-leg temperature then decreased to | |“"“°F as natural circulation flow was established and
stabilized. Hot-leg temperatures then responded as expected 1o steam generalor pressure increasing o
the steam generator PORV setpoint and operation.

HR oW Remov

Upon initiation of the PRHR HX at 4500 seconds with power at [ ]** kW, [ ]“*® percent decay
power plus 110 kW of heat loss compensation, the hot-leg temperature was reduced from |  |“*°F
o[ J*"°F where it stabilized. Also, during this time no actuation of the steam generator POR Vs
occurred, indicating that all core heat was being dissipated by the PRHR and heat losses. The
estimated heat loss from the primary system at this ime was approximately 120 kW, which indicates
that the PRHR was removing approximately [ |**" kW of heat with a hot-leg temperature of

[ J*"°F(  ]** percent of full power).

During this time, the PRHR HX natural circulation flow rate was [ ]*™° Ibm/second, the measured
T, was 533°F, and the measured T, was [ ]*"°F. The calculated heat removal from these
parameters is [ ]“*“ kW, which agrees well with the above overall core power and estimated heat
losses. In comparison to expected decay heat, the PRHR will match decay heat at less than or equal
to 30 minutes, which agrees well with the AP600 PRHR design basis.

It is also noted that the SPES-2 PRHR HX flow rate of | ]** Ibm/sec. corresponds to an AP600
flow rate of [ " Ibs/sec. or approximately | ]** gpm, which also agrees well with the AP60X0)
design.

Bundle power was increased to [ 1“" kW and [ ]“* kW to observe the effect on PRHR HX
operation. At[ " kW, the hot leg temperature increased from [ |***Cto| 1**°C and
the PRHR HX inlet lemperature increased from [ ]*™°F1o| ]*“"“°F. In these conditions, the
PRHR HX heat removal was [ ]*°7kW. At ]** kW, the steam generator PORVs were
actuating; therefore, the PRHR could not match core power minus heat losses.
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M i ion

When the CMTs were actuated with the primary system at steady-state conditions (T, at [ |**°F
and T.at [ |*"°F, natural circulation flow, and bundle power at [ |*" kW), natural circulation
flow through the CMTs began as expected.

The CMT natural circulation flow rate observed was initially | 1“*< Ibm/sec. in CMT-A and

| |“*< Ibm/sec. in CMT-B. The CMT-B flow rate decreased to | 1" Ibm/sec. after
approximately | |“*< seconds as the CMT heated. This corresponds to an AP600 flow rate of

| "< Ibm/sec. to | J“*< Ibm/sec. for CMT-B, which agrees well with expected performance.
The CMT heatup versus time observed with thermocouples placed internally down the length of the
CMTs, showed that the hot water entering the top of the CMTs remained thermally stratified. Also,
the water temperature decreased as it moved down the CMT, apparently due to initially heating the
CMT walls and due to heat losses from the CMT surface.

As the CMTs heated and approached steady-state, the primary system temperature increased toward the
initial condition before CMT actuation and heat removal via the steam generator PORVs reinitiated
approximately | |**% seconds after the actuation. The CMT levels during the recirculation heatup
were observed 1o decrease from approximately [ |“" ft. to approximately [ ]“"“ ft. This was
due to the decrease in CMT water density as hot water replaced cold water increasing the CMT
average temperature to approximately | |*"*°F,

The CMT-A flow rate was initially less than CMT-B, and it did not decrease smoothly as the CMT
heated up. This was apparently due to the check valve in the CMT-A discharge line, which does not
work as smoothly as the check valve in CMT-B discharge line. This valve was replaced prior to the
start of matrix testing.

Also as expected, the natural circulation of the CMTs resulted in an increase in pressurizer level as
cold CMT water was heated up in the primary system, requiring that the letdown flow path be utilized.

4.1.25 SPES-2 Pre-Operational Test H-05

The purpose of this test was to verify that the passive safety system actuations occur properly and that
these systems perform as expected. The test was conducted at a low initial primary system pressure,
since this would be the first time the plant safety systems were actuated. Note that the test initial
conditions were selected to be similar to the expected Oregon State University (OSU) test facility.

Test H-05 Description

This test was a simulation of an inadvertent opening of the first stage of ADS but was performed from
a low initial pressure and temperature. In order to more closely simulate the plant and safety system
response times that would be expected to occur in a full-pressure and temperature transient, the test
boundary and initial conditions used were similar to those anticipated for the test facility at Oregon
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State University. In addition, the size of the ADS-1, -2, and -3 flow path orifices was increased from
1/395th area scale (AP6(X)/SPES-2 scale factor) to approximately 1/100th area scale. The ADS-4 flow
path area was maintained at the SPES-2 scaled area (however, the fourth-stage valve failed to open in
the actual test).

The facility initial conditions are provided in Table 4.1.2-5.

Test H-05 Results

As shown in Table 4.1.2-6, all control system actuations occurred during the test. However, some
actuation times were delayed and two vaive operators did not actuate. The valve operators and logic
control for the actuations were inspected and revised.

Pre-operational Test H-06, discussed in Section 4.1.2-6, was the same inadvertent ADS event as H-05
but was performed from simulated full AP600 power, and full pressure and temperature. Table 4.1.2-7
provides a comparison of major events timing for these two tests.

All major events occur at similar times and the primary system depressurization curves are very
similar, with the exception of the initiation of IRWST injection flow. This exception is expected since
the SPES-2 IRWST was filled to the full height AP600 level while OSU plans to utilize a 1/4 height
IRWST. CMT flow versus time, accumulator flow versus time, and PRHR HX performance all
exhibit similar behavior in both tests,

4.1.2.6 SPES-2 Hot Pre-Operational Test H-06

This test was a simulation of an inadvertent actuation of the ADS-1 from a simulated full-power
operating condition. The purpose of this test was to verify that all actuations occur properly and that
the ADS flow paths were properly sized.

The results of this test can be compared with the computer models of both the SPES-2 facility and the
AP60X.

Test H-06 Description

This test was initiated with the facility at full-power conditions, by opening the first-stage isolation
vaive of ADS (simulates both AP600 first-stage flow nath flow areas). This results in a rapid
depressurization of the primary system, reactor trip and safety injection signal actuations, and resulting
mitigation of the event by the passive safety svstems.

Test H-06 Results

As indicated in Table 4.1.2-%, test H-06 inital conditions closely matched the specified initial
conditions. Also, as shown the sequence of events in Table 4.1.2-9, all required actuations were
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performed; however, closer adjustments of actuation delay times are needed to better match the

. specified values.

Other items to note include the following:

*  The ADS-4 valve did not open, in spite of receiving the actuation signal from the facility
control system.

*  Flow from the IRWST began prior to termination of flow from either CMT-A or -B, even
with no venting from the ADS-4. However, it should be kept in mind that SPES-2 ADS-1,
-2, and -3 discharge to a condenser at atmospheric pressure and no back pressure due to the
ADS sparger or overpressure due to sparger submergence is present.

*  The pressure balance between the IRWST and primary system is very delicate (with no 4th
stage venting). This is evidenced by the stoppage of IRWST delivery when the pressurizer
water level is high and by the sensitivity of IRWST injection flow rate o the pressurizer
water level.

*  Only CMT fluid thermocoupies T-A/B401E through T-A/B403E were heated prior to the
transition of the CMTs from natural circulation (o draindown mode, which occurred at
[ ]“"“ seconds. This means that only the top approximately [ ] feet of CMT water

. was heated. Subsequent heatup of the CMT fluid thermocouples lower in the tank was due to

this heated, top layer of water moving down through the tank as the CMT drained; and then
exposure of the thermocouples 1o the steam above the CMT water level. The CMT fluid
thermocouples generally follow the saturation temperature corresponding to the primary
pressure with the following two exceptions:

- From approximately | ]** seconds the topmost CMT fluid thermocouples
indicate slightly superheated steam, apparently due to steam flow from the hot legs
through steam generators.

The lowest six CMT fluid thermocouples indicate temperatures below saturation starting
at approximately | |**< seconds, which is after the accumulators empty. This may
be due 1o accumulator air injected into the primary system. If air enters the CMTs, it
would collect in the lower portion of the empty (or emptying) CMT gas space.

¢ CMTs empty and then slightly refill (| ]**< seconds). The refills occur just
after pressurizer level increases and are probably due to water flow through the pressurizer to
CMT balance lines since DP-A45P and DP-B45P, the cold leg to CMT balance line
differential pressures (dPs), do not indicate that these balance lines refill.

. *  The heated rod tiemperatures follow the saturation temperature corresponding to primary
pressure. No elevated rod temperatures occur at anytime in the transient.
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TABLE 4.12-1 |
SPES-2 HOT PRE-OPERATIONAL TEST SUMMARY | .

Test Test Description Test Purpose Comments

H-01 The facility was heated and beld | Determine the facility and ‘
at four “constant” temperatures. | major component heat losses
vs. lemperature. |

H-02 This test was performed Quantify the water and metal ‘
concurrent with H-01 test. heat capacity of the facility.

H-03 The facility was operated at Verified the proper operation | Performed as part of first
normal full pressure, of all components and matrix test pre-test initial |
temperature, and power, instrumentation. conditions.

H-(4 The facility was transitioned Verified computer controtled ;
from ~1 MW power operating heater rod power decay and ‘
conditons to a hot SFW flow control on SG
shutdown/natural circulation level. Characierized the
maode of operation. loop, PRHR heat exchanger

and CMT natural <irculation
flows; confirmed PRHR heat
removal rate.

H-05 Simulated an inadverient ADS | Verified the proper safety Provided full height vs. | ‘
actuation from low pressure system actuation at low 1/4 height comparison to :
(335 psig) with subsequent pressure; the mital OSU. No intervention of |
safety actuations, conditions used were similar | ADS-<4 and of nonsafety
o OSU. systems,
H-06 The test was performed from Verified the actuation and No ADS-4 or nonsafety
full-power condinons and performance of the safety system operation.

mitiated by opening the ADS-1 systems.
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TABLE 4.12-2
SPES-2 HOT PRE-OPERATIONAL TEST H-01 FACILITY
HEAT LOSSES VS. TEMPERATURE

Average Cold-
Leg
Temperature

Riniiimisinikiicommkiimnl itk £

Notes:

(1) This ume interval is considered valid for the value of data recorded.
(2) Toe wtal power includes pump heat power released to flnd:

Pump A - l rl.h(l
Pump B = | Jrre

(3) Electric power mput to power channel.
14) The estimated power has been evaluated with a bestfit quadratic equation based on the measured data:

HL = | '“‘h“
where:

HL = Heat losses (kW)
Te = Cold-leg temperature T-AO3PL (“C)
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TABLE 4.1.2-3
SPES-2 HOT PRE-OPERATIONAL TEST H-01 MAJOR COMPONENT HEAT LOSSES
Flow rate in each cold leg = 0.619 kg/sec.
Total power = 142.6 kW
Component Heat Loss
Metal Mass Compenent Heat Inlet Average Temperature Orutlet Average Heat Losses Percentage due to
Component thm " Capty. (Btw/'F) F Temperature (“C) kW) the Component (%}

=

PC/HL
(A&B)

RCP-A/
CL-Al A2

RCP-B/
CL-B1,R2

SG-A

SG-B -

l ahe)

Total Heat [osses =

Notes:

(1) The weight of these components does not include flange and bolting metal masses.

(2) These data are not relevant for the calculation of steam generator heat losses, as their metal heat capacity contribution can be neglected.
(3} Pump power released to the fluid at low flow can be neglected.

{4) The difference between total power and total heat losses is due to the heat capacity of the system.




TABLE 4.1.24
. | SPES2 PRE-OPERATIONAL TEST H-01 FACILITY SYSTEM HEAT CAPACITIES

a

I

l

:

Temperature Total Power Calculate | Calculate j
) te N ‘s ; (

Source File Tilm“l:c )rval‘ Linear Input Rate® : Hea Ld qe:: |
' Increase (°C) (kW) 0sses apacity ;

(kW) (kJ7°C)

| I
|

acqdat_spes.dat;242

acqdat_spes.dat;242

acgdat_spes.dat;244

i Average Heat Capacity = | 8480 f

Notes:
(1) This ume interval 1s considered vahd for the value of data recorded.
(2) The total power includes pump heat power released o fluid:

Pump A = kW
Pump B = kW

mAapbOM 625w\ 1625w non: 1h-040295 4.12-13




TABLE 4.1.2-5

SPES-2 HOT PRE-OPERATIONAL TEST H-05

INITIAL CONDITIONS

Jab.c)

Condition Specified Actual
Pressurizer pressure 360.5 psig (24.9 bar)
Pressurizer level 124 fi. (3.78 m)
Hot-leg temperature 4156°F (213.1°C)
Cold-leg temperature -
Power (kW) 1923
Upper-head flow rate 0.40 Ib/sec. (0.18 kg/sec.)
Steam generator pressure 270.6 psig (18.66 bar)
Steam generator level >36.2 ft. (>11.02 m)
Accumulator pressure 197 psig (13.59 bar)
Accumulator level 6.86 ft. (2.09 m)
| IRWET level 28 ft. (8.53 m)

Cold-leg/CMT balance line
temperature

Cold-leg temperature

CMT external vessel

not pressurtzed

PRHR supply line temperature

302°F (150°C)

Pressurizer Cold-leg balance line

>437 9°F (»225.5°C)

mapbONI 625w\ 1625w, non: 1b-040295
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Event

TABLE 4.12-6
SPES-2 HOT PRE-GPERATIONAL TEST H-08

SEQUENCE OF EVENTS

Specified
Actuation Signal

Time(s)

ADS-1 opening

Mamn steamline 1solation valve
(MSLIV) start closing

ADS-1 opening

Main feedwater 1solaton valve
(MFWIV) start closing

ADS-1 opening

CMT balance line stant ADS-1 opening
opening
CMT mjecuion line start ADS-1 opemng

L opening
SFW closed ADS-1 opening
RCP tnp ADS-1 + 15 sec.
PRHR HX on ADS-1 + 45 sec.
Heated rod power ADS-1 opening +200 sec.

Accumulator mje s Lart

ADS-2 opening

o aae

CMT leve! = 60%

ADS-3 opening

CMT leve! = 50%

Heat loss compensation off

ADS-2 opening

ADS 4 opening

CMT level = 20%

Accumulator empty

IRWST mjection

m \apOOM T 625w\ 1625w non: 1h-040205
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TABLE 4127
SPES-2 HOT PRE-OPERATIONAL TESTS
MAJOR EVENT COMPARISON BETWEEN
TESTS H-05 AND H-06

ADS-1 opening

| CMT recirculation 1o draindown
| transiuon

; Accumulator mjection start

| ADS-2 opening

| ADS-3 opening

| Accumulators empty

ADS4

IRWST mjecuon

Pressurizer pressure aecay

(1) Longer accumulator draindown expected; orifices were installed in the accumulator discharge lines
(0.375-n. diameter) prior to H-06 to better match the scaled AP6(0 line resistance.

fabe)

mAaphOO ] 625w\1 625w, non: 1b-04020% 412-16



Condition

TABLE 4.12-8
SPES-2 HOT PRE-OPERATIONAL TEST H-06
INITIAL CONDITIONS

Actual

1.

Pressurizer pressure (bar) 2248 psig (155 bar) T

Pressurizer level (m) 124 ft. (3.78 m)

Hot-leg temperature (°C) 600°F (316°C)

Core inlet iemperature (°C) 530°F 12764°C)

Power (MW) (4.99 Mw) ]
l Downcomer flow rate (kg/sec.) 51.3 Ibs/sec. (23.25 kg/sec.)

Steam generator pressure (bar) 710 psig (49 bar)

Steam generator level (m) >36.1 fu (>11.02 m)

Steam generator MFW flow rate 2.65 Ibs/sec. (1.2 kg/sec.)

(kg/sec.)

Steam generator MFW temperature 439°F (226°C) ]

("C)

Accumulator pressure (bar) 700 psig (48.3 bar)

Accumulator level (m) BS fi (2.6 m)

IRWST level (m) 28.0 ft. (8.53 m)

Cold-leg to CMT balance line
temperature (“C)

»529, <563°F

(>276, <295°C)

Cid-leg 10 pressurizer balance line
temperature (“C)

>669, <698°F

(»354, <370°C)

el ——
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Event

TABLE 4.1.29

SPES-2 HOT PRE-OPERATIONAIL. TEST H-06

SEQUENCE OF EVENT:

Actuation Signal Setpoints'"

ADS-1 opening

R signal

Pressurizer pressure = 123.1 bar

R signal + delay ume (7 sec.)

MSLIV closed

R signal

S signal

Pressurizer pressure = 116.2 bar

MFWIV closed

S signal

CMT balance line opened

I Core decay heat reduction

S signal 4+ 2 sec.

CMT imection line opened

S signal + ¥ sec.

RCP tnp

S signal + 16.2 sec.

tRHR HX on

S signal + 45 sec.

ACC mjection start

ADS-2 opening

CMT level = 60%

Heat loss compensation off

ADS-2 opening

ADS-3 opening

CMT level = 50%

[ ADS 4 opening

CMT level 20%

I Accumulator empty

IRWST mjecuon start

Notes:
(nH
(2)

Specified by test procedure.

4th-stage flow was permitted

One of two ADS 4-stage valves (A loop) was actuated but the discharge flow path was blocked; i.e., no

mapbOM 628w\ 625w non: Ib-040205
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4.2 Test Results
4.2.1 Test Transient Phases for Loss-of-Covlant Accident (LOCA) and Non-LOCA Tests

All of the matrix tests at SPES-2 can be divided into phases which are characterized by the rate at
which the RCS (primary system) pressure decreases and/or by actuations of the passive safety system
features. These phases conveniently subdivide the test with similar thermal-hydraulic phenomena and
passive safety system responses

For the discussion of the tests in Section 4.2, each test was subdivided into the following phases.
4.2.1.1 LOCAs
The LOCA tests consisted of four definable phases:

. initial depressurization phase (IDP)

. pressure decay phase (PDP)

. automatic depressurization system (ADS) phase

. post-automatic depressurization system (post-ADS) phase

The IDP is the time of rapid primary system pressure decrease, resulting from the inventory loss
through the break and/or rapid cooldown after rod power was decreased. The PDP follows the IDP
and is characterized by a much slower rate of pressure decrease in primary system that corresponds to
the saturation pressure of the hottest portion of the primary system.

The ADS phase is the time from the initiation of ADS-1 until ADS-4; and the post-ADS phase is the
time from ADS-4 until the end of the test. The ADS phase therefore includes the accumulator
delivery (for most LOCA events); and the post-ADS phase includes the in-containment refueling water
storage tank (IRWST) injection.

4.2.1.2 Non-LOCAs

The non-LOCA tests in SPES-2 did not proceed through all the phases experienced in LOCA tests and
normally consisted of two definable phases:

. IDP
. PDP

In one test (SO1211), a single tube steam generator tube rupture (SGTR), an inadvertent ADS actuation
was simulated, thereby adding the ADS and post-ADS phase to that test.
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4.2.2 Two-In. 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 just downstream from the cold leg to the core makeup tank
(CMT) balance line connection. This test was performed without any nonsafety systems (chemical and
volume control system [CVCS| makeup pumps, steam generator startup feedwater [SFW] pumps, and
normal residual heat removal system [NRHR| pumps) operating.

Results are provided in the data plot package at the end of this section. The sequence of events for
S00303 is listed in Table 4.2.2-1.

The SPES-2 tests were marked by distinctly different phases. These phases were characterized by the
rate at which the primary system pressure decreased and the thermal-hydraulic phenomena occurring
within the primary and safety systems. The different phases selected for the purpose of detailed
evaluation of this LOCA are shown in Figure 4.2.2-1 and are as follows:

* Initial depressurization phase (IDP)—Point 1 t0 2

* Pressure decay phase (PDP)—Point 2 to 3

* Automatic depressurization system (ADS) phase—Point 3 10 4

* Post-automatic depressurization system (post-ADS) phase—Point 4 to §

Overall Test Observations

Figure 4.2.2-1 shows the plant primary system pressure during test SO0303 (as measured at the top of
the pressurizer), with selected component actuations and plant responses shown in relation to pressure.

The IDP began with the initiation of the break, which resulted in a rapid reduction in pressure. The
reactor trip (R) signal initiated at | |“*<' psia, and the safety systems actuation (S) signal initiated
at | |“** psia. The R and the S signals initiated the following actions:

* Decay power simulation (with heat loss compensation).

*  Main steamline isolation valves (MSLIVs) closed.

e Main feedwater isolation valves (MFWIVs) closed.

* CMT injection line isolation valves opened.

* Passive residual heat removal (PRHR) return line isolation valve opened.
* Reactor coolant pumps (RCPs) turned off.

Recirculation flow through the CMTs and the flow through the PRHR began immediately after their
isolation vaives opened. Flashing occurred in the rod bundle and upper-upper plenum of the power
channel due to the rapid decrease in primary pressure. The measured fiuid level in the upper-upper
plenum dropped to the hot-leg elevation. The flashing on the hot-leg side of the primary system
stopped the rapid drop in primary system pressure. When the RCPs were shut off (at
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[ 1" seconds), the flow through the rod bundle began to oscillate (period approximately
[ 1" seconds). This resulted in oscillations in the powe: .hannel and the lower-upper plenum
steam fractions and temperatures, ard system pressure.

During the initial stages of the PDP, the rod bundle steam fraction increased. This resulted in an
increasing steam fraction in the lower-upper plenum and the hot legs. The hot leg-B fluid had a steam
fraction very close to that observed in the lower-upper plenum. The steam fraction in hot leg-A was
much lower due to the selective removal of steam from the hot leg into the PRHR HX inlet line.

The two-phase flow in the hot legs initiated draining of the steam generator U-tubes, as steam
collected in the top of the U-tubes. This stopped the primary system flow through the SGs so thal the
power channel flow was composed predominantly of the flow through the PRHR HX. The level
ascillations observed in the rod bundie and in the upper plenum stopped when the flow through the
steam generators ended. Approximately [ |*"“ seconds into the test, the steam generator-B U-tubes
began (o drain. The steam generator-A U-tubes began to drain approximately [ ]“" seconds later,
due 10 the lower steam fraction in hot leg-A.

Two-phase flow from the rod bundle entered the hot leg and flowed to the PRHR HX. The flow
through the PRHR HX consisted of alternating slugs of steam and saturated water, which had an
average steam fraction significantly greater than in the upper plenum. The average steam fraction at
the PRHR HX inlet was as high as | ]“*< percent, which enhanced the PRHR HX heat
removal from the primary system as compared 10 its heat removal capability with single-phase
saturated or subcooled water. When the primary system flow stabil‘zed after the initial flow
oscillations, a PRHR HX heat removal rate of | ]“" kW was calculated. This calculation was
based on the average steam fraction at the PRHR HX inlet as calculated from the dP instrument
readings in data plot 29, the average return flow rate, the inlet and outlet temperature, and the
pressure. This calculation assumed a slip coefficient of 1 between steam and water, and may be
slightly lower than the actual PRHR HX heat transfer. 1t should, therefore, be used for test-to-test
comparison only,

When the loop-B cold legs had partially emptied, the CMTs transitioned from their rcirculation mode
10 a draindown mode of operation. This increased the CMT injection flow and the rate of system
pressure decay. This occurred at approximately | ]*" seconds for CMT-B and [ ]“* seconds
for CMT-A. When system pressure dropped to the saturation pressure for the upper head, the upper
head began to drain at [ ]*" seconds.

During the first [ |*" seconds of this LOCA, |  ]** Ibm of steam and water were expelled
through the break while draining the pressurizer, the steam generator U-tubes, the upper head, the
upper-upper plenum, most of the cold legs, and approximately [ ]“*“ percent of the CMTs. The
heated rods had decreased in power to approximately 240 kW at 900 seconds. This value consisted of
90-kW decay heat and 150-kW heat loss compensation. The break flow was decreasing slowly with
primary pressure and indicated that cold leg-B2 was not empty.
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lhe ADS phase began with the actuation of ADS-1 (at approximately "% seconds into the 3
‘ event). ADS-2 and -3 occurred within the next "“ seconds. The heat loss compensation portion
of the rod bundie power was terminated when ADS-1 occurred, and power was reduced to F

approximately 90 kW

The ADS actuation increased the rate of primary system depressurization and resulted in high injection

flow trom the accumulators T'he rapid mmjecuon of cold flwd from the accumulators (at

seconds into the event), temporarily refilled the rod bundle, lower-upper plenum, hot legs

and the pressurizer. When the accumulator discharge ended, the flow through the rod bundle was

reduced to the injection rate of the CMTs and the PRHR HX flow, and two-phase fluid flow occurred

again through the rod bundle, lower-upper plenum, hot leg-A, the PRHR HX, and to the pressurizer

I'he discharge of liquid through the break was replaced by steam at approximately *P seconds
During this ADS phase, approximately Ibm of steam and water were discharged from ADS

2, and -3. This water was primarily supplied by the accumulators. After the accumulators drained
the collapsed liquid level in the rod bundle decreased (steam fracton increased) since only the CMTs

|
l were providing injection flow

e post-ADS phase began when ADS-4 actuated and fluid was discharged through ADS-4. The fluid

dischar gt
amount of CMT flow was stili being provided via the DVI line to the annular downcomer. When

‘ system pressure had been reduced below the pressure corresponding to the water elevation head of the
IRWST, flow from the IRWST began. Shortly thereafter, the CMT flow ended. The flow from the
IRWST refilled and subcooled the power channel and hot legs, and the upper-upper plenum partially

i :

through ADS-1, -2, and -3 stopped, and the pressurizer water level decreased. A small

refilled. The PRHR HX supply line emptied approximately 7 seconds into the test and was
no fonger effective. A steady flow of subcooled water was then flowing from the IRWST into the

annular downcomer, through the power channel, and left the primary system through the ADS-4 flow

Ihe heater bundle remained fuily cooled by single-phase water or two-phase mixture flow at all times

duning this test (data plots 30 and 31). There was no indication of an increase in heater rod

Discussion of Test Transient Phases
* [Initial Depressurization Phase (0 to | ** Seconds)

'he initial depressurization phase (IDP) began with “he initiation of the break (at time ) and

nunued unt! prmary system pressure reached the saturation pressure of the fluid in the upper
plenum and the hot legs (Figure 4.2.2-1 This phase included the following events: R signal at

1R8O0 psia (decay power simulation initiated and the MSIV closed), and S signal at 1700 psia (the

. MFWIV closed. the CMT injection line isolation valves opened, and the PRHR heat exchanger




return line isolation valve opened—all with a | ]“*“-second delay, and RCP coastdown started
aftera|  ]**-second delay). See Table 4.2.2-1. .

Facility Response during the IDP:

From time O until the R signal occurred, the system depressurized due to the fluid loss through the
break resulting from the expansion of the pressurizer steam volume. The pressurizer partially
compensated for the loss of pressure by flashing, however it was drained after [ |“*“ seconds
(data plot 32). The R (at [ [“" seconds) and the S (at [ ]“* seconds) signals were based on
pressurizer pressure only. When the R signal occurred, the MSLIV was closed, and power was
reduced to 20 percent after a 5.75 second delay and began to decay after a 14.5 second delay.

As a result of the power reduction without flow reduction, the core AT decreased due to the low
power/flow ratio, and the upper plenum temperature dropped toward the cold-leg temperature.
Since system pressure was controlled by the saturation pressure at the hot-leg/upper-plenum
temperature, system pressure dropped to the saturation pressure at | |“* (approximately

[ ™" psia &t approximately [ |“ seconds). See Figure 4.2.2-2. When the RCPs tripped (at
[ 1*" seconds), the rod bundle and the lower-upper plenum temperatures increased due to the
increased rod bundle power/flow ratio at the lower flow. System pressure increased temporarily
until the decreasing decay power and the decreasing lower-plenum temperature (due to CMT
injecting cold fluid into the downcomer) started 1o reduce the upper-plenum temperature. The
primary system pressure decrease resulted from the balance between the steam generation rate ‘
(from flashing primary fluid), the volumetric flow of liquid out the break, and the steam
condensation rate by the PRHR HX. Steam was continually generated by boiling due to the rod
bundle power. As sysiem pressure continued to fall, more and more water reached its saturation
pressure and began to flash. PRHR flow started before the RCPs were tripped and continued by
natural circulation afterward (data plot 37). Primary system pressure stabilized at the saturation
pressure for the bulk hot fluid in the system (approximately | 1“*). This ended the IDP,

*  Pressure Decay Phase ([170 to 900]]**“ Seconds)

The pressure decay phase (PDP) began when system pressure (Figure 4.2.2-2) reached saturation
pressure corresponding to the fluid temperature on the hot-leg side of the power channel. The
phase ended when ADS-1 was opened on low CMT level and augmented the system
depressurization. This phase was characterized by a slow decrease in overall system pressure and
temperature. The rod bundie power was reduced from 340 kW 10 240 kW (data plot 1). The
PRHR HX heat removal rate was approximately [ ]“"“ kW. The recirculating CMTs provided
approximately [ |*"” kW of heat removal from the primary system due to the removal of hot
water from the primary system, which was replaced with cold CMT water,

The initial CMT natural circulation operating mode was followed by draindown injection when the
loop B cold legs drained (data plot 38). The U-tubes of the steam generators were completely .
drained at this time (data plots 20 to 23). The steam generators did not affect the rest of the

m\apbOA 625w- 1 non: 1h-040295 4224



evenl. The accumulator injection was initiated when the primary system pressure dropped below
711 psia prior to ADS-1 actuation. However, the injection rate was low (less than

[ 1“" Ibm/sec.) due to the small difference between primary system pressure and accumulator
gas pressure (data plot 39).

Facility Response during the PDP:

Following reactor coolant pump shutdown, the oscillating flow in the tubular downcomer and in
the rod bundle region continued into the PDP. The flow oscillations resulted in large oscillations
of the steam fraction of the mixture exiting the core and flowing into the hot legs (data plots 30
and 31). These oscillations in steam fraction had a significant effect on the thermal buoyancy
head that drove the flow through the primary system at this time, since it aff~_ied the mixture
density. The steam fraction oscillations were observed through the %ot leg and the steam
generators (data plots 20 and 21). The steam fraction oscillations were converted to flow
oscillations in the cold legs, since the two-phase mixture entering the steam generators left the
steam generators as saturated water (data plots 24 through 27). It is postulated that some of the
steam was condensed in the U-tubes since 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. The remaining steam was separated from the two-phase mixture in the high point of the
U-tubes (due to the low velocity), which eventually stopped natural circulation in the U-tubes. For
steam generator-A, the flow continued until [ |*" seconds into the transient. From

[ 1**seconds until [ |*" seconds, intermittent flow was observed through steam generator-
A (plots 20 and 22). A free-water surface occurred at the top of the U-tubes. However, the
buoyancy head in the hot leg was high enough to spill over the top of the U-tubes at the peaks of
the oscillating buoyancy head. At | ]“" seconds, all flow stopped in steam generator-A, since
the free-water surface had fallen 100 low to be overcome by the buoyancy head oscillations.
Oscillations were measured in temperatures and pressures throughout the primary system. When
the steam generator U-tubes were drained (approximately | * seconds), the
oscillations stopped. For steam generator-B, flow stopped earlier than for steam generator-A due
to the higher steam fraction in the fluid from hot leg-B.

The primary system pressure decay during the PDP started at a slow rate of | ]**< psi/sec.
At approximately | |*"“ seconds into the event, the primary system pressure decay rate
increased to [ |*" psi/sec. This happened when the transition of the CMTs from their
recirculation mode of operation to their draindown mode occurred. The increased rate of pressure
decay was due to the increased injection rate of the cold liquid from the CMTs, which occurred at
different times for the two CMTs, and steam flow from the cold legs to the top of the CMTs.

The CMTs began injecting cold fluid into the annular downcomer via the DVI line when the

S signal occurred. Initially this injection was by natural circulation (at approximately

[ ]“* Ibm/sec. frem each CMT), with hot water flowing from the cold leg through the cold-
leg balance line (CLBL) into the top of the CMT and cold water flowing from the bottom of the
CMT into the downcomer. In the time period from [ ]*" seconds to [ 1** seconds (data
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plot 38), CMT-A transitioned to draindown when the cold leg balance line (CLBL) for CMT-A
drained, and a free-water surface developed in the top of CMT-A as the level began to drop (data
plot 33). The injection flow, when draindown started, increased to approximately [ |**¢
Ibm/sec. and gradually decreased as the CMT level decreased (reducing the driving head). Steam
from the cold legs flowed to the CMTs after the coid legs drained and condensed on the cold
CMT and water surfaces, heating them to saturation temperature.

For CMT-B, the break of the recirculation in the CLBL occurred at approximately | |“"
seconds (earlier than for CMT-A), and the transformation from natural circulation to CMT
draindown occurred between [ |“" seconds and [ ]“" seconds. The draindown injection
flow began at approximately [ ]*" Ibm/sec. and gradually decreased.

The free-liquid surfaces in the CMTs were established after recirculation through the CLBLs ended
(the end of recirculation was caused by steam flowing from the cold legs to the CMTs) However,
flashing in the CMTs seemed to occur after this time due to the high temperature of the fluid in
the top of the CMTs (data plots 15 and 16) and the decreasing primary system pressure. The
steam above the liquid surface in the CMTs was superheated afier | 1“* in CMT-B.
Flashing occurred in order to keep the water temperature at saturation temperature as the pressure
decreased.

The accumulators be 2an to inject into the annular downcomer via the DVI lines when system
pressure dropped below 711 psia (at approximately [ ]“" seconds). However, the injection
rate was very low prior to ADS-1 (data plot 39).

Throughout the PDP, the PRHR removed energy from the primary system. The combined effect
of the PRHR cooling the primary fluid and the injection flow from the CMTs was sufficient to
limit the steam fracton of the fluid in the rod bundle to | ]“* percent (steam fraction was
actually decreasing), and 10 maintain adequate cooling of the rod bundle during this phase (data
plots 30 and 31).

* Automatic Depressurization System Phase (| ]** Seconds)

The automatic depressurization system (ADS) phase began with the actuation of ADS-1 and ended
with the actuation of ADS-4 (Figure 4.2.2-1).

Facility Response during the ADS Phase:

With the actuation of ADS-1, followed by ADS-2 and ADS-3 within approximately |  |*"*
seconds, the rate of system depressurization increased from |~ "M psi/sec. (at the end of the
PDP) 1o | |**“ psi/sec. (at the start of the ADS phase). This rate gradually decreased as
system pressure decreased.
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After ADS actuation, the rate of water injection from accumulators-A and -B increased sharply
(data plot 39). The accumulators and injected cold water into the primary system for
approximately [ 1**“ seconds (from [ ]“*“ seconds to [ ™" seconds) and then were
drained. The accumulator and CMT injection refilled the rod bundie, lower-upper plenum, and hot
legs with water.

The pressurizer immediately began to refill when ADS-1 occurred, reached a collapsed liquid level
of approximately [ ]*" ft., and steam and water were vented from the pressurizer through the
ADS (data plot 32). When ADS-4 occurred, the pressurizer drained and only a small amount of
saturated steam was vented through ADS-1, -2, and -3.

Prior to the ADS period, liquid left the primary system through the break in the cold leg. With
the actuation of the ADS, fluid left the system through the ADS from the top of the pressurizer.
The mass flow through the cold-leg break decreased and converted from liquid to mostly saturated
steam as the cold leg completely drained (data plot 43).

« Post-Automatic Depressurization System Phase ([ ]**“ Seconds to End-of-Test)

The post-automatic depressurization system (post-ADS) phase began when ADS-4 occurred
(Figure 4.2.2-1) and continued to the end of the test.

Facility Response during the Post-ADS Phase:

The water level in the downcomer decreased into the tubular downcomer due to ADS-4 flow and
the fact that the CMT injection was less than the mass discharged by the ADS (data plot 25). This
net loss in primary system mass resulted in a decrease in the collapsed liquid level measurement in
the rod bundle region and a significant increase in the steam fraction of the flow through the rod
bundle and upper plenum. The liquid level measured in the upper plenum indicated the presence
of two-phase mixture throughout the rod bundle region (data plots 30 and 31).

The system responded to ADS-4 by rapidly decreasing the system pressure to near ambient, and
gravity flow from the IRWST through the direct vessel injection (DVI) line began 10 occur (data
plot 40). The cold water from the IRWST gradually suppressed boiling in the rod bundie and
refilled the power channel and hot legs with subcooled water. The water levels in the power
channel stabilized, and the upper-upper plenum became subcooled and partially refilled. This
steady-state condition was considered to be the end of the test.

At this time the system pressure was very low, and steam flow through ADS-4 ended flow through
ADS-1, -2, and -3.

The PRHR HX stopped flowing at approximately | ]**< seconds as the HX and supply line
partially drained (data plot 37).
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Component Responses
* Power Channel

The power channel consisted of five volumes: the lower pienum, the heater rod bundle, the lower-
upper plenum (below the hot leg), the upper-upper plenum (above the hot leg), and the upper
head. When the break occurred, the system pressure decreased to the R trip point (1800 psia) and
the S trip point (1700 psia). However, since the coolant in the power channel was subcooled
relative (o the saturation temperature for system pressure, no boiling or flashing occurred up to this
point. Nothing significant happened in the power channel until [ |“*“ seconds after the R
signal when the core power was reduced to [ |“*“ percent. At this time, the temperature
gradient across the rod bundle quickly decreased due to the reduced power/flow ratio (still full
flow), and the power channel outlet temperature dropped toward the lower-plenum inlet
temperature (Figure 4.2.2-2). The upper-upper plenum still contained [ ]“"“°F] liquid, and the
liquid in the upper plenum began to flash when system pressure dropped below | ]*5< psia.
When the RCPs were stopped (| |**¢ seconds after the S signal), the power/flow ratio
increased and the power channel outlet temperature increased again, cesulting in boiling in the rod
bundle and flashing in the upper plenum. This produced sufficient steam to temporarily stop the
system pressure decrease. Both the primary system temperature and pressure increased
momentarily until the upper-upper plenum was empty down to the hot-leg elevation (data plots 30
and 31). The lower-upper plenum temperature reached a peak and began to decrease (responding
to the increased primary system flow caused by the increasing buoyancy head) and stabilized at
lower-upper plenum and hot-leg temperature of approximately [ ]*"°F. The pressure stabilized
at the hot-leg saturation pressure (approximately [ ]“"“ psia) at the end of the IDP.

The temperature of the liquid in the lower-upper pienum controlled system pressure during the
PDP (data plot 4). Oscillations with a period of | |“*¢ seconds in the flow in the tubular
downcomer and differential pressure across the rod bundle were observed after the RCPs coasted
down and continued until approximately [ ]*"“ seconds into the event. These flow oscillations
led to oscillations in the apparent density of the fluid in the rod bundle, lower-upper plenum, and
hot leg (data plots 30 and 31). When the flow decreased, steam fractions increased, causing an
increase of the overall system pressure and in the lower-upper plenum temperature

(Figure 4.2.2-2). The overall system pressure oscillations were therefore out of phase with the
tubular downcomer flow oscillations.

Data plots 30 and 31 show the collapsed liquid levels at various sections of the power channel
during the SOG303 evint.

The upper head began 1o drain when primary system pressure decreased to the saturation pressure
of the fluid in the upper head at about [ ]*" seconds. Initially, the upper-head fiuid

temperature was | |“"“°F and was therefore considerably cooler than the upper-head fluid
temperature. Flashing of the fluid in the upper head began at [ ]“"“ seconds, and the upper

head drained compietely when ADS-1 occurred at approximately [ ]*" seconds (see data plot 4).
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The fluid in the upper-upper plenum flashed when the RCPs were shut off and coasted down, and
the measured water level dropped to the hot-leg elevation. This level remained at the hot-leg
elevation until the end of the accumulator injection, when the upper-upper plenum became
sufficiently subcooled to temporarily condense the steam bubble in the top of the upper plenum
(see temperatures in data plot 4). However, when the accumulator injection ended, the level again
decreased to the hot-leg elevation or below. At | ]“*< seconds, the upper plenum was
subcooled again and filled with water injected from the IRWST.

The presence of liquid level in the lower-upper plenum indicates that the rod bundle was covered
with two-phase fluid throughout the entire event. The maximum steam fraction of fluid in the
lower-upper plenum was estimated to be | |“" percent during the PDP from about | |**¢
seconds to [ ]“"¥ seconds.

Data plot 30 shows the collapsed levels in the rod bundle oscillating after the pump coastdown
(period approximately [ ]*" seconds). This indicates apparent steam fractions in the rod bundle
region ranging from [ |“* percent to [ |“** percent in this period. When the oscillations ended
at [ ]*" seconds, the maximum steam fraction in the rod bundle was [44]*"“ percent. The
accumulator injection completely suppressed boiling in the rod bundle. However, when the
accumulation injection ended, the boiling again started and the steam fraction increased and
reached a maximum of [ | percent, just before the IRWST injection started during the post-
ADS period. The lower-upper plenum showed an apparent higher steam fraction of

[ 1“" percent prior to ADS-4, which was due to the fact that the two-phase mixture level in the
upper plenum temporarily dropped below the hot leg elevation.

The collapsed level measured just above the top of the heated portion of the rod bundle (TAF, data
plot 31) gives steam fractions that correlate well with those measured for the rod bundle during
this test.

e Pressurizer

The pressurizer began to drain when the break occurred and was completely drained in
approximately [ ]“"“ seconds (data plot 32). The water in the pressurizer flashed due to the
loss of system pressure, and the temperature of the water dropped from [ |*"“°F during this
initial depressurization (data plot 18). The hot water leaving the pressurizer surge line into hot
leg-A caused a slight increase in the hot-leg temperature during this period, since it mixed with the
flow from the power channel/upper plenum. The pressurizer stayed drained until after ADS-1
occurred, at which time it partially refilled and discharged steam and water via the ADS-1, -2 and
-3. The pressurizer level temporarily decreased at about | ]“*“ seconds when the upper-upper
plenum partially refilled. The Jevel slowly decreased as the steam fraction of fluid from the power
channel increased prior to ADS-4. This continued until ADS-4, when the pressurizer again
drained and its water level reached manometric agreement with the water level pressure in the

primary system,

m \ap6OO\1 625 w- |non: 1b-040295 4229



*  Steam Generator

The steam generators acted as the heat sink until the MSLIV closed and prevented further energy .
removal from the secondary side. This caused the temperature of the secondary side to increase

toward the primary system hot-leg temperature, which at the same time was dropping due to the

reduced power/flow ratio. When the RCPs coasted down, a temporary temperature increase

occurred due to the increased power/flow ratio with natural circulation flow in the primary system

(Figure 4.2.2-2). The steam generator temperatures stabilized at approximately [ |“"“°F at the

end of the IDP,

For the first part of the PDP, the pressure on the primary side of the steam generator U-tubes was
higher than the secondary side (data plot 2). This indicated that some heat transfer from the
primary to secondary side was occurring and caused some condensation of the steam in the two-
phase fluid coming from the hot leg. The primary system pressure did not drop below the
secondary side pressure until approximately | |“*° seconds into the test, at which time the U-
tubes were nearly drained.

At the end of the pump coastdown, flow oscillations began to occur in the tubular downcomer and

through the power channel. This caused significant oscillations in the collapsed liquid levels in the

power channel and, consequently, in the density of the two-phase mixture flowing from the power

channel into the hot leg and to the steam generators (data plots 20 and 21). Since the driving

force for the natural circulation flow was the density difference between the single-phase fluid in .
the cold legs and downcomer entering the power channel and the two-phase mixture in the tube

bundle, upper plenum, and the hot legs, the flow oscillations were sustained as long as there was

flow through the steam generators (primary system natural circulation).

The level in the hot leg side of the steam generator U-tubes gradually decreased to about [ |*
of the tube height at [ ]“"“ seconds and they drained completely when ADS-1 was actuated.
The level in the cold leg side of the steam generator U-tubes exhibited significant level oscillations
from about [ ]**“ seconds until they drained completely at about [ |** seconds (data plots
22 and 23).

* Hot Legs

Hot legs-A and -B contained two-phase mixture when ADS-1 was actuated (data plots 20 and 21).

After ADS-1, the coliapsed level began to decrease. The hot legs were nearly drained by ADS-4

( J“* seconds) and partially refilled later after IRWST injection began. The principal

difference between hot legs-A and -B was the influence of the PRHR HX on the steam fraction of

the fluid in the hot legs. The mixture discharged from the upper plenum into the hot legs had the

same steam fraction as in the upper plenum fluid. However, the PRHR HX preferentially removed

steam from hot leg-A (as seen in the very high steam fraction in the PRHR inlet fluid), thereby

reducing the steam fraction of the mixture in hot leg-A to less than the steam fraction in hot leg-B. .
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The hot leg steam fraction affected the end of natural circulation flow through the steam
generators, resulting in earlier U-tube draining in steam generator-B than in steam generator-A.

¢ Cold Legs

Cold legs-Al and -A2 remained full until | ]“*° seconds into the test (data plots 22 through
27). Then flashing occurred and the measured water level started to decrease. When ADS-1
occurred, the level decreased further until even the horizontal pipes were drained at about

[ ]“*< seconds. Flashing continued throughout this period. When ADS-4 occurred, the liquid
level decreased into the annular downcomer and dropped below the top of the tubular downcomer
(data plot 24). When IRWST injection began at | 1" seconds into the event, the annular
downcomer level was restored and cold legs-Al and -A2 were partially refilled after

[ J*>¢ seconds.

Cold legs-B1 and -B2 remained full until |  |“" seconds into the event. At this time both cold
legs-B1 and -B2 drained, and CMT draindown started. Cold leg-B2 (where the simulated break
was located) drained prior to cold leg-B1, as shown by CMT-B switching to draindown mode
before CMT-A. Cold legs-B1 and -B2 were refilled rapidly after | 1“9 seconds into the
event, and a small amount of liquid flow started through the break. At this time, CMT balance
lines were partially filled.

* PRHR and IRWST

At the initiation of the event, the PRHR HX was filled with subcooled liquid. When the S signal
occurred, the PRHR HX return line isolation valve opened and flow at a high flow rate started
through the HX because the RCP was still operating. When the RCPs were shut off and the
power channel upper plenum and the hot legs filled with two-phase mixture, a large portion of the
steam in hot leg-A flowed to the PRHR HX (the steam fraction was | 1“* percent bhased
on data plot 29) in the form of intermittent slugs of steam and water. The two-phase mixture was
condensed and subcooled in the PRHR HX (data plot 28). During the PDP (prior to ADS-1),
significant variations in the flow rate through the PRHR were caused by the variation in the
average steam fraction in hot leg-A. After the flow oscillations in the primary system ended,
condensation occurring in the PRHR HX caused the rapid and wide variations in dP measurements
shown in data plots 28, 29, and 37.

After the ADS was initiated, the power channel and the hot leg were refilled with subcooled liguid
by the accumulator and CMT injection flow and the driving head for the flow in the PRHR HX
decreased. The flow decreased and stopped, and it actually had a short period of reverse flow at
the end of the accumulator discharge. The subcooled fluid in the hot leg never filled the PRHR
supply line, and hot fluid in this line flashed as the system pressure decreased. The simultaneous
flashing in the supply line and steam condensation in the HX resulted in wide variations in the
measured flow in the PRHR return line.
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After the accumulator injection ended, the fluid in the rod bundle again reached saturation
temperature, and a two-phase mixture again occurred in the hot legs. Flow restarted in the
PRHR HX, and the flow rate varied in response to the steam fraction existing in the hot leg.
When ADS-4 depressurized the primary system and the IRWST flow again subcooled the power
channel and the hot leg, the flow in the PRHR HX stopped for the remainder of the test. The
heatup of the water within the IRWST due to PRHR HX operation is shown in data plot 17,

Following ADS-4, the primary system pressure decreased to near auinent flow due to the water
elevation head in the IRWST began to inject water into the annular downcomer via the DVI lines
(data plots 32 and 40).

¢ Core Makeup Tanks (CMTs)

The CMT injection was initiated two seconds after the S signal by opening the CMT injection line
isolation valves. Initiaily, the flow from the CMT occurred by natural circulation; hot water from
the B loop cold legs flowed through the CLBLS to the top of the CMTs; and cold water from the

CMTs drained into the downcomer and into the power channel.

When cold legs-B1 and -B2 voided, steam flowed through the CLBLS to the top of the CMTs.
This resulted in a free-water surface in the CMTs ending CMT recirculation. This increased the
driving head and increased the CMT injection flow rate. For this cold-leg break simulation, the
break was located in cold leg-B2, and resulted in cold leg-B2 draining before cold leg-B1. Since
the CMT-B balance line was connected to cold leg-B2, the transition to draindown injection flow
occurred earlier for CMT-B than for CMT-A (data plot 38).

The CMTs were heated first by the hot liquid from the cold legs that replaced the cold water being
injected from the bottom of the CMTs. A stratified temperature gradient was established in the
CMTs (data plots 15 and 16). Later, steam from the cold legs condensed on the free-water and
metal surfaces in the upper part of the CMTSs, raising the free-water surface temperature to near
saturation temperature.

The recirculation injection for the CMTs started at approximately 0.13 Ibm/sec. and was steady
until the CMTs transitioned to draindown injection. The draindown injection flow rate started at
[ J“* I1bm/sec. and gradually decreased with time. During the accumulator injection at high
flow rate, the CMT draindown rate was reduced. The CMTs injection flow ended at
approximately | |**“ seconds, at which time there was still some water left in both CMTs
(data plot 33).

* Accumulators
The accumulators provided injection by a polytropic expansion of a compressed air volume stored

within the accumulator.  Water from the accumulators was injected when the primary system
pressure dropped below 711 psia. The accumulator injection started before ADS-1 at a very low
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flow rate. However, when ADS-1 occurred, the injection rate increased (data plot 39). The
accumulator injection for the S00303 test lasted approximately [ ]*"“ seconds, and the
accumulators were completely drained when the injection ended (data piot 34).

The effective polytropic coefficient of expansion was calculated to be [ |*™ for accumulator-A
and [ 1*" for accumulator-B (Figures 4.2.2-3 and 4.2.2-4). This is near the | e
between isothermal expansion (n=1) and adiabatic expansion (n=1.4) and shows that some heat is
picked up by the air from the internal metal surfaces of the accumulator during the expansion.

Mass Discharge and Mass Balance

The catch tank weight measurements are shown in data plot 43 for the break flow; for the ADS-1,
-2, and -3 flows; and for ADS-4 flow. The break flow as shown in plot 44, which started when
the event was initiated, decreased as the system pressure dropped during the IDP and the PDP.
When the ADS phase occurred, the cold leg drained and the break flow transitioned to primarily
steam until the IRWST injection refilled the cold legs after ADS-4.

The discharge from ADS-1, -2, and -3 was stable throughout the accumulator injection and
increased temporarily when accumulator injection ended. When ADS-4 occurred, the discharge of
fluid from the top of the pressurizer ended, and fluid discharge from ADS-4 began. The ADS-4
fluid discharge flow rate was relatively stable but decrcased temporarily when the upper-upper
plenum refilled. ADS-4 flow continued until the test was terminated. The discharged masses are
shown in Table 4.2.2-3.

The mass balance results for test SO0303 were calculated based on the water inventory before and
after the event. Table 4.2.2-2 gives a detailed listing of the inventories of water in the various
components before the test. Table 4.2.2-3 lists the inventories after the test and the amount of
water injected into the power channel from the IRWST. The water level in the vessel was
determined by the DP-B16P measurement to be | 1**“ in. above the hot-leg centerline at the
end of the test. Table 4.2.2-4 compares the mass baiance before and after the test and shows
excellent agreement (within | percent) between the measurements.
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TABLE 4.2.2-1
SEQUENCE OF EVENTS FOR TEST S00303

Event

1 Specified

Instrument Channel

Actual Time (sec.)

Break Opens

-

R Signal

P = R psia

P-027P

MSLIV

R signal + 2 sec

Z_A4S0, F_A(MS

Z_B0O4SO, F_B(M4S

5 Signal

P = 17X psia

P-027P

——

MFW 1V ( Josure

S signal + 2 sec

Z_B02S0O, F_BOIS

Z A0250,. F AOIS

-

CMT IV Opening

S \I.L'H.ll + 2 sec

Z_ADEC, F-A40E

Z_BOMOEC, F-B4OGE

F
RCPs Trnpped

i oS signal + 16,2 sex

I-AlP, S-AIP

I-B1P, S-BIP

i PRHR HX Actuation

S SIgnal + 2 seC

AXIEC, F_ABOFE

ADS-|

CMT level 67

B40OE

—

)
+30) seq

001P¢

Accumulators

P-027P = 710 psia

A20F

B20OE

CMT level 67

B4OE

-

19
+125 sec

CMT level 67

002PC

B40E

003P(

B40F

+00) s8¢

“C, FO40P

| IRWST Injection

i
{

l
|
|

’| “.\*i.

-

AGOFE

Hf\f l}




TABLE 4.22-2
WATER INVENTORY BEFORE TEST S00303

Volume Net Vol
Component (40 R Temp (°F) Relative Density | Mass (lbm)
Loaps 897 so1 | [ 7 R T F O RERE
(254.0) (254.0)
Pressurizer 3.37 1.90
(954) (54)
Surge Line 0.34 0.34
(9.6) 9.6) "
q Tubular Downcomer 1.38 1.38
(39.1) (39.1H
Annular Downcomer 0.54 0.54
+ High-Pressure (15.3) (15.3)
Bypass
Core Bypass 0.44 0.44
(124) (124)
Lower Plenum 0.81 0.81 ]
(22.8) (22.8)
Riser 1.64 1.64
(46.4) (46.4)
Upper Pleoum 1.46 1.46
(41.3) 41.3)
Upper Head 1.90 1.90
(53.8) (53.8)
CMTs 10.1 10.1 ﬂ
(286) (286)
Accumulator 10.1 7.64
(286) (216.2)
1
IRWST Imjection 0.18 0.1% _J
Ling (5.1) (5.1) T pan e i

TOTAL INVENTORY

[

m

(abe)
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TABLE 4223

WATER INVENTORY AFTER TEST S00303 WAS COMPLETED
Water level as measured by DP-B16P (-0.55 psi) is 15.48 in. (387 mm) above Hot Leg

Volume Net Vol Relative Mass
| Component eyl Sy Temp (°F) Density (Ibm)
Loops 897 00 |~ = e
: (254.0) (0.0)
Pressunizer 3. 0.0
_ (95.4) (0.0) j
| Surge Line 0.34 0.0
: (9.6) 0.0
: Tubular Downcomer 1.38 1.38
(39.1) (39.1)
Annular Downcomer + 0.54 0.45
| High-Pressure Bypass (15.3) (12.7
t Core Bypass 044 0.44
| (12.4) (12.4)
| Lower Plenum 0.81 0.81
(22.8) (22.8)
| ——
| Riser 1.64 1.64
| (46.4) (46.4)
| Upper Plenum 1.46 1.26
41.3) (35.6)
‘ 1
| Upper Head 1.90 0.0
(53.8) 0.0
CMTs 101 0.65
(286) (18.3)
Accumulator 10.1 0.0
(286) (0.0
IRWST Injection Line 0.1%8 0.18
(5.1 (5.1 g - [
TOTAL INVENTORY [ ] & I
Water Injected from One IRWST During Test I
Dy Area Mass
IRWST Injection (psi) (in.%) (Ibm)
| [ ]n.h ©) “Kns l rl.h.u
dm
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TABLE 4224
MASS BALANCE FOR TEST S00303

Starting Inventory
(Ibm)

Total Primary System wi =1 @ro

IRWST Injection

Break

ADS-1, -2, -3

—

ADS-4

TOTAL

Ending Inventory/Starung Inventory (Ibm) [ ] ™=

Ending Inventory/Starting Inventory (%)
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The following figures have been intentionally deleted
from this document due to their proprietary nature.
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TEST S00303 PLOT PACKAGE

CHANNEL LIST BY COMPONENT

COMPONENT | CHANNEL UNITS PLOT l COMMENT
ACCA F_A20E Ibm/sec. 39
ACCA L_A20E ft. 34
ACCB F_B20E Ibmv/sec 39
ACCB L_B20E fi. 34
ADS 1,2, &3 IF30FLW Ibm/sec 44 Flow rate derived from 1FO30P
ADS 1,2, & 3 IFO30P Ibm 43 Catch tank
ADS 4 & SG IF40FLW Ibm/sec R Flow rate derived from 1FO40P
ADS 4 & SG IFO40P Ibm 43 Cach tank
ANNDC DP-AO21P psi 24 To cold leg-Al
ANNDC DP-A022P psi 25 To cold leg-A2
ANNDC DP-BO21P psi 26 To cold leg-B1
ANNDC DP-BO22P psi 27 To coild leg-B2
BREAK LINE IFOSFL.W Ibm/sec ot Flow rate derived from 1FO0SP
BREAK LINE IFOOSP Ibm 43 Catch tank
CLA DP-AOO1P psi 24 To cold leg-Al
CLA DP-AO02P psi 25 To cold leg-A2
CLA DF-AO9P psi 22 Pump suction
CLA T-A10P r 11 Steam generator outlet
CLAI F_AO1P Ibm/sec. 36
CLA1 T-AO21PL ¢ 13 Downcomer inlet
CLAI T-AllP F 11 Pump outlet
CLA2 F_AO2P Ibm/sec. 36
CLA2 T-A022PL b o 13 Downcomer inlet
CLB DP-BOOIP psi 26 To cold leg-Bl
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TEST DATA PLOT PACKAGE

CHANNEL LIST BY COMPONENT (Cont.)

COMPONENT | CHANNEL UNITS PLOT COMMENT
CLB DP-BOOZP psi 27 To cold leg-B2
CLB DP-BO9P psi 23 Pump suction
CLB T-B10OP i 12 Steam generator outlet
CLB1 F_BO1P Ibm/sec. 36
CLBI T-BO21PL F 14 Downcomer inlet
CLBI T-B11P F 12 Pump outlet
CLB2 F_BO2pP Ibm/sec. 36
CLB2 T-BO22PL F 14 Downcomer inlet
CMTA F_A40E Ibni/sec. 35
CMTA L_A40E ft. 33
CMTA T-A401E F 15 Top (242.25 in.)
CMTA T-A403E i 15 216.75 in.
CMTA T-A405E . i 15 191.25 in.
CMTA T-A407E °F 15 165.75 in.
CMTA T-A409E F 15 140.25 in.
CMTA T-A411E F 15 114.75 in.
CMTA T-A413E r 15 89.25 in.

CMTA T-A415E ¥ 4 15 63.75 in.
CMTA T-A417E " o 15 38.25 in.
CMTA T-A420E o 15 Bottom (0 in.)
CMTB F_B40OE Ihm/sec. 38
CMTB L_B40E ft. 33
CMTB T-B401E F 16 Top (242.25 in.)
CMTB T-B403E F 16 216.75 in.
CMTB T-B40SE F 16 191.25 in.
CMTB T-B407E i 3 16 165.75 in.
CMTB T-B40OE i 16 140.25 in.
CMTB T-B411E F 16 114.75 in.
CMTB T-B413E r 16 89.25 in,
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TEST DATA PLOT PACKAGE
CHANNEL LIST BY COMPONENT (Cont.)

COMPONENT | CHANNEL UNITS PLOT COMMENT
CMTB T-B415E e 16 63.75 in.
CMTB T-B417E F 16 38.25 in.
CMTB T-B420E ¥ 16 Bottom (0 in.)
CvCs F-001A psi 42
DVIA T-AO0OE i 2 13
DVIB T-BOOE y 14
HLA DP-A(4P psi 20
HLA T-AO3PL ¥ 5 Vertical, near power channel
HLA T-AO3PO i i b Horizontal, near power channel
HLA T-AO4P °F 5 Near steam generator inlet
HLB DP-BO4P psi 21
HLB T-BO3PL °F 6 Vertical, near power channei
HLB T-BO3PO F 6 Horizontal, near power channel
HLB T-BO4P F 6 Near steam generator inlet
IRWST F_A60E Ibny/sec. 40 F_AG1E for S00303
IRWST F_B60E Ibm/sec. 40 F_B61E for SO0303
IRWST L_0O60E ft 32
IRWST T-061E F 17 Bottom
IRWST T-062E i 17 Below middle
IRWST T-063E ¥ 17 Middle
IRWST T-064E F 17 Above middle
IRWST T-065E F 17 Top
PC w_00P kW 1
PC-HB L_000pP ft 30 Heater bundie
PC-HR TWOI8P20 4 3 Heater rod
PC-HR TWOIRP4R 5 i 3 Heater rod
PC-HR TWO19PK2 F 3 Heater rod
PC-HR TWO20P24 T 3 Heater rod
PC-HR TWO20PR7 . o 3 Heater rod

L]
rJ
L)
F 5N
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TEST DATA PLOT PACKAGE

CHANNEL LIST BY COMPONENT (Cont.)

COMPONENT | CHANNEL UNITS PLOT COMMENT
PC-UH T-016P °F 4 Upper head
PC-UP L_A1SP ft. 30 Lower-upper plenum
PC.UP L_Al6P ft. 31 Upper-upper plenum
PC-UP T-015P " 4 Upper plenum
PC-UH L_017P ft. 3] Upper head
PC-UP L_Al4P ft. 31 Above top of the active fuel
PRHR DP-ARIAE psi 29 Supply line inverted U-tube
PRHR DP-ASIBE psi 29 Supply line inverted U-tube
PRHR DP-ABIE psi 28 Supply line
PRHR DP-AR2E psi 28 Heat exchanger
PRHR DP-AR3E psi 28 Return line
PRHR F_ABOE Ibm/sec. 37 Return line
PRHR T-A82E F 19 Inlet
PRHR T-AR3E N 3 19 Exit
PRZ L_010pP ft. 32
PRZ P-027P nsia 2
PRZ T-026P b 18 487 in.
SGA DP-A05P psi 20 Hot side
SGA DP-AO6P psi 20 Hot side
SGA DP-AO7P psi 22 Cold side
SGA DP-AOSP psi 22 Cold side
SGA F_AO01S Ibm/sec. 4] Main feed
SGA F_A20A Ibm/sec. 4] Secondary feed
SGA L_A108 ft. 35 Overall level
SGA P-AMS psia 2 Secondary sysiem
SGA T-AOIS i 3§ 10 MFW-A
SGA T-AO0SP °F 7 Hot side
SGA T-A0SS T 9 Hot side - riser
SGA T-AO6P F 7 Hot side
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TEST DATA PLOT PACKAGE
CHANNEL LIST BY COMPONENT (Cont.)

COMPONENT | CHANNEL UNITS PLOT COMMENT

SGA T-AOBP b 11 Cold side

SGA TW-AD6S T 7 Hot side

SGB DP-BOSP psi 21 Hot side

SGB DP-BO6P psi 21 Hot side

SGB DP-BO7P psi 23 Cold side

SGB DP-BORP psi 23 Cold side

SGB F_BO1S Ibm/sec. 41 Main feed

SGB F_B20A Ibm/sec. 4] Secondary feed

SGB L_BI10S ft. 35 Overall level

SGB P-B4S psia 2 Secondary system

SGB T-BOIS y o 10 MFW-B

SGB T-BOSP X 4 8 Hot side

SGB T-BOSS ‘F 9 Hot side - riser

SGB T-BO6P F ¥ Hot side

SGB T-BO7P F 8 U-tube top

SGB T-BORP e 12 Cold side

SGB TW-B0O6S v 8 Hot side

SL T-020P r i8 Surge line near pressurizer

T™DC DP-001P psi 25,26 Top

T™DC DP-002P psi 24,25,26,27 | Bottom

TDC T-001PL F 13,14 Top

TDC T-003P °F 413,14 Bottom

TSAT-PRZ n/a o 18,19 Based on P-027P

TSAT-UH n/a F 4 Based on P-O17P
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WESTINGHOUSE PROPRIETARY CLASS 3

The data plots are found in the proprietary version of this document.
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4.2.3 Two-ln, Cold-Leg Break without Nonsafety Systems (S01703)—Repeat of S00303

Matrix test SO1703 was a repeat of test SO0303 and was performed to determine the repeatability of
the SPES-2 facility response. Test S00303 was the first matrix test to be performed, and test S01703
was performed at the end of the matrix tests.

Matrix test SO1703 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 just downstream from the cold leg to core makeup tank (CMT)
halance line connection. This test was performed without any nonsafety sysiems (chemical and
volume control system [CVCS| makeup pumps, steam generator startup feedwater [SFW|] pumps and
normal residual heat removal system [NRHR| pumps) operating.

Results are provided in the data plot package at the end of this section. The sequence of events for
SO1703 is listed in Table 4.2.3-1.

The AP600 SPES-2 test were marked by distinctly different phases. These phases were characterized
by the rate at which the primary system pressure decreased and the thermal-hydraulic phenomena
occurring within the primary and safety systems. The different phases selected for purpose of detailed
evaluation of this LOCA are shown in Figure 4.2.3-1 and are as follows: 4

* Initial depress.rization phase (IDP)—Point 1 to 2

* Pressure decay phase (PDP)—Point 2 t0 3

* Automatic depressurization system (ADS) phase—Point 3 10 4

* Post-automatic depressurization system (post-ADS) phase—Point 4 10 §

Overall Event Observations

Since this is a repeat of test SO0303 that has already been evaluated in detail (in Section 4.2.2), only
notable differences in the system response and behavior are discussed for test S01703. Most 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 4.2.3-1 shows the primary system pressure during test S01703 (as measured at the top of the
pressurizer), with seiected component actuations and plant responses shown in relation to the primary
system pressure. A detailed comparison of the system pressures for these two tests is shown in
Figures 4.2.3-2 and 4.2.3-3. In the first figure, the initial depressurization phase (IDP) and the
beginning of the pressure decay phase (PDP) are compared for the two tests. The two tests are almost
identical in terms of absolute pressure and timing of the system responses. A slightly earlier reactor
coolant pump (RCP) trip for SO1703 caused a slight time shift in the pressure increase that follows the
trip and resulting decrease in flow rate through the power channel. At the start of the PDP, both the
overall pressure and the small pressure oscillations were essentially identical for the two.
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Figure 4.2.3-3 compares the end of the PDP, the ADS phase in its entirety, and the start of the post-
ADS phase. The PDPs ended at identical pressures and times in both tests. There was a slight
difference in the pressure decay following ADS-—test S01703 followed a slightly higher curve for
most of the ADS phase. Also, the pressure increase associated with the end of the accumulator
discharge (water spiashed into the sicam generator U-tubes and flashed, causing a system pressure
increase) occurred approximately | ]“*° seconds earlier for test S01703. For the rest of the ADS and
posi-ADS phases, the pressures were identical.

Figure 4.2.3-4 compares the power channel upper plenum temperature for both tests to the end of
accumulator discharge. There was no notable temperawre difference Garing the IDP and PDP. During
the ADS phase—the upper plenum in test S01703 was at a slightly higher temperature during the
accumulator discharge (which agrees with the higher system pressure observed for S01703 in

Figure 4.2.3-3). Figure 4.2.3-5 shows that in both tests, the upper plenum temperature rose to the
saturation temperature after the accumulators emptied at identical times. Since ADS-4 occurred
approximately [ ]*"“ seconds later for the SO1703 test, the effect of e IRWST injection flow began
decreasing the upper plenum temperature 50 seconds later than for t2st S00303.

Figure 4.2.3-6 shows the power channel lower plenum temperature was approximately 10°F cooler for
test S01703 during and after the accumulator injection. This was due to the fact that the accumulator
and IRWST initial water temperatures were [ |**“°F cooler for test SO1703. This is atiributed to the
difference in ambient conditions. Figure 4.2.3-7 shows that the IRWST injection occurred later for

test SO1703, but that the magnitude of the flows were similar.

Figure 4.2.3-8 shows that the annular downcomer drained earlier in the post-ADS phase for test
S00303, but that the refill was initiated at identical times. Figure 4.2.3-9 shows that the levels
dropped to nearly the same elevation in the tubular downcomer during the post-ADS phase. Test
501703 reached a minimum level of [ |**° ft at | %% seconds, and test SO0303 reached -6.2
ft. at 2050 seconds. In both tests, the tubular downcomer was completely refilled at identical times.
Figure 4.2.3-10 shows that the minimum collapsed levels in the rod bundle after the accumulator
injection, were essentially identical (bundle void fraction calculated to be [ )™ for test S00303 and
2K percent for test SO1703). Similarly, the level change versus time and the minimum water level
the tubular downcomer were essentially identical in both tests.

These figures show that the two tests were similar, especially considering the complexity of this test
facility and the differences in the initial conditions. This comparison shows that the test facility and
instrumentation had a high level of repeatability and that no noticeable change in response could be
attributed to changes in the test facility from the first test (S00303) 1o the last test (S01703).

Table 5.1-1 in Section 5.0 provides comparison of key parameters for the two tests.
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Discussion of Event Phases

Since test SO1703 is a repeat of test SO0303 and is essentially identical in system response to that
event, further discussion of event phuses is unnecessary. For a detailed discussion of the system
responses during the 2-in. coild-leg © ak even, please refer to Section 4.2.2 of this report.

Component Responses

Since test SO1703 is a repeat of test SO0303 and the component responses are essentially identical,
further discussion of these responses is unnecessary. For a detailed discussion of the component
responses during the 2-in. cold-leg break event, please refer to Section 4.2.2 of this report.

Mass Discharge and Mass Balance

As shown in Table 5.1-1 in Section 5.0, there were differences in mass discharge between test S01703
and test SO0303. Part of the difference was because test SO1703 extended beyond the time when test
S00303 ended. For this reason, numbers for test SO1703 comparable to the end of test S00303 are
given (bracket) in the table.

The catch tank weight measurements for the break flow for the ADS-1, -2, and -3 flows and for the
ADS-4 flow are shown in data plot 43, The break flow, which started when the LOCA was initiater |
decreased as the system pressure dropped during the IDP and the PDP. When ADS occurred, the cold
legs emptied so that subsequent discharge from the break was primarily saturated steam until the
IRWST injection refilled the cold leg after ADS-4. The total measured mass discharge from the break
was approximately 10 percent less for test S01703 than for test S00303. The discharge from ADS-1,
-2, and -3 was stable throughout the accumulator injection and increased temporarily when the
injection ended. “When ADS-4 occurred, the fluid discharge from the top of the pressurizer ended, and
the fluid discharge from ADS-4 began. The ADS-4 fluid discharge was relatively stable and continued
until the end of the test. For ADS-1, -2, and -3 and for ADS-4, the discharged mass for test S01703
was similar to test S00303,

The mass balance results for test SO1703 were calculated based on the water inventory before and after
the test. Table 4.2.3-2 gives a detailed listing of the inventories of water in the various components
before the test. Table 4.2.3-3 lists the inventories after the test and the amount of water injected into
the vessel from the IRWST. The water level in the vessel was determined by the DP-B16P
measurement 1o be | ]“*< above the hot leg centerline at the end of the test.

Table 4.2.3-4 compares the mass balance for the system before and after the test and shows good
agreement between the measurements (1.5 percent difference).
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TABLE 4.2.3-1

SEQUENCE OF EVENTS FOR TEST S01703

Actual Time (Sec.)

Event Specified Instrument Channel
e
Break Opens 0 Z_001BC
Reactor Trip Signal "R" | P = 1800 psia P-027P
MSL IV Closure R Signal 4+ 2s Z_AMMSO, F_A(4S l
Z_BM4SO, F_B(M4S
SCRAM R signal + 5.7s
S Signal P = 1700 psia P-027P

CMT 1V Opening

S Signal + 2s Z_AMMOEC, F-A40E

Z_BO4OEC, F-B4OE

PRHR HX Actuation

S Signal + 2s Z_ARIEC, F_AROE

MFWIV Closure

S signal + 28 Z_B02S0, F_BO1S

Z_A0280, F_A01S

Reactor Coolant Pumps | S signal + 16.2s DP-AOOP
VR DP-BOOP
Accumulators P-027P = 710 psia F_A20E
F_B20E
ADS | CMT Level 67% L_B40E ﬂ
+30s Z_001PC
ADS 2 CMT Level 67% L_B40E
+125s Z_002PC ﬂ
ADS 3 CMT Level 67% L_B40E
+245s Z_003PC
ADS 4 A/B CMT Level 20% L_B40E
+60s Z_004PC, F-040P

IRWST Injection

P-027P = 26 psia F_A60E

F_B60E
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Component

Volume (f1.°)(0)

Net Vol (1t.5)/(0)

Temp (°F)

Relative

TABLE 4.2.3.2 ‘
: WATER INVENTORY BEFORE TEST $01703 1

| Loops

897 i’

897 fr.}

|
]
|
{

(2540 1) (2540 D
| Pressunzer 3371} 187 fi.?
‘ (954 1) (530D
Surge Line 0.34 fr.’ 0.34 1.’
96 G6n L
| Tubular Downcomer | 1.38 ft.’ 1.38 fr.! I
(39.1 1 (39.1 D
| Annular Downcomer + | 0.54 ft.’ 0.54 1.’
| High-Pressure Bypass | (153 1) (153 D
Core Dypass 0.44 £t 044 fr.
(124 1 (124 1)
Lower Plenum 081 fr.! 081 f.
(228 D (228D
Riser 1.64 it} 1.64 fr.*
464 1) 464 1)
Upper Plenum 1.46 ft.’ 1.46 fr.'
4130 4130
Upper Head 1.90 ft.’ 1.90 f.*
(538D (538D
CMT-A 505 fi.} 505 fr.}
(1430 D (143.0 1)
CMT-B 5.05 fi.! 505 .}
(1430 1 (1430 h I
Accumulator-A 5.05 fr. 393 fi.}
(1430 H (11120
Accumulator-B 5.05 fr. 390 f."
(143.0 D (1104 )
IRWST Injection Line | 0.18 ft." 0.18 f.*
(5.1 D0 (5.1 D

TOTAL INVENTORY

IRISEICONIIN DEXGES R |

m
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FABLE 4.2.3-3

WATER INVENTORY AFTER S01703

Water level as measured by DP-BI6P (-0.68 psi) was 19.° 2 in. (478 mm) above hot leg

Component

Volume (ft.Y1)

Net Vol (ft." V(D

Relative
Density

Temp
(°F)

Mass
(lbm)

-

—

Pressurizer

(9% 4 ‘,

0.05 fi
(14 D

Surge Line

(.34 fi

96 D

0.34 fi.’
Y6

Tubular Downcomer

1.38 i
(391 0

1.38 fi
(391 H

Annular Downcomer +
High-Pressure Bypass

0.54 fi
(153 1

.54 f1
(1530

Core Bypass

0.44 ft
(124 1

044 1t
(124 )

Lower Plenum

081 ft

(22.8 1)

OX1 It
(228 D

Riser

1.64 11
464 |)

1.64 fr
(464 )

Upper Plenum

1.46 fi
413D

1.34 fi

y -

(5/ 90D

——

Upper Head

1.90 fi

(S3 X /)

0.0 ft

(00 O

CMT-A

5.05 fi
(143.0 D

(.44 fi

(126 I

P — —

CMT-B

505 fit
(143.0 D

0.25 ft

70D

S -

Accumulator-A

5.05 ft
(1430 )

0.0 f

(00O N

Accumulator-B

5.05 fi
(143.0 O

0.0 ft
(OO0 D

}_..;.
IRWST Imjecuon Line

01X “‘

(5.1 0

0.1% f1
(5.1 0

TOTAL INVENTORY

WATER INJECTED FROM THE IRWST DURING EVENT

IRWST Injection

dP (psi)

Area (in’)

Mass (Ibm)

\-‘(\ ]

7
|
.
1.15 J

1007.5

pak




TABLE 4.2.3-4

MASS BALANCE FOR TEST S01703

| PRIMARY SYSTEM |

Starting Inventory
(ibm)

Ending
Inventory
(lbm)

| Total Primary System

F

H IRWST Injection During Transient

qurcak Catch Tank
ADS-1,-2,-3 Cawch Tank

ADS-4/Steam Generator Catch Tank

TOTAL

H Ending Inventory/Starting Inventory (lbm)

Ending Inventory/Starting Inventory (%)

fab.c)
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The following figures have been intentionally deleted
from this document due to their proprietary nature.
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TEST S01703 PLOT PACKAGE
CHANNEL LIST BY COMPONENT

COMPONENT CHANNEL UNITS PLOT COMMENT
ACCA F_A20E Ibm/sec. 39
ACCA L_A20E ft. 34
ACCB F_B20E Ibm/sec. 39
ACCB L_B20E fr. 34
ADS 1,2, & 3 [F30f1w Ibm/sec. R Flow rate derived from 1F030P
ADS 1,2, & 3 [FO30P Ibm 43 Catch tank
ADS 4 & SG IF40f 1w Ibm/sec. 4 Flow rate derived from 1FO40P
ADS 4 & SG IFO40P Ihin 43 Catch tank
ANNDC DP-A021P psi 24 To coid leg-Al
ANNDC DP-A022P psi 25 To cold leg-A2
ANNDC DP-B021P psi 26 To cold leg-B1
ANNDC DP-B0O22P psi 27 To cold leg-B2
BREAK LINE IFOSf1w Ihm/sec. 4 Flow rate derived from 1F005P
BREAK LINE IFOOSP Ibm 43 Catch tank
CLA DP-AOOIP psi 24 To cold leg-Al
CLA DP-AOO2P psi 25 To cold leg-A2
CLA DP-A0OP psi 22 Pump suction
CLA T-A10P ¥ o i1 Steam generator outlet
CLAI F-AOIP Ibm/sec. 36
CLAI T-AG21PL i i3 Downcomer inlet
CLAI T-Al1P °F 11 Pump outlet
CLA2 F_AO2P Ibm/sec. 36
CLA2 T-A022 g o 13 Downcomer inlet
CLB DP-BOOIP psi 26 To cold leg-B1
CLB DP-BOO2P psi 27 To cold leg-B2
CLB DP-BO9YP psi 23 Pump suction
CLB T-BIGP N 3 12 Steam generator outlet
CLB! F_BOIP Ibm/sec. 36
CLBI T-BO2IPL F 14 Downcomer inlet
CLB] T-B11P “F 12 Pump outlet
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FEST S01703 PLOT PACKAGEF
CHANNEL LIST BY COMPONENT (Cont.)

T
COMPONENT HANNEI UNITS PLOT COMMENT

CLB2 F-BO2P Ibmy/sex

-

CLB2 T-BO22PI f i Downcomer inlet

CMTA F_A40f Ibm/sex

CMTA A40F ft

CMTA Ad01E I . Top (242.25 n.)

MT/ A4031 I 216,75

A405E 191.25 in

A407E 165.75 in

140.25

114.75 in

89.25 .

63.75 in

Adl7E I 318.25 n

A420k Bottom (0 mn.)

B40OE Ibm/sex

B40i

T-B40 1 ) ‘('n.r» (242.25 in.)

I-B403} 216,75

I'-B405}§ i 191.25 m

-B407E 6 165.75 in

B4OWI f 140.25 in

B411E f ) 11475 in

B4131 X9.25 in

B415E I i 63.75 in

T-B4171 18.25

T-B420F Bottom (0 m.)

F-O01A

T-AOOF

T-BOOE

DP-A(4P




TEST S01703 PLOT PACKAGE
CHANNEL LIST BY COMPONENT (Cont.)

COMPONENT CHANNEL UNITS PLOT COMMENT
HLA T-AO3PL v 5 Vertical, near power channel
HLA T-AO3PO “F 5 Horzontal, near power channel
HLA T-AMP °F 5 Near steam generator mlet
HLB DP-B0O4P psi 21
HLB T-BO3PL °F 6 Vertical, near power channel
HLB T-BO3PO s 6 Horizontal, near power channel
HLB T-BO& °F 6 Near steam generator inlet
IRWST F_A60E Ibmi/sec, 40
IRWST F_B60E Ibm/sec. 40
IRWST L_060E fi. 32
IRWST T_061E °F 17 Bottom Tank
IRWST T_062E °F 17 Bottom Tube
IRWST T_062EA °F 17 Bottom Tube
IRWST T_063E F 17 Middle Tube
IRWST T_063EA °F 17 Middle Tube
IRWST T_O64E °F 17 Top Tube
IRWST T_064E(-3) °F 17 Top Tube (average of 3)
IRWST T-065E(-4) °F 17 Top Tank (average of 4)
NRHRA F-AOE psi 42
NRHRB F-BOOE psi 42
PC W_00P kW ]

PC-HB L_000P ft, 30 Heater bundie

PC-HR TWO18P20 F 3 Heater rod

PC-HR TWO18P43 F 3 Heater rod

PC-HR TWO20P87 °F 3 Heater rod

PC-UH T-016P F 4 Upper head

PC-UP L_AI1SP ft. 30 Bottom of upper plenum
PC-UP L_Al6P ft. 31 Top of upper plenum
PC-UP T-015P r 4 Upper plenun

PC_UH L_017p ft. 31 Upper bead

PC_UP L_Al4P ft. 31 Above top of the active fuel
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TEST S01703 PLOT PACKAGE
CHANNEL LIST BY COMPONENT (Cont.)

COMPONENT CHANNEL UNITS PLOT COMMENT
PRHR DP-AS1AE psi 29 Supply line inverted U-tube
PRHR DP-ARIBE psi 29 Supply line inverted U-tube
PRHR DP-ARIE psi 28 Supply line
PRHR DP-AR2E psi 28 Heat exchanger
PRHR DP-AR3E psi 28 Return hine
PRHR F_ABOE Ibm/sec 37 Return line
PRHR T-AS2E *F 19 Inlet
PRHR T-AR3E b 19 Exit
PRZ L_O10P "t 32
PRZ P-027P psia 2
PRZ T-026P b 18 487 in.

SGA DP-A0SP psi 20 Hot side

SGA DP-AO6P pst 20 Hot side

SGA DP-AQ7P psi 22 Cold side

SGA DP-AORP psi 22 Cold side

SGA F_AO1S Ibm/sec. 4] Main SLA feed

S F_A20A Ibm/sec 41 Secondary SLA feed

SGA L_A108 ft. 35 Overall level

SGA P-A04S psia 2 Secondary system

SGA T-A01S F 10 MFW-A

SGA T-AO5P °F 7 Hot side

SGA T-A05S °F 9 | Hot side - riser

SGA T-AOGP °F 7| Hot side

SGA T-AO8P °F il Cold side

SGA TW-A06S ’F 7 Hot side

SGB DP-BOSP psi 21 Hot side

SGB DP-BO6GP psi 21 Hot side

SGB DP-BO7P psi 23 Cold side

SGB DP-BOSP psi 23 Cold side

SGB F_BO1S Ihm/sec. 41 Main SLB feed
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TEST $61703 PLOT PACKAGE
CHANNEL LIST BY COMPONENT (Cont.)

COMPONENT CHANNEL UNITS PLOT COMMENT
SGB F_B20A Ibm/sec. 41 Secondary SLB feed
SGB L_BI10S ft. 35 Overall level
SGB P-B(MS psia 2 Secondary system
SGB T-BOIS °F 10 MFW-B
SGB T-BOSP “F 8 Hot side
SGB T-BOSS °F 9 Hot side - niser
SGB T-BO6P °F L] Hot side
SGB T-BO7P °F 8 U-tube top
SGB T-BOSP °r 12 Cold side
SGB TW-BO6S °F 8 Hot side
sl T-020P °F 18 Surge line near pressurizer
TDC DP-001P psi 25,26 Top
T™C DP-002P psi 24,25,26,27 | Bottom
T™DC T-001PL F 13,14 Top
TDC T-003P F 13,14 Bottom
TSAT-PRZ °F 18 Based on P-027P
UH-TSAT °F 4 Based on P-017P
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WESTINGHOUSE PROPRIETARY CLASS 3

The data plots are found in the proprietary version of this document.
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4.24 Two-ln. Cold Leg Break with Nonsafety Systems (S00504)

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 is the cold leg with the CMT-B pressure balance line
connection. The break location was just downstream from the cold leg to the core makeup tank
(CMT) balance line connection. This test was performed with nonsafety systems, chemical and
volume control system (CVCS) makeup pumps, steam generator startup feedwater (SFW) pumps, and
normal residual heat removal system (NRHR) pumps operating.

Results are provided in the data plot package at the end of this section. The sequence of events for
SO0504 is listed in Table 4.2.4-1.

The following phases were selected for detailed evaluation of this LOCA and are shown in
Figure 4.2.4-1:

e Imtial depressurization phase (IDP)—Point 1 o 2
e Pressure decay phase (PDP)—Point 2 1o 3
*  Automatic depressurization system (ADS) phase—Point 3 o 4

Overall Test Observations

Figure 4.2.4-1 shows facility primary system pressure during test SO0504 (as measured at the top of
the pressurizer) with selected component actuations and plant responses shown in relation to primary
system pressure.

The IDP began with the initiation of the break, which resulted i~. a rapia reduction in pressure. The
reactor trip (R) signal initiated at 1800 psia, and the safety systems actuation (S) signal initiated at
1700 psia. The R and the S signals initiated the following actions:

e Decay power simulation (with heat loss compensation).

* Main steamline isolation valves (MSLIVs) closed.

¢ Main feedwater isolation valve (MFWIV) closed.

* CMT injection line isolation valves opened.

* Passive residual heat removal (PRHR) return line isolation valve opened.
e Reactor coolant pumps (RCPs) turned off,

Recirculation flow through the CMTs and PRHR HX flow began immediately after their isolation
valves opened. Flashing occurred in the rod bundle and upper-upper plenum regions of the power
channel due to the rapid decrease in primary pressure to the fluid saturation pressure. The measured
fluid level dropped to the hot-leg elevation. This flashing on the hot-leg side of the primary system
stopped the rapid drop in primary system pressure. When the RCPs were shut off (at | ]**
seconds), the flow through the rod bundle began to oscillate (with an approximately [ ]“** second
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period). This was observed as oscillations in the rod bundle and upper-plenum collapsed liquid level,
upper-plenum fluid temperature, and system pressure.

During the initial stages of the PDP, the rod bundle steam fraction increased, as evidenced by
decreasing water levels in the lower-upper plenum and the hot legs. Hot leg-B had a steam fraction
very close to that observed at the outlet of the rod bundie. The steam fraction in hot leg-A was much
lower due to the selective removal of steam from the hot leg into the PRHR HX inlet line.

Two-phase flow in the hot legs initiated draining of the steam generator U-tubes, as steam from the
two-phase mixture collected in the top of the U-tubes. This stopped the primary system flow through
the steam generators so that the power channel flow was composed predominantly of the flow through
the PRHR HX. The level oscillations in the rod bundle and in the upper plenum stopped when the
flow through the steam generators siopped. The steam generator U-tubes began to drain at
approximately [ 1*"“ seconds after break initiation.

The two-phase flow through the rod bundie (data plots 30 and 31) entered the hot leg from the lower-
upper plenum and flowed through the PRHR heat exchanger (HX). The two-phase flow through the
PRHR HX, consisting of alternating slugs of steam and water, had an average integrated steam fraction
significantly greater than the mixture in the upper plenum. The average steam fraction at the PRHR
HX inlet was as high as | J**< percent, which enhanced the PRHR HX heat removal from the
primary system, as compared to its heat removal capability with single-phase saturated or subcooled
water. When the primary system flow stabilized after the initial flow oscillations, a PRHR HX heat
removal rate of 142 kW was calculated. This calculation was based on the average steam fraction at
the PRHR HX inlet (as calculated from the dP instrument readings in data plot 29), the average return
flow rate, the inlet and outlet temperatures, and the pressure. This calculation assumes a slip
coefficient of 1 between steam and water and may therefore give slightly lower values than the actual
heat transfer. It should be used only for test-to-iest comparison.

When the loop-B cold legs had partially emptied, the CMTs transitione:: from the recirculation mode
to draindown mode of operation. This increased their injection flow rate and the rate of system
pressure decay. This occurred at approximately | |*"® seconds for CMT-B and [  ]** seconds
for CMT-A. When system pressure dropped to the saturation pressure for the upper head fluid, the
upper head began to drain (at 400 seconds).

During the first [ |*"“ seconds of this LOCA (until ADS-1), | 1“*< Ibm of water were expelled
through the break. This drained the pressurizer, the steam generator U-tubes, the power channel
upper-upper head, most of the cold legs, and approximately [ ]“*“ percent of the CMTs. The heater
rod power had decreased to approximately 240 kW, This rod bundle power consisted of 90 kW of
decay power and 150 kW for facility heat loss compensation. The break flow was decreasing,
indicating that cold leg-B2 was almost empty.
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The ADS phase began with the actuation of ADS-1 at [ |*"® seconds. ADS-2 and -3 occurred
within the next [ ]“*“ seconds. The heat loss compensation was terminated when ADS-1 occurred

and the rod bundle power was reduced to approximately 90 kW.

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

|'*“*< seconds) refilled the rod bundle region, upper-upper plenum, hot legs, and the pressurizer
with subcooled water. When the accumulator discharge ended, the flow through the rod bundle
decreased but included the injection flow from the CMTs, the PRHR HX return flow, and pumped
flow from the CVCS and NRHR. Significant boiling was not detected in the rod bundle for the rest of
the test. The water temperature in the upper-upper plenum did reach saturation temperature and its
water level again decreased to the hot-leg elevation. When the NRHR flow subcooled the rod bundie
and lower-upper plenum, the steam in the upper-upper plenum was condensed and it refilled again.

The mass flow rate through the break decreased after ADS actuation as primary pressure decreased
and cold leg-B2 emptied. Break flow then increased at | |**< seconds when injection flow
suprdied by the CVCS and NRHR refilled the loop-B cold legs. The /RHR HX flow stopped at
apivoximately 1700 seconds. During the ADS phase, approximately 2070 Ibm of subcooled water
were discharged from ADS-1, -2, and -3. This water was supplied primarily by the accumulator
discharge and the continuing CVCS and NRHR flow since the CMT draindown stopped at
approximately | 1" seconds.

Subcooled water was then flowing steadily from the CVCS and NRHR into the downcomer and left
the primary system through ADS-1, -2, -3 and the break. Because the CMTs never drained below
50 percent level, no ADS-4 actuation occurred in SO0504.

This test demonstrated that the rod bundie was fully covered by two-phase mixture until ADS-1
actuation and by single-phase liquid during the rest of the test (data plots 30 and 31). There was no
indication of an increase in heater rod temperatures due to lack of cooling (data plot 3). The operation
of the CVCS and NRHR complimented the capability of the passive safety systems and terminated
draindown of the CMTs preventing ADS-4 actuation.

Key parameters comparing the SO0504 test with other tests are listed in Table 5-1 in Section 5.0.
Discussion of Test Transient Phases
* Initial Depressurization Phase (0 to 170 Seconds)
The initial depressurization phase (IDP) began with the initiation of the break (at time 0) and
continued until primary system pressure reached saturation pressure of the fluid the lower-upper
plenum and the hot legs (Figure 4.2.4-1). This phase included the following events: R signal at

1800 psia (decay power simulation initiated and the MSLIV closed), and S signal at 1700 psia (the
MFWIV closed, the CMT injection line isolation valves opened, and the PRHR heat exchanger
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return line isolation valve opened-—all with a 2-second delay; and RCP coastdown started after a
16.2-second delay). See Table 4.2.4-1

Facility Response During the [DP:

A comparison of the timing of the responses in test SO0504 to the base case LOCA test SO0303
shows that the R and the S signals occurred 1 second later and the RCP trip occurred 2 seconds
later in SOO504. From time O until the K signal, the primary system pressure decreased due to the
expansion of the pressurizer steam volume coused by fluid loss through the break. The pressurizer
partially compensated for the loss of pressure by tiashiag; however, it was drained at [ |*"
seconds (data plot 32). The R (at 57 seconds) and the S (at 67 seconds) signals were based on
pressurizer pressure only. When the R signal occurred, the MSLIV was closed, and the power was
reduced to 20 percent of full power after a 5.75-second delay and began to simulate decay power

after a 14.5-second delay (Table 4.2.4-1)

As a result of the reduction in the power to flow ratio, the rod bundle AT decreased and the

upper-plenum temperature dropped toward the cold-leg temperature of (| |42, System

pressure was controlled at the hot-leg/upper-plenum fluid saturation pressure and decreased to

|“* psia at approximately [ ]“" seconds (Figure 4.2.4-2). When the RCPs were shut off
(at | """ seconds), the rod bundle and the upper-plenum fluid temperatures increased due to the
increased rod bundle power/flow ratio. System pressure increased temporarily until the decreasing
decay power and the decreasing lower-plenum temperature (due to CMT injecting cold fluid into
the downcomer) started reducing the upper-plenum temperature. The primary system pressure
decrease resulted fror the balance between the steam generation rate (from flashing primary fluid),
the volumetric flow of liguid out of the break, and the steam condensation rate of the PRHR HX
Steam was continually being generated by boiling due to the heater power, As sysiem pressure
continued to decrease, more fluid reached its saturation pressure and began to flash. The PRHR
HX flow began before the RCPs were shut off and continued by natural circulation after they were
turned off (data plot 37). Primary system pressure stabilized at the saturation pressure for the bulk
hot fluid in the system (approximately | |**). This ended the IDP.

Pressure Decay Phase (170 to 956 Seconds)

Ihe pressure decay phase (PDP) began when system pressure (Figure 4.2.4-1) reached saturation
pressure for the bulk hot fluid in the system. The phase ended when ADS-1 was opened on low
CMT level and augmented the system depressurization. This phase was characterized by a slow
decrease in overall system pressure and temperature. The rod bundle power was reduced from
340 kW 10 240 kW (data plot 1) during this phase. The PRHR HX provided heat removal at a
rate of approximately 142 kW, and the recirculating CMTs provided an approximately 100-kW

effective heat removal rate from the primary system

The initial CMT natural circulation operating mode was followed by draindown injection when the

B-loop cold legs drained (data plot 38). The U-tubes of the sieam generators were completely

m\apbO\] 625w-2a. non 1 b-040295




drained at this time (data plots 20 through 23) and did not affect the rest of the test. The
accumulator injection was initiated when the primary system pressure dropped below |
psia prior 10 ADS-1 actuation. However, the injection rate was low (less than [ ]“* Ibm/sec.)
due to the small difference between the primary system and accumulator pressures (data plot 39).

]{!.b,m

Facility Response During the PDP:

The system response during the PDP was almost identical to that of test SO0303, with the
exception that ADS-1 occurred | ]“" seconds later in this test SO0504.

The oscillaiing flow that was observed in the tubular downcomer and in the rod bundle following
the RCP coastdown continued into the PDP. The flow oscillations resulted in large oscillations of
the steam fraction of the two-phase mixture exiting the rod bundle and flowing into the hot legs
(data plots 30 and 31). These oscillations in steam fraction had a significant effect on the thermal
buoyancy head that drove the flow through the primary system at this ime. The fluid steam
fraction oscillations were observed through the hot leg and the steam generators (data plots 20 and
21). However, the two-phase mixture entering the steam generators left the steam generators as
saturated water (data plots 24 through 27). Some of the steam was 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). The remaining steam was separated from the two-
phase mixture in the high point of the U-tubes due to the low velocity, which eventually caused
the U-tubes to begin to drain. For steam generator-A, primary system flow continued until 210
seconds into the transient, then intermittent flow was observed through steam generator-A (plots 20
and 22). This was caused by the oscillations in the steam fraction where the buoyancy head in the
hot leg was high enough to spill over the top of the U-tubes at the peaks of the oscillating
buoyancy head. At approximately [  ]“* seconds (| |*>< seconds), all flow through
the steam generators ended since the free-water surface in the U-tubes had fallen too low to be
overcome by the buoyancy head oscillations. These oscillations were seen in temperatures and
pressures throughout the primary system. When the cold-leg side of the steam generator U-tubes
were completely drained (about | 19 seconds), these oscillations stopped.

The primary system pressure decrease during the PDP began at a slow rate of | 1“2 psi/sec.
At approximately [ ]“"“ seconds into the event, the primary system pressure decay rate
increased to | | psi/sec. This happened when the CMTs transitioned from their
recirculation mode of operation to their draindown mode. This transition occurred when the B-
loop cold legs partially drained and the CMT balance lines drained. This resulted ir = higher
CMT injection rate (Figure 4.2.4-1). The increased rate of pressure decay in the primary system
was due to the increased injection rate of the cold liquid from the CMTs (occurred at different
times for the two CMTs).

The CMTs began injecting cold fluid into the annular downcomer [ |*" seconds after the S
signal occurred. Initially, this injection was by natural circulation at approximately 0.12 Ibm/sec.
through each CMT, with hot fluid flowing from the cold leg through the cold-leg balance line
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(CLBL) into the top of the CMT, and cold fluid flowing from the bottom of CMT. Between |
|“*¢ seconds (data plot 38), CMT-A transitioned to draindown mode when cold leg-B2
partially drained and subsequently the cold-leg balance line (CLBL) for CMT-A drained, and a
free-water surface developed in the top of the CMT-A as the level started to drop (data plot 33).
The CMT injection flow, when draindown began, increased to approximately 0.28 Ibm/sec. and
gradually decreased as the CMT level decreased (reducing the driving head). See data plot 38,

For CMT-B the transition from recirculation to draindown occurred at approximately
[ ]*" seconds (earlier than for CMT-A), and its injection flow increased w approximately
[ "™ Ibm/sec. and gradually decreased.

The free-liquid surfaces in the CMTs were established by steam flowing from the cold legs to the
CMTs through the CLBLs. The steam flow from the cold legs condensed in the CMTs and
heated the free-water surface. For CMT-A, the CMT water surface was heated by the stream to
saturation temperature (data plot 15) and flashing could occur as the pressure decreased in the
system.

Both the recirculation and draindown modes of CMT operation established a stable thermal
gradient in the CMT water. The CMT water maintained a stable thermal stratification throughout
its operation.

The accumulators began to inject fluid into annular downcomer via the DVI lines when system
pressure dropped below [ ]*" psia (at approximately |  1*" seconds). However, the
injection rate was very low prior to ADS-1 (data plot 39).

Throughout the PDP, the PRHR removed energy from the primary system. However, the
combined effect of the PRHR cooling the primary fluid and the cold injection flow from the
CVCS and CMTs was sufficient to limit the steam fraction of the two-phase fluid flowing through
the rod bundie and rod bundle cooling was maintained during this phase (data plots 30 and 31).

» Automatic Depressurization System Phase (| ]** Seconds to End Of Test)

The automatic depressurization system (ADS) phase began with the actuation of ADS-1 and
continaed until the end of the transient (Figure 4.2.4-1).

Facility Response During the ADS “hase:

With the actuation of ADS-1, followed by ADS-2 and ADS-3 within approximately

[ ]*" seconds, the rate of system depressurization increased from | " psi/sec. at the end
of the PDP to [ |*" psi/sec. at the start of the ADS phase. This rate gradually decreased as
system pressure decreased.
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The primary system depressurization after ADS actuation resulied in a high rate of water injection
from accumulators-A and -B (data plot 39). The accumulators injected cold water into the primary
system for approximately 500 seconds (from | ]** seconds) and were then
drained. The accumulator injection refiiled and subcooled the rod bundle, lower-upper plenum,
hot-legs, and upper-upper plenum.

When the accumulator delivery was completed, the water level in the annular downcomer only
decreased to approximately | ]** in. below the hot-leg elevation. This level then recovered due
to the NRHR (and CVCS) injection flow (data plot 25). The rod bundle was essentially free from
boiling after the accumulator injection (data plots 30 and 31). However, the upper-upper plenum
reached saturation temperature and its water level dropped temporarily down to the hot-leg nozzie
elevation until subcooled flow through the rod bundie was established and the upper-upper plenum
steam volume was condensed.

The pressurizer immediately began to refill when ADS-1 was actuated and steam and water were
vented from the pressurizer through the ADS (data piot 32). The pressurizer was completely filled
by NRHR (and CVCS) injection. This flow was directed back to the IRWST via the ADS flow
path.

Prior to the ADS phase, liquid left the primary system through the break in the cold leg. With the
actuation of the ADS, liquid also left the system through the ADS from the top of the pressurizer.
The mass flow through the cold-leg break slowed to a lower steady rate when the NRHR (and
CVCS) flow refilled the cold legs (data plot 43) and continued to the end of the test.

* Post-Automatic Depressurization System Phase

Since the NRHR flow stopped CMT draindown at approximately S0 percent level and partially
refilled the CMTs, no ADS-4 occurred in test SO0504. Therefore the post-automatic
depressurization system (post-ADS) phase did not occur, and there was no IRWST injection into
the primary system.

Component Responses
« Power Channel

The response in the power channel during test SO0504 was essentially identical to the reference
test SO0303 from the break initiation until the end of the accumulator discharge at approximately
[ |“* seconds.

The power channel consisted of five volumes: the lower plenum, the heated rod bundie, the
lower-upper plenum below the hot leg, the upper-upper plenum above the hot leg, and the upper
head. When the break occurred, system pressure decreased to the R signal (1800 psia) and the S
signal (1700 psia) actuation pressures. However, since the coolant in the power channel was
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rod bundie power was reduced to 20 percent 5.75 seconds after the R signal. the temperature
gradient across the rod bundle rapidly decreased due to the reduced power/flow ratio (still full
flow), and the power channel outlet temperature dropped toward the lower-plenum inlet
temperature (Figure 4.2.4-2). The upper-upper plenum still contained | ]“* water and began
to flash when system pressure dropped below | |** psia. When the RCPs were shutoff (16.2
seconds after the S signal), the power/flow ratio increased, and the power channel outlet
temperature again increased. The boiling in the rod bundle and the flashing in thz upper plenum
produced sufficient steam to dictate system pressure, and both temperature and pressure increased
momentarily until the upper-upper plenum was drained down to the hot-leg elevation (data plots
30 and 31). The fluid *»mperature in the lower-upper plenum reached a peak and then decreased,
responding to the increased primary system flow through the power channel caused by the
increasing buoyancy head. The hot-leg side of the power charnel stabilized at a temperature of
approximately | J“*“. The pressure was stabilized at the corresponding saturation pressure
(approximately {  ]*" psia) at the end of the IDP.

subcooled relative to system pressure, no boiling or flashing occurred up to this point. When the '

The temperature of the liquid in the lower-upper plenum controlied system pressure during the

PDP (data plot 4). Oscillations with a period of | 1“*< seconds in the tubular downcomer

flow and differential pressure across the rod bundle were observed after the RCPs coasted down.

These oscillations continued until approximately | ]“*° seconds into the transient. These flow

oscillations led to oscillations in the rod bundle steam fraction and, therefore, in the apparent

density of the fluid in the heater bundle, upper plenum, and hot leg. When the flow decreased, .
steam fractions increased, causing an increase of the overall system pressure and in the lower-

upper plenum temperature (Figure 4.2.4-2). The overall system pressure oscillations therefore

were out of phase with the tubular downcomer flow oscillations. Data plots 30 and 31 show the

collapsed liquid levels at various sections of the power channel during test S00504.

The upper head began to drain when system pressure decreased to the saturation pressure for the
water in the upper head. Initially, the upper-head fluid temperature was | |“*< Flashing of
the fluid in the upper head began at approximately [ ]“" seconds, and the upper head drained
completely when ADS-1 occurred at 956 seconds.

The upper-upper plenum (above the hot-leg elevation) flashied when the RCPs were shutoff and
coasted down, and the measured water level dropped to the hot-leg elevation. This level stayed at
the hot-leg elevation until the latter part of the accumulator injection, when the lower-upper
plenum fluid became sufficiently subcooled to temporarily condense the steam bubble in the
upper-upper plenum (see temperatures in data plot 4). When accumulator injection ended, this
level again decreased temporarily to the hot-leg elevation. At | |“* seconds, the upper-upper
plenum was again subcooled and filled with water injected from NRHR until the test was
terminated.

Data plots 30 and 31 show the collapsed levels in the rod bundle section of the power channel ‘
oscillated following the pump coastdown and indicate apparent steam fractions in the bundie
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ranging from 4 percent to 50 percent. The oscillations ended at a maximum rod bundie steam
fraction of 45 percent at approximately 600 seconds. From about |

seconds, the steam fraction at the top of the rod bundle was approximately | |
percent. After ADS actuation, the accumulator injection completely filled the rod bundle. The
amount of subcooling of the lower-upper plenum during the accumulator discharge was greater in
test SOO504 than in SO0303. When the injection ended, single-phase water flow was maintained

through the rod bundie for the rest of the test
Pressurizer

The pressurizer began to drain when the break occurred and was completely drained in
approximately 10 seconds (data plot 32). The water in the pressurizer flashed due to the loss of
system pressure, and the temperature of the water dropped below | |**“ during this initial
depressurization (data plot 18). The hot water exiting the pressurizer surge line into hot leg-A
caused a slight increase in the hot-leg temperature during this period, since it mixed with the flow
from the power channel/upper pienum. The pressurizer stayed drained until ADS occurred. At

this time, it refilled completely and discharged water through the ADS. After accumulator

injection ended, the collapsed liquid level decreased to approximately [ ]“" ft. NRHR (and

CVCS) injection flow gradually refilled the pressurizer with water

Steam Generator

The behavior of the sieam generators in test SO0504 was essentially identical to test S00302 from

break initiation until the steam generator U-tubes were drained

he steam generators acted as the heat sink until the MSLIV closed and prevented further energy
removal from the secondary side. This caused the temperature (and pressure) of the steam
generator secondary side to increase toward the primary system hot-leg temperature

(Figure 4.2.4-2). However, through the IDP and for the first part of the PDP, the pressure on the
primary side of the steam generators U-tubes was higher than the secondary side (data plot 2)
This indicated that some heat transfer from the primary to secondary side was occurring and
causing some condensation of the steam in the two-phase fluid coming from the hot leg. The
primary system pressure did not drop below the steam generator secondary-side pressure until

approximately | **“" seconds into the test, at which time the U-tubes had mostly drained

At the end of the RCP coastdown, flow oscillations began to occur in the tubular downcomer and
through the power channel. This caused significant oscillations in the measured collapsed liquid
level in the rod bundle and, consequently, in the density of the two-phase flow from the rod
bundle into the hot legs and to the steam generators (data plots 20 and 21). Since the driving
force for the natural circulation flow was the density difference between the single-phase fluid in
the cold legs and downcomer entering the power channel and the two-phase mixture in the rod
bundle, upper plenum and the hot legs the flow oscillations were sustained as long as there was

How through the steam generators




The level in the hot-leg side of the steam generator U-tubes gradually dropped to about 1/3 of the
tube height at approximateiy 500 seconds, and they drained completely when ADS-1 was actuated.
The level in the cold-leg side of the steam generator U-tubes exhibited significant level oscillations
from about 200 seconds until they drained completely at approximately [  ]*"“ seconds (data
plots 22 and 23).

Primary system flow through the steam generators stopped at about the same times in this test as
in test S00303, and the hot-leg side of the U-tubes drained at ADS-1 actuation in both tests. Once
the steam generator U-tubes were drained, they remained drained for the rest of the test.

« Hot Legs

Hot legs-A and -B were full of two-phase mixture until ADS-1 was actuated (data plots 20 and
21). Afier ADS-1, hot leg-A partially drained and remained partially drained for the rest of the
test. Hot leg-B drained completely when the accumulator injection ended and then partially
refilled as the NRHR injection refilled the primary system.

The principal difference between hot legs-A and -B was the influence of the PRHR HX on the
steam fraction in the hot legs. The PRHR HX preferentually removed steam from hot leg-A (as
seen in the very high steam fraction of the PRHR HX inlet fluid), thereby reducing the steam
fraction in hot leg-A to less than that in hot leg-B. The hot-leg steam fraction affected the
draindown of the steam generator U-tubes, with steam generator-B draining earlier than steam
generator-A.

« Cold Legs

Cold legs-Al and -A2 remained full until ADS-1 (data plots 22 through 27), when flashing
occurred and their level started to decrease. Accumulator injection refilled the cold legs into the
vertical pipe section at the RCP discharge. After accumulator delivery ended, the level decreased
until the horizontal pipe sections were drained at approximately 1720 seconds and the liquid level
decreased into the annular downcomer (approximately [ **< below the hot-leg elevation
[data plot 24]). When the NRHR (and CVCS) injection refilled the annular downcomer, cold legs-
Al and -A2 horizontal sections were refilled beginning at | ] seconds.

Cold legs-B1 and -B2 remained full uat' | 1“*° seconds into the event. At this time, both cold
legs-B1 and -B2 drained and CMT gravity i jection started. Cold leg-B2 (where the simulated
break was located) drained prior to cold leg-B1, as evidenced by CMT-B switching to draindown
mode before CMT-A1A. Cold legs-B1 and -B2 started to refill at | |*" seconds and steady
liquid flow out the break was restored. After | | seconds, the cold leg to CMT balance
lines were partially filled.
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* PRHR

The initial PRHR operation in test SO0504 was similar to S00303. Also, as was observed in
S00303, the PRHR HX flow decreased after the accumulation injection refiled the power channel
and hot leg with subcooled water. However, due to the continued subcooled flow through the
power channel provided by NRHR (and CVCS) injection and the resulting lack of thermal
buoyancy or two-phase flow ariving head, PRHR HX flow did not resume.

At the initiation of the test, the PRHR HX was filled with subcooled liquid. When the S signal
occurred, the PRHR return line isolation valve opened, and 2 high rate of flow started through the
PRHR HX due to the still operating RCPs. When the RCPs were chut off and the upper plenum
and the hot leg filled with two-phase fluid, a large portion of the steam in hot leg-A flowed to the
PRHR HX (void fraction is 80 to 95 percent based on data plot 29). The two-phase mixture,
consisting of alternating slugs of steam and water, was condensed and subcooled in the PRHR HX
(data plot 28). During the PDP (prior to ADS-1), a significant variation in the flow through the
PRHR was caused by the variation in the steam fraction of the fluid in hot leg-A. The
condensation process observed in the PRHR HX resulted in the rapid and wide variations in
differential pressure (dP) measurements shown in data plots 28, 29, and 37.

After ADS was initiated, the power channel and the hot leg were refilled with subcoaled liguid by
the cold accumulators injection flow. The driving head for the flow in the PRHR HX decreased
(caused by the loss of density difference between the fluid in the PRHR supply line and the return
line). The flow decreased and stopped at approximately | 14* seconds, and no flow through
the PRHR HX occurred for the rest of the test.

The PRHR heat exchanger was submerged in the IRWST and a heatup of the water within the
IRWST is shown in data plot 17. Since ADS-4 never occurred in SO0S04, there was no injection
of water from the IRWST into the primary system.

¢  Core Makeup Tanks (CMTs)

The CMT injection was initiated two seconds after the S signal by opening the CMT injection line
isolation valves. Initially, the flow from the CMT was by natural circulation, with kot water from
the cold leg-B flowing through the CLBL to the top of the CMTs and cold water from the CMTs

flowing into the downcomer and into the power channel.

When cold legs-B1 and -B2 voided, steam flowed through the CLBL to the top of the CMTs,
This resulted in a free-water surface in the CMTs (ending CMT recirculation). The presence of
steam in the CLBL increased the driving head for CMT injection. Therefore, the transition of the
CMTs from their recirculation mode to their draindown modc was accompanied by an increase in
CMT injection flow rate. For this test, the break was located in cold leg-B2 and resulted in cold
leg-B2 draining before -B1. Since the CMT-B halance line was connected to cold leg-B2, the
transition to draindown injection flow occurred earlier for CMT-B than for CMT-A (data plot 38).
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The CMTs were heated first by the hot liquid from the cold legs, which replaced the cold water
being injected from the bottom of the CMT CLBL. A stratified temperature gradient was
established in the CMTs (data plots 15 and 16), where the water at the top of the CMT was hot
while lower water remained cold. As the CMT recirculation continued, the depth of the hot water
provided from the cold legs increased. The temperature stratification appeared stable; however,

the temperature of the leading, lower layer of heated water decreased since it must heat the cold

CMT surfaces it contacts. Later steam from the cold legs condensed on the free-water and metal
surfaces in the upper part of the CMTs. The free-water surface increased to or near the saturation

temperature

The recirculation flow through the CMTs started at approximately | |'**< for CMT-A and
[**<" Ibm/sec. for CMT-B. The draindown injection started at | |'“*< 1bm/sec. and
gradually decreased with time. During the last half of the accumulator injection, CMT draindown

stopped. The CMTs started to refill at approximately | |'** seconds (data plot 33)
Accumulators

The accumulators provided water injection by a polytropic expansion of a compressed air volume
stored within the accumulator. Water from the accumulators was injected when the primary
system pressure drops below | |“*“" psia. The accumulator injection started before ADS-1 at a
very low flow rate. However, when ADS-1 occurred and primary system pressure was reduced,
the injection rate increased (data plot 39). The accumulator injection for the SO0S04 test continued
approximately | |**<" seconds, and the accumulators were completely drained when their

injection ended (data plot 34)

Mass Discharge and Mass Balance
e caich tank weight measurements are shown in data plot 43 for the break flow and for ADS-1, -2,

and -3 flows

e break flow decreased as system pressure dropped during the IDP and the PDP. When ADS
occurred, cold leg-B2 temporarily drained and steam was discharged from the break until the NRHR

(and CVCS) injection flow refilled the cold leg

The discharge from ADS-1, -2, and -3 was high throughout the accumulator injection and decreased
when accumalator injection #nded to a lower but steady flow dictated by CVCS and NRHR injection

flow

I'he mass balance results for test SO0S04 were calculated based on water inventory before and after the
test. Table 4.2.4-2 gives a detailed listing of the inventories of water in the various components before
the test. Table 4.2.4-3 lists the inventories after the event and the amount of water injected into the

vessel from the CVCS and the NRHR. The water level in the vessel was determined by the DP-B16P

ak

measurement to be above the hot-leg centerline at the end of the test
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indicate 5.9 percent more water after the event than can be accounted for. This was most likely due to
the uncertainty of integrating the flow rate from CVCS and NRHR.

. Table 4.2.4-4 compares the mass baiance for the system before and after the test. The results
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TABLE 4.2.4-1
SEQUENCE OF EVENTS FOR TEST S005064

Specified

Instrument Channel

0

F

P = 1800 psia

P-027P

R signal + 2 sec.

Z_A04SC, F_A04S

Z_B04SC, F_B04S

S Signal P = 1700 psia P-027P

MFW-1V Closure S signal + 2 sec. Z_B02SC, F_B01S
Z_A028C, F_A01S

CMT-IV Opening S signal + 2 sec. Z_AMUEC, F-A40E

Z_BO40EC, F-B40E

RCPs Tripped

S signal + 16.2 sec.

I-A1P, S-A1P

I-BIP, S-BiP

PRHR Heat Exc + per
Actuation

S signal + 2 sec,

Z_ARIEC, F_ABOEG

AHecumulators P-027P = 700 psia F_A20EG
F_B20EG
ADS-1 CMT level 67% L_B40E
+30 sec. Z_001PC
ADS-2 CMT level 7% L_B40E
+125 sec. Z_002PC
ADS-3 CMT level 67% L_B40E
+245 sec. Z_003PC
ADS 4 CMT level 20% L_B40E
+tn) sec. Z_(K4PC, F-040P
IRWST 'ajection P-027P = 26 psia F_A60EG

F_B60EG

| CVCS On

S signal +
PR level 10%

L-010P

| NRHR On

P = 160 psia

P-027P

| SFW Siop

TCL = 547°F or
SG level = 69 fi.

L-A208/L-B20S

| SFW Imection

S

F-A20A/F-B20A
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TABLE 4242

WATER INVENTORY BEFCKE TEST §0504

Temp (°F)

Volume Met Vol
(L) (P
897 f’ gore | [
(2540 D (2540 D
| Pressurizer 3.37 f1.} 196 ft.}
| (95.4 1) (55.6 )
| Surge Line 0.34 0.34 1t
9610 96D
Tubular Downcomer 1.38 f. 1.38 ft.}
(39.1 1 (39.1 0
Annular Downcomer + (.54 fr.’ 0.54 1.’
High-Pressure Bypass (1530 (1530
Core Bypass 0.44 1’ 044 1’
(124 D (124 D
Lower Plenum 081 f.* 081 fr
(2281 (2281
Riser 1.64 fr’ 1.64 ft.}
464 D 464 )
Upper Plenum 1.46 1} 1.46 ft.’
413D @130
Upper Head 1.90 f1.° 1.90 1
(5380 (538D
CMTs 101 f.} 10.1 fi.}
(286.0 D (286.0 D
Accumulator 10.1 ' 7.73 f.}
(286.0 ) 2199 0
IRWST Imjection Line 0.18 fi.’ 0.18 fi
(5.10 (5.1 0

TOTAL INVENTORY

(abc)

mAaphA 625w 2a. 000 | b-O40264
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WATER INVENTORY AFTER TEST S00504 WAS COMPLETED

TABLE 4.24-3

Water level as measured by DP-B16P (0.67 psi) was 19.04 in. (476 mm) above Hot Leg

Component Volume Net Vol Temp Relative Mass (ibm)
Y1) .y °F) Density
| Loops 897 fu.3 75300 | [
| (2540 b (21330
Pressurizer 3374’ 3371}
(954 ) (954 )
Surge Lane 0.34 1} 034 f
I 96 96
Tubular Downcomer 1.38 fi. 1.38 fr.
(39.1 0 (39.1 {
Annular Downcomer 0.54 .’ 0.54 fi.!
+ High-Pressure (153D (153 )
Bypass
Core Bypass 0.44 ft 044 it}
(124 D (124 )
Lower Plenum 0.81 ft." 081 it
(228 0 (228D
Riser 1.64 1t 1.64 it
(464 ) (464 |)
Upper Plenum 146 f 1.32 i}
413D 373 D
Upper Head 1.90 i} 0.0t}
(538D 0on
CMT-A 5.05 i} 396 i}
(1430 D (113.1 D0
CMT-B 5051} 3.89 it}
(1430 D (1101 0
Accumulator 10.1 1.} 00 f}
(2860 ) 00D
IRWST Injection Line 018 fi.! 0.18 1t}
(510 (5.10

TOTAL
INVENTORY

(abc)
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TABLE 4.2.4-3 (Cont.)

WATER INVENTORY AFTER TEST 500504 WAS COMPLETED
Water level as measured by DP-B16P (-0.67 psi) was 19.04 in. (475 mm) above Hot Leg

WATER INJECTED DURING EVENT

l CVCS Imection

NRHR Imection - A

NRHR Imecuon - B

NRHR Total

(ab.c)

m \apbO 1 625w-2a nos 1b- (40205
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TABLE 4.2.44

MASS BALANCE FOR TEST S00504

(Ibm)

Ending Inventory

— —

| Total Primary System

abo)

l_(f‘V(‘S Injection

I RNRHR Injection

I BREAK

ADS-1, -2, -3

ADS-4

TOTAL

Ending Inveutory/Starung Inventory (Ibm)

Ending Inventory/Starting Inventory (%) I
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The following figures have been intentionally deleted
from this document due to their proprietary nature.
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TEST S00504 PLOT PACKAGE

CHANNEL LIST BY COMPONENT

COMPONENT | CHANNEL UNITS PLOT COMMENT
ACCA F_A20E Ibm/sec. 39
ACCA L_A20E ft. 34
ACCB F_B20E Ibm/sec 39
ACCB L_B20E ft 34
ADS 1,2, & 3 IF30flw Ibm/sec R Flow rate derived from IFO30P
ADS 1,2, & 3 IFO30P Ihm 43 Catch tank
ADS 4 & SG [F40flw Ibm/sec R Flow rate derived from [FO40P
ADS 4 & SG IFO40P Ibm 43 Catch tank
ANN DC DP-AOZ1P psi 24 To cold leg-Al
ANN DC DP-A022P psi 25 To cold leg-A2
ANN DC DP-BO21P psi 26 To cold leg-B1
ANN DC DP-B0O22P psi 27 To cold leg-B2
BREAK LINE IFOSflw Ibm/sec R Flow rate derived from IFOOSP
BREAK LINE IFOOSP Ibm 43 Catch tank
CLA DP-AOO1P psi 24 To cold leg-Al
CLA DP-AOO2P psi 25 To cold leg-A2
CLA DP-A(MP psi 22 Pump suction
CLA T-A10P o 11 Steam generator outlet
CLAI F_AO0IP Ibm/sec. 36
CLAI T-AO21PL F 13 Downcomer inlet
CLAI T-A11P F 11 Pump outlet
CLA2 F_AO2P Ibm/sec. 36
CLA2 T-AO022PL g 13 Downcomer inlet
CLB DP-BOOIP psi 26 To cold leg-B1
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TEST S00504 PLOT PACKAGE
CHANNEL LIST BY COMPONENT (Cont.)

COMPONENT | CHANNEL UNITS PLOT COMMENT
CLB DP-BOO2P psi 27 To cold leg-B2
CLB DP-BOSP psi 23 Pump suction
CLB T-B1OP T 12 Steam generator outlet
CLBI F_BO1P Ibm/sec. 36
CLBI1 T-BO21PL y 14 Downcomer iniet
CLBI T-B11P e 12 Pump outlet
CLB2 F_BO2P Ibm/sec. 36
CLB2 T_B022PL K 14 Downcomer inlet
CMTA F__AM)E Ibm/sec. 3K
CMTA A0E ft. 33
CMTA T-A401E N o 15 Top (242.25 in.)
CMTA T-A403E i 15 216.75 in.
CMTA T-A40SE F 15 191.25 in.
CMTA T-A407E ‘F 15 165.75 in.
CMTA T-A4WE r 15 140.25 in.
CMTA T-A411E F 15 114.75 in.
CMTA T-A413E F 15 89.25 in.

y(‘MTA T-A415E ¥ 15 63.75 in.
‘(',‘MTA T-A417E . o 15 38.25 in.
CMTA T-A420E F 15 Bottom (0 in.)
CMTB F_B40OE Ibm/sec. 38
CMTB L_B40E ft. 33
CMTB T-B401E* F 16 Top (242.25 in.)
CMTB T-B403E* v 16 216.75 i,
CMTB T-B40OSE* ¥ 16 191.25 in.
CMTB T-B40O7E* 5 16 165.75 in.
CMTB T-B4OVE* F 16 140.25 in,
CMTRB T-B411E* 3 16 11475 in.
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TEST S00504 PLOT PACKAGE

CHANNEL LIST BY COMPONENT (Cont.)

COMPONENT | CHANNEL UNITS PLOT COMMENT
CMTB T-B413E* F 16 £9.25 in.
CMTB T-B415E* °F 16 63.75 in.
CMTB T-B417E* F 16 38.25 in.
CMTB T-B420E* . 3 16 Botiom (0 in.)
CVCS F_001AG Ibm/sec 42
DVIA T-A0OE F 13
DV T-BOOE i 3 14
HL A DP-AO4P psi 20
HLA T-AO3PL 4 3 S Vertical, near power channel
HLA T-AO03PO X o 5 Horizontal, near power channel
HLA T-AO4P b 5 Near steam generator inlet
HLB DP-B(MP psi 21
HLB T-BO3PL v i 6 Vertical, near power channel
HLB T-BO3PO i id 6 Horizontal, near power channel
HLB T-B4P b 6 Near steam generator inlet
IRWST F_A60E Ibm/sec. 40
IRWST F_B60E Ibm/sec. 40
IRWST L_060E ft 32
IRWST T-061E F 17 Bottom
IRWST T-062E F 17 Below middle
IRWST T-063E F 17 Middie
IRWST T-064E F 17 Above middle
IRWST T-065E F 17 Top
NRHRA F_AOOE Ibmvsec 42
NRHRB F_BOOE Ibm/sec 42
PC W_00p kW 1
PC-HB L_000P ft 30 Heater bundle
PC-HR TWOIRP20 °F 3 Heater rod -
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TEST S00504 PLOT PACKAGE

CHANNEL LIST BY COMPONENT (Cont.)

COMPONENT | CHANNEL UNITS PLOT COMMENT
PC-HR TWOIRP4R r 3 Heater rod
PC-HR TWO20P87  J 3 Heater rod
PC-UH T-016P F 4 Upper head
PC-UP L_AIlSP ft. 30 Bottom of the upper plenum
PC-UP L_Al6P ft. 31 Top of the upper plenum
PC-UP T-015P & 4 Upper plenum
PC-UH L_017p ft. 3 Upper head
PC-UP L_Al4pP ft. 31 Above top of the heated length
PRHR DP-AB1AE psi 29 Supply line inverted U-tube
PRHR DP-AR1BE psi 29 Supply line inverted U-tube
PRHR DP-ARIE psi 28 Supply line
PRHR DP-AX2E psi 28 Heat exchanger
PRHR DP-AB3E psi 28 Return line
PRHR F_AROE Ibm/sec 37 Return line
PRHR T-AR2E °F 19 Inlet
PRHR T-ARZE X i 19 Exit
PRZ L_010P ft. 32
PRZ P-027p psia 2
PRZ T-026P F I8 Al top
SGA DP-AOSP psi 20 Hot side
SGA DP-AO6P psi 20 Hot side
SGA DP-AO7P psi 22 Cold side
SGA DP-AO8P psi 22 Cold side
SGA F_A01S Ibm/sec 4]
SGA F_A20A Ibm/sec A
SGA L_A10S ft. 35 Overall level
SGA P-A(4S psia 2 Secondary system
SGA T-A01S °F 10 MFW-A
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TEST 5005064 PLOT PACKAGE
CHANNEL LIST BY COMPONENT

(Cont.)

T

UNITS

PLOT

COMMENI

SGA T-AQSP
Brnsm

I

Hot side

SGA

Al 15§

Hot side

t SGA AO6P

Hot side

SGA

AP

Cold side

T'W-AD6S

Hot side

DP-BOSP

Hot side

| DP-BO6P

Hot side

f l)’r H( )1“)

['v\l

Cold side

{ DP-BOXP

P\]

Cold side

BO1S

Ibm/sec

B20A

Ibm/sec

L B10S

Overall level

P-BO4S

Secondary system

I-BO1S

MFW-B

I-BOSP

@ |
=

|
|
{

H‘ 1 side

| T-BOSS

s

|
!
]
|
|
|

Hot side - riser

I-BO6P

}{' it side

I-BO7P

U-tube top

[-BOXP

side

TW-BO6S

’ —

Hot side

-020pP

e —

|
{

SUrge 1ne near pressurizer

| DP-001P

—,—,——— —L-~—4>_ ——

l.);s

—4

DP-OO2F

Bottom

T-001PI

'[u;:

X3P

Bottom

I'SAT-PRZ

|
|

Based on P-027P

— 4_*_ —

| Based on P-0O17P

3 temperature

channels




WESTINGHOUSE PROPRIETARY CLASS 3

The data plots are found in the proprietary version of this document.
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4.2.5 One-In. Cold-Leg Break without Nonsafety Systems (S00401)

This matrix test simulated a 1-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 just downstream from the cold leg to the core makeup tank
(CMT) balance line connection. This test was performed without any nonsafety systems (chemical
and volume control systera [CVCS| makeup pumps, steam generator startup feedwater [SFW| pumps,
and normal residual heat removal system [NRHR] pumps) operating. Results are provided in the data
plot package at the end of this section. The sequence of events for SO0401 is listed in Table 4.2.5-1.

Loss-of-coolant accident (LOCA) events in the AP600 SPES-2 tests were marked by distinctly
different phases. These phases were characterized by the rate at which the primary system pressure
decreased and the thermal-hydraulic phenomena occurring within the primary and safety systems. The
diftzrent phases selected for the purpose of detailed evaluation of this LOCA are shown in

Figure 4.2.5-1 and are as follows:

e Initial depressurization phase (IDP)—Point 1 to 2

¢ Pressure decay phase (PDP)—Point 2 to 3

* Automatic depressurization system (ADS) phase—Point 3 1o 4

¢ Post-automatic depressurization system (post-ADS) phase—Point 4 to §

Overall Test Observations

Figure 4.2.5-1 shows the plant primary system pressure during test SO0401 (as measured at the top of
the pressurizer), with selected component actuations and plant responses shown in relation to primary
system pressure.

The IDP began with the initiation of the break, which resulted in a rapid reduction in pressure. The
reactor trip (R) signal initiated at 1800 psia. The safety systems actuation (S) signal initiated at
1700 psia. The R and the S signals initiated the following actions:

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

*  Main steamline isolation valves (MSLIVs) closed.

*  Main feedwater isolation valves (MFWIVs) closed.

e CMT injection line isolation valves opened.

* Passive residual heat removal (PRHR) return line isolation valve opened.
* Reactor coolant pumps (RCPs) - topped running.

Recirculation flow through the CMTs and flow through the PRHR heat exchanger (HX) began
immediately afier their isolation valves opened. Flashing/boiling occurred in the rod bundle and
upper-pienum regions of the power channel due to the rapid decrease in primary pressure to the fluid
saturation pressure. The measured fluid ievel in the upper-upper plenum decreased to the hot-leg
clevation. The flashing on the hot-leg side of the primary system stopped the rapid drop in primary
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system pressure, When the RCPs were shut off (at [ ]*" seconds), the flow through the rod
bundle began to oscillate (with a | |**“.gecond period). This resulted in oscillations in the
rod bundle and lower-upper plenum collapsed liquid level and fluid temperature, and system pressure.

During the initial stages of the PDP, the roa bundie collapsed liquid level decreased (fluid steam
fraction increased). This caused an increasing steam fraction in the upper plenum and the hot legs.
The hot leg-B fluid had a steam fraction close to that observed in the upper plenum. The steam
fraction in hot leg-A was lower due to the selective removal of vapor from the hot leg into the PRHR
HX ialet line.

Two-phase flow in the hot legs initiated draining of the steam generator U-tubes, as sicam from the
two-phase mixture collected in the top of the U-tubes. This stopped the primary system flow through
the steam generators so that the power channel flow was composed predominantly of the flow through
the PRHR HX. The steam fraction oscillations observed in the rod bundle and in the upper plenum
ended when the steam generator U-tubes drained. Approximately [ ]“" seconds into the test, the
steam generator-B U-tubes began to drain. The steam generator-A U-tubes began to drain,
approximately [ |*" seconds later due to the lower fluid steam fraction in hot leg-A.

Due to boiling in the rod bundie (data plots 30 and 31), two-phase flow entered the hot leg from the
upper plenum and flowed through the PRHR HX. The flow into the PRHR HX consisted of
intermittent periods of saturated water and steam which had an average steam fraction significantly
greater than the fluid in the upper plenum. The average steam fraction at the PRHR HX inlet was as
high as | |“*< percent. which enhanced the PRHR HX heat transfer from the primary system,
as compared 1o its heat removal capability with single-phase saturated or subcooled water. When the
primary system flow stabilized after the initial flow oscillatons, a PRHR HX heat removal rate of

[ ]"" kW was calculated. This calculation was based on the steam fraction at the PRHR HX inlet
(as calculated from the dP instrument readings in data plot 29), the averaged return flow rate, the HX
inlet and outlet temperatures, and the pressure. This calculation, which assumes a slip coefficient of 1
between water and steam, may be lower than the actual heat transfer and should only be used for test-
to-test comparison.

When the primary system pressure decreased to the saturation pressure for the fluid in the upper head,
it began to drain (at [ |*" seconds).

When the loop-B cold legs had partially emptied, the CMTs transitioned from their recirculation mode
of operation to an intermittent draindown mode of operation. This began at approximately
| |“* seconds for CMT-B and | 1" seconds for CMT-A.

During the first | |*“*" seconds of this test (until ADS-1), [ 1“** Ibm of water were expelled
through the break draining the: the pressurizer, the steam generator U-tubes, the power channel upper
head, the power channel upper plenum above the hot ieg, most of the cold legs, and approximately

[ 1*" percent of the CMTs. The hea ‘s that simulate the AP600 core decay heat reduced
power 1o approximately 240 kW at | ="' seconds. This value consisted of 90-kW of decay heat
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and 150-kW of heat loss compensation. The mass flow rate out of the break was decreasing,
indicating that cold leg-B2 was almost empty.

The ADS phase began with the actuation of ADS-1 (at approximately | ]“* seconds). ADS-2
and -3 occurred within the next | |“* seconds. The heat loss compensation was removed from the
rod bundle power decay simulation when ADS-1 occurred, reducing the rod bundle power to
approximately 90 kW.

The ADS actuation increased the rate of primary system depressurization and resulted in high
injection flow from the accumulators. The rapid injection of cold water from the accumulators (from
| |“*“ seconds) and the CMT injection flow refilled the power channel/upper plenum, the
horizontal portion of the hot legs, and the pressurizer. When the accumulator discharge ended, the
flow through the heater bundle decreased to the injection rate of the CMTs and the PRHR HX flow,
and two-phase flow occurred again the heater bundle, hot leg-A, the PRHR HX, and into the
pressurizer. The rod bundle steam fraction continued to increase (collapsed liquid level decreased)
until after ADS-4 was actuated.

The mass flow rate through the break decreased sharply at approximately | ]2 seconds,
indicating that cold leg-B2 emptied and that the break flow was steam. During the ADS phase,
approximately [ ]“* Ibm of subcooled water were discharged from ADS-1, -2, and -3.

The post-ADS period began when ADS-4 actuated. ADS-4 occurred at | |“*< seconds, the fluid
discharge through ADS-1, -2, and -3 stopped, and the pressurizer water drained back into hot leg-A.

A small amount of CMT flow continued into the downcomer via the direct vessel injection (DVI) line.
When the primary system pressure decreased below the pressure corresponding to the water elevation
head of the IRWST, flow from the IRWST began. Shortly thereafter, the CMT flow ended. The flow
from the IRWST gradually refilled and subcooled the power channel, restored single-phase water flow
through the rod bundie, and partially refilled the upper-upper plenum. The PRHR HX supply line
partially emptied at approximately | ]**¢ seconds and the PRHR HX was no longer effective. A
steady flow of subcooled water was established from the IRWST into the downcomer, through the
power channel, and left the primary system through the ADS-4 flow paths.

This test demonstrated that the heater bundle was fully covered by a single- or two-phase fluid at all
times (data plots 30 and 31). There was no indication of heater rod temperature increase due to lack
of cooling (data plot 3). Key parameters comparing the SO0401 test with other tests are listed in
Table 5-1 in Section 5.0.

Discussion of Test Transient Phases

* initial Depressurization Phase (0 to [ ]*" Seconds)

The initial depressurization phase (IDP) began with the initiation of the break (at time () and
ended when the primary system pressure reached the saturation pressure of the fluid in the
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lower-upper plenum and the hot legs (Figure 4.2.5-1). This phase inciuded the following events:

R signal at 1800 psia (decay power simulation initiated and the MSIV closed), and S signal at .
1700 psia (the MFWIV closed, the CMT injection line isolation valves opened, and the PRHR heat

exchanger return line isolation valve opened—all with a 2-second delay, and RCP coastdown

started after a 16.2-second delay). See Table 4.2.5-1.

Facility Response during the IDP:

From time O until the R signal occurred, the primary system pressure decreased due to the
expansion of the pressurizer steam volume caused by fluid loss through the break. The pressurizer
partially compensated for the loss of pressure by flashing; however, it was drained after

[ 1*" seconds (data plot 32). The R (at [ |“"” seconds) and the S (at [ ]“" seconds)
signals were based on pressurizer pressure only. When the R signal occurred, the MSLIV closed
and the power was reduced to 20 percent of full power after a 5.75-second delay and began to
decay after a 14.5-second delay.

As a result of the power reduction without flow reduction, the rod bundle AT decreased due to the
low power/flow ratio and the lower-upper plenum temperature dropped toward the cold-leg
temperature. At the same time, the primary system pressure had decreased 1o | **< psia

(the saturation pressure of the [ ]**< water in the upper-upper plenum), and the upper-

upper plenum began to flash and rapidly drain. System pressure decreased to approximately

[ J*“* psia at [ ]*" seconds. At this time, the pressurizer was drained, but primary .
system pressure was still dictated by the temperature of the saturated vapor in the pressurizer
(about [ ]*"“°F) and the fluid in the surge line. When the RCPs tripped (at [ )** seconds),
the rod bundle and upper-plenum fluid temperatures increased due to the increased power/flow
ratio at the lower flow. System pressure increased temporarily until the decreasing rod bundle
decay power and the decreasing lower-plenum temperature (due to the CMTs injecting cold water
into the downcomer) began to reduce the lower-upper plenum fluid temperature. The decrease in
primary system pressure resulted from the balance between the steam generation rate (from
flashing primary fluid), the volumetric flow of liquid out of the break, and the steam condensation
occurring in the PRHR HX. Steam was continually generated by boiling due to the heater power.
As system pressure continued to decrease, more fluid reached its saturation pressure and flashed.
The PRHR HX flow started before the RCPs were tripped and then continued by natural
circulation (data plot 37). Primary system pressure stabilized at saturation pressure for the bulk
hot fluid in the primary system (approximately [ |*"“°F), as shown in Figure 4.2.5-1. This
ended the IDP.

*  Pressure Decay Phase (400 to 4600 Seconds)

The pressure decay phase (PDP) began when system pressure (Figure 4.2.5-2) reached saturation

pressure for the bulk hot fluid in the primary system. This phase ended when ADS-1 opened on

low CMT level (at approxim~tely | |“* seconds) and augmented the system depressurization. .
This phase was characterized by a slow decrease in overall system pressure and temperature. The
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rod bundle power (decay power plus heat loss compensation) was reduced from 330 kW to

240 kW (data plot 1). At  ]“* seconds (rod bundle power was about 250 kW), the PRHR
HX heat removal rate was approximately [ ]“"“ kW. The recirculating CMTs provided
approximately [ ]“*“-kW effective heat removal from the primary system at this time. This heat
removal plus energy lost through the break and the facility heat losses exceeded the rod bundle
heai input to the primary system,

The initial CMT natural circulaticn operating mode was followed by draindown injection when the
loop-B cold legs drained (data plot 38). The U-tubes of the steam generators had completely
drained at this time (data plots 20 through 23) and had no effect on the rest of the test.
Accumulator injection was initiated when the primary system pressure dropped below 711 psia (at
approximately | ]“*< seconds) prior to ADS-1 actuation; however, the injection rate was low
(less than | |“*<" Ibm/sec.) due to the small difference beiween system pressure and
accumulator gas pressure (data plot 39),

Facility Response during the PDP:

The oscillating flow in the primary system that began after the RCPs were shutoff continued into
the PDP. These flow oscillations resulted in wide variations in the steam fraction of the two-phase
mixture exiting the rod bundie and flowing in' the hot legs (data plots 30 and 31). These
oscillations in steam fraction had a significant effect on the thermal buoyancy head that drove the
flow in the primary system at this time, since it affected the two-phase flow density. These steam
fraction oscillations were observed through the hot leg and the steam generators (data plots 20

and 21). However, the steam fraction oscillations were converted to flow oscillations in the cold
legs since the two-phase mixture entering the steam generators left the steam generators as
saturated water (data plots 24 through 27). Some of the steam was condensed in the steam
generator 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). The remuining steam was
separated from the two-phase mixture in the high point of the U-tubes (due to i>w velocity)
eventually causing the U-tubes 10 begin to drain, and a free-water surface appeare J at the top of
the U-tubes (plots 20 and 22). At | | seconds, all flow through steam gererator-A stopped,
since the free-water surface in the U-tubes had fallen 100 low to be overcome %y the buoyancy
head steam fraction oscillations. The oscillations were seen in temperatures and pressures
throughout the primary system. When the steam generator U-tubes drained, these oscillations
stopped. The steam generator-B U-tubes drained earlier than for steam generator-A due to the
higher steam fraction in the fluid from hot leg-B.

The primary system pressure decay during the PDP began at a slow rate (| |“*< psi/sec.). At
approximately | |“* seconds, the primary system pressure decay rate increased to | e
psi/sec., (Figure 4.2.5-1). This happened when the CMTs transitioned from their recirculation

mode 1o their draindown mode of operation. This transition occurred when the steam generator U-
tubes on the cold-leg side drained and the B-loop cold legs partially drained, allowing the cold leg
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1o CMT balance lines to drain. The increased rate of pressure decay was due to the increased
injection rate of the cold liquid from the CMTs, .

The CMTs began injecting cold fluid into the annular downcomer via the DVI lines when the

S signal occurred. Initially, this injection from each CMT was driven by natural circulation (at
approximately | |“* Ibm/sec.), with hot fluid flowing from the cold leg through the cold-leg
balance line (CLBL) into the top of the CMT, replacing the cold fluid flowing from the bottom of
the CMT. The CMT natural circulation flow rate slowed to | 14" Ibm/sec. at

[ |“*“ seconds as the CMT filled with hot water and the cold-leg fluid temperature decreased,
reducing the natural circulation driving head. When the loop-B cold legs were partially drained at
about | |“*“ seconds, the CLBLs of both CMTs drained, and the CMTs transitioned to their
draindown mode. For this 1-in. LOCA, the break flow at this time was less than the nominal
CMT draindown injection flow rate from the two CMTs. Therefore, when a free-water surface
developed in the top of each CMT and the injection flow rate increased significandy, the cold-leg
walter level apparently increased. This blocked the path for steam to enter the balance lines and
they refilled with water. This caused the CMT injection to consist of intermittent short periods of
draindown, alternating with short periods of refill with water from the cold legs (data plot 38).
This resulted in a slow net drop of the CMT level. Complete transition to draindown occurred
carlier in CMT-B than in CMT-A. The free-liquid surfaces in the CMTs were apparently
established by both flashing of the water in the CLBLs and steam flowing to the CMTs from the
cold legs.

The steam flow from the cold legs into the top of the CMTs heated/maintained the upper CMT
surfaces and water surface at saturation temperature. However, flashing also occurred in the
CMTSs due to the high temperature of the fluid in the top of the CMTs (data plots 15 and 16) and
the decreasing system pressure. The steam above the liquid surface in the CMTs and in the
balance lines was superheated after ADS-1. Flashing kept the water temperature at saturation
temperature while sysiem pressure decayed.

The accumulators began to inject flusd when the primary system pressure dropped below 711 psia
(at approximately | J“* seconds), however, the injection rate was low prior to ADS-1

(data plot 39). However, this small accumulator flow contributed to maintaining sufficient water
level in the loop-B cold legs 1o cause the observed intermittent CMT draindown/refill.

Throughout the PDP, the PRHR HX removed energy from the primary system. The combined
effect of the PRHP. HX heat removal and CMT heat removal and injection of cold water were
sufficient to limit the steam fraction of the two-phase mixture exiting the rod bundle to
approximately [ ]“*“ percent during this phase (data plots 30 and 31).

¢ Automatic Depressurization System Phase (| 1** Seconds)

The automatic depressurization system (ADS) phase began with the actuation of ADS-1 and ended .
with the acwation of ADS-4 (Figure 4.2.5-1).
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Facility Response during the ADS Phase:

With the actuation of ADS-1, followed by ADS-2 and ADS-3 within approximately |
seconds, the rate of primary system depressurization increased from “>< psi/sec. (at the end
of PDP) 1o " psi/sec. (at the start of the ADS phase). This rate gradually decreased as

Sysiem pressure decreased

e primary system depressurization after ADS actuation resulted in a high rate of water injection
from accumulators-A and -B (data plot 39). The CMTs’ injection flow increased to approximately
Ibm/sec. after ADS-1 and gradually decreased as CMT level decreased (data plot 38)
e accumulators injected cold water into the primary system for approximately | “ seconds
(from " seconds) and then were empty. The accumulator and CMTS’ injection

refilled the power channel rod bundle region and upper plenum with subcooled water

Ihe pressurizer immediately began to refill when ADS-1 occurred (data piot 32). The pressurizer
never filled completely with liquid, as two-phase fluid was discharged out of the primary system \
through the ADS-1, -2, and -3 flow paths. When ADS-4 occurred, the pressurizer drained and

only a small amount of steam was vented through ADS-1, -2, and -3

Prior io the ADS period, liquid left the primary system only through the break in the cold leg

With the actuation of the ADS, fluid left the system through the ADS from the top of the
. pressurizer. The mass flow through the cold-leg break decreased as break flow converted from

liquid to predominately saturated steam as the cold leg voided and primary system pressure

decreased (data plot 43

§ e PRHR HX stopped flowing (at approximately |7 seconds) after the accumulators had )
emptied and the power channel/hot leg-A contained subcooled water. PRHR HX flow did not

restart in spite of the subsequent increase in the steam fraction of fluid from the power channel
« Post-Automatic Depressurization System Phase (| |** Seconds to End-of-Test)

he post-automatic depressurization system (post-ADS) phase began when ADS-4 occurred

Figure 4.2.5-1) and continued to the end of the test
Facility Response during the Post-ADS Phase:

The primary system pressure rapidly decreased to near ambient after ADS-4 actuated. This caused
the water level on the cold-leg side of the primary system to suddenly drop below the annular
downcomer into the tubular downcomer (data plot 25). This resulted in a significant increase in
the steam fraction in the rod bundle and upper plenum; however, there was sufficient two phase
flow 10 keep the bundie fully cooled (data plots 30 and 31). Gravity flow from the IRWST began

at approximately |***" seconds and quickly refilled the tubular and annular portions of the

downcomer (data plot 40). The steam fraction of flow through the power channel immediately




began to decrease and subcooled flow through the power channel and hot leg-A and out through
ADS-4 was established by | |“* seconds. Also, the upper plenum became subcooled and .
partially refilled. This steady-state condition was the end of the test.

When ADS-4 occurred, liquid again left the system while only a small amount of steam left the
system from ADS-1, -2 and -3.

Component Responses
* Power Channel

The power channel consisted of five volumes: the lower pienum, the riser with the heater rod
bundle, the lower portion of the upper plenum below the hot leg, the upper portion of the upper
plenum above the hot leg, and the upper head. When the break occurred, primary system pressure
decreased to the R trip point (1800 psia) and the S trip point (1700 psia). However, since the
waler everywhere in the power channel was subcooled relative to system pressure, no boiling or
flashing occurred up to this point. Nothing significant happened in the power channel until the
rod bundle power was reduced to [ |*" percent, [ |“"“ seconds after the R signal. At this
time, the temperature gradient across the rod bundle quickly decreased due to the reduced
power/flow ratio (still full flow), and the power channel outlet temperature dropped toward the
lower-plenum inlet temperature (Figure 4.2.5-2). However, the water in the upper portion of the
upper plenum remained at [ ]“"“°F and it began to flash when system pressure dropped below .
the saturation pressure of | | When the RCPs were turned off (16.2 seconds after the
S signal), the power/flow ratio increased and the power channel outlet temperature increased
resulting in boiling in the rod bundle and flashing in the upper plenum. This produced sufficient
steam to control system pressure, and both temperature and pressure increased momentarily (data
piots 30 and 31). The water temperature in the lower portion of the upper-plenum reached a peak
and started to drop in response 1o increasing primary system natural circulation flow caused by the
increasing steam fraction of fluid on the hot-leg side of the power channel, PRHR HX flow, and
CMT flow. The upper-plenum and hot-leg temperatures stabilized at approximately [ |“*°F,
and the primary pressure stabilized at the corresponding saturation pressure (approximately 960
psia) at the end of the IDP.

The temperature of the liquid in the upper plenum and hot legs controlled system pressure during

the PDF (data plot 4). Flow oscillations were observed in the tubular downcomer and dP across

the rod bundle (period [ " seconds) when the RCPs had coasted down, and these oscillations

continued until about | J“* seconds into the test. The flow oscillations led to oscillations in

the rod bundie steam fraction as measured by the collapsed liquid levels in the heater bundle,

upper plenum, and hot leg (data plots 30 and 31). When the flow decreased, the steam fraction

increased and resulted in an increase of the overall system pressure and the lower-upper plenum

temperature (Figure 4.2.5-2). The overall sysiem pressure oscillations were therefore out of phase

with the tubular downcomer flow oscillations. ‘
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Data plots 30 and 31 show the collapsed liquid levels at various sections of the power channel
during the SO0401 test.

The liquid level in upper head started to decrease when system pressure decreased to the saturation
pressure of the fluid temperature in the upper head (at about [ ]**“' seconds). Initially, the
upper-head fluid temperature was only [ ]“"“°F and was therefore considerably cooler than the
upper-plenum fluid temperature. Flashing of the fluid in the upper head began at | |“*9
seconds, and the upper head was completely drained at approximately [ ]“*“ seconds (data
plot 4),

The upper-upper plenum began to flas’s when the primary system pressure decreased below

[ |“*< psia, and its level decreas.d reaching the hot-leg elevation at about [ |“* seconds.
The top of the upper-upper plenum remained filled with steam until the end of the accumulator
injection, when subcooled water in the lower portion of the upper plenum condensed the steam
bubble in the upper-upper plenum (data plot 4). However, when accumulator injection ended, the
upper-upper plenum again filled with steam. At | ]* seconds, the upper-upper plenum again
filled when water injected from the IRWST restored subcooled flow through the power channel.

The collapsed liquid level measurement in the lower-upper plenum provided a measurement of the
steam fraction of flow exiting the rod bundle. During the PDP, this two-phase flow had a
maximum steam fraction of [ ]“" percent.

Data plot 30 shows the coilapsed water level in the rod bundie oscillating following pump
coastdown up until [ )*" seconds. This indicates apparent steam fractions in the rod bundle
varying from | | percent (with an approximately [ ]**“-second period). After the
oscillations ended, the steam fraction of the rod bundle region increased from [ ]“*“ percent to
[ ]*" percent, just before accumulator injection. The accumulator injection completely
subcooled the rod bundle. However, when the injection ended, the two-phase flow was again
produced, and the steam fraction of fluid in the rod bundle region reached a maximum ([ |]*"¢
percent) just before IRWST injection during the post-ADS phase. The lower-upper plenum steam
fraction increased to [ |“ percent at this time, but this high steam fraction was due to the fact
that the level of the two-phase mixture temporarily dropped below the hot-leg elevation.

The collapsed level measu ed just above the heated portion of the rod bundle (data plot 31)
provided steam fractions that correlated well with those measured for the rod bundle and provided
evidence of the steam’water fraction of the two-phase flow exiting the top of the rod bundie.

*  Pressurizer

The pressurizer began to drain when the break occurred and was completely drained in
approximately [ |*" seconds (data plot 32). The water in the pressurizer flashed due to the
loss of system pressure, and the temperature of the water dropped from [ ]**“°F during this
initial depressurization (data plot 18). The hot water flowing from the pressurizer surge line into
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hot leg-A caused a slight increase in the hot-leg temperature during this period, since it mixed with
the flow from the power channel/upper plenum. The pressurizer remained drained until about '
[ ]*" seconds, at which time it was slightly refilled by alternating and pulsed flow in the
pressurizer surge line which occurred until about | 1" seconds, and then by a steady flow
until | |**' seconds. The pressurizer drained again at | 1“9 seconds and remained
drained until ADS-1 occurred, at approximately | J“* seconds, when it refilled and reached a
collapsed liguid level of approximately | |“" feet and a two-phase mixture was discharg 1 from
the top of the pressurizer via the ADS-1, -2 and -3 flow paths. The collapsed liquid level
decreased as the steam fraction of the two-phase flow through the rod bundle increased. A sharp
decrease in ievel occurred at approximately | ]**< seconds when the upper-upper plenum
partially refilled with water. This continued after ADS-4, the pressurizer drained again at

[ 1**<" seconds, and its level then reached manometric agreement with the water level/pressure
in the primary system.

*  Steam Generator

The steam generators acted as the heat sink until the MSLIV closed and prevented further energy

removal frem the secondary side. This caused the temperature of the secondary side to increase

toward the primary system hot-leg temperature, which at the same time was dropping due to the

reduced power/flow ratio. When the RCPs coasted down, there was a temporary temperature

increase due to the increased power/flow ratio with natural circulation flow in the primary system

(Figure 4.2.5-2). The steam generator secondary-side water temperature then stabilized at .
approximately [ ]*"°F at the end of the IDP.

For the first part of the PDP, the pressure on the primary side of the steam generator U-tubes was
higher than the secondary side (data plot 2). This indicated that some heat transfer from the
primary to secondary side occurred and caused some condensation of the steam in the two-phase
fluid coming from the hot leg. Primary system pressure did not drop below the steam generator
secondary-side pressure until approximately | ]** seconds into the event, at which time the
steam generator U-tubes were ne o y drained.

Al the end of the pump coastdown, flow oscillations began in the tubular downcomer and through
the power channel. This caused significant oscillations in the collapsed liguid level in the rod
bundle and, consequently, in the density of the two-phase flow from the rod bundie into the lower-
upper plenum, the hot legs, and to the stcam generators (data plots 20 and 21). Since the driving
force for the natural circulation flow was the density difference between the single-phase fluid in
the cold legs and downcomer entering the power channel and the two-phase mixture leaving the
rod bundle in the lower-upper plenum and the hot legs; the flow oscillations were sustained as
long as there was flow through the steam generators.

U-tubes were full until approximately | |**< seconds into the transient. At this time, a
free-water surface began to develop in the top of the U-tubes, primarily due to the separation of

The flow oscillations in the hot legs reached the steam generators. In steam generator-A, the .
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steam from the two-phase mixture from the hot leg at the low-flow velocities existing at natural
circulation flow conditions. The fluid level on the hot-leg side of the U-tubes oscillated as it
decreased. This condition continued until approximately | ]*" seconds into the transient, at
which time the top of the U-tubes remained filled with saturated vapor and the U-tube water level
decreased smoothly.

The fluid level on the cold-leg side of the steam generator-A U-tubes exhibited significant level

oscillations from about | "< seconds and it appeared that intermittent flow over the
top of the U-tubes occurred. At | J**<' seconds, the U-tube water level decreased smoothly
and was drained at about | **¢ seconds.

Because of the higher steam fraction of the fluid in hot leg-B and steam generator-B, the time over
which oscillations occurred was reduced and the U-tubes filled with saturated vapor sooner. As a
result, the steam generator-B U-tubes began to drain at about [ " seconds.

The level in the steam generator-B hot-leg side U-tubes dropped 1o near zero at about

| J“* seconds. The cold-leg side U-tubes exhibited significant level oscillations from about
[ 1" seconds which continued until the U-tubes were drained at | |“" seconds (data
plots 22 and 23).

*  Hot Legs

Hot legs-A and -B were full of two-phase fluid until ADS-1 was actuated, when the measured
level decreased (data plots 20 and 21). The hot legs were nearly drained at ADS-4 (| |*®
seconds) and partially refilled after IRWST injection began. The principal difference between hot
legs-A and -B was the influence of the PRHR HX on the void fraction in the hot legs during the
PDP. Assuming that the fluid in the hot legs initially had the same steam fractions at the outlet of
the power channel lower-upper plenum, the PRHR appeared to have preferentiaily removed steam
from hot leg-A (as seen in the very high steam fraction for the PRHR inlet flow)—thereby
reducing the steam fraction of the fluid in hot leg-A 1o less than the fluid steam fraction in hot
leg-B. The apparent steam fraction in hot leg-A was [ 1*" percent at | J*“* seconds; while
in hot leg-B it was [ ]“" percent. The hot-leg steam fraction affected the draining of the steam
generators U-tubes, with steam generator-B draining earlier than steam generator-A.

e Cold Legs

Cold legs-Al and -A2 remained full until | |*“*“ seconds (data plots 22 through 27), at which
time the level decreased to the horizontal section of the pipes and drained at about | e
seconds. When ADS-4 occurred, the water level in the tubular downcomer temporarily dropped
reaching [ ]*" ft. below the hot-leg elevation ai | J“*< seconds (data plot 24). The rod
bundie steam fraction fluid increased. After IRWST injection began at | 1" seconds, the
annular downcomer refilled and the cold and hot legs were partially refilled after |  \aa
seconds 10 the level of [ |*" ft. above the hot leg.
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Cold legs-B1 and -B2 remained full until | | seconds into the event, at which time both
cold legs-B1 and -B2 drained rapidly 1o the level of the horizontal section of the pipes. This
reduced water level in coid leg-B1 and cold leg B-2 initiated the transition of the CMTs from their
recirculation to draindown mode of operation. Cold legs-B1 and -B2 were refilled at | -
seconds to the level of [ 1™ fi. above the hot leg. At this time, the cold leg 1o CMT balance

lines were partially filled
PRHR and IRWS

At the initiation of the test, the PRHR HX was filled with subcooled liquid. When the S signal
occurred, the PRHR HX isolation valve opened and flow started through the HX at a high flow
rate due to the still operating RCPs. When the RCPs were shutoff and the power channel upper
plenum and the hot legs filled with two-phase fluid, a large portion of the steam in hot leg-A
flowed to the PRHR HX (data plot 29). The two-phase mixture, consisting of alternating slugs of
steam and water, was condensed and subcooled in the PRHR HX (data plot 28) from | )
to below | |“*“°F. During the PDP (prior to ADS-1), there was a significant variation in the
flow through the PRHR HX, caused by the variation in the steam fraction in hot leg-A. Steam
condensation was apparently occurring in the PRHR HX as evidenced by the rapid and wide

variations in dP measurements (data plots 28, 29, and 37)

When ADS-1 began, the power channel and the hot leg were refilled with subcooled water by
accumulator tnjection. The driving head for the flow in the PRHR HX decreased (caused by the
density difference between the fluid in the PRHR supply line and the return line) and the flow
decreased and stopped. There was a short pex. 1 of reverse flow at the end of the accumulator
discharge. The subcooled fluid in the hot leg never filled the PRHR supply line, and hot fluid in
this line flashed as system pressure decreased. Simultaneous flashing in the supply line and
condensation in the PRHR HX resulted in a wide variations in the measured fl« the PRHR

HX return line

After the accumulator injection had ended, the rod bundle upper plenum again reached saturaftion
temperature, and a two-phase mixture again occurred in the hot legs. Flow restarted in the PRHR
HX, and the flow rate varied in response to the steam fraction in the hot leg. When ADS-4 fully
depressurized the primary system and the IRWST flow began and refilled the power channel and
the hot leg with suhcooled water again, the flow through the PRHR HX stopped for the remainder

of the transient. The subcooled fluid in the hot leg filled the PRHR supply line at | "

seconds

Following ADS-4, primary system pressure decreased to near ambieni, and gravity flow due to the
water elevation head in the IRWST began injecting water into the annular downcomer via the DVI
lines. The flow from the IRWST was sufficient to refill the power channel, downcomer, and loop
piping and to establish subcooled fluid flow through the tube bundle and out through the ADS-4

flow paths (data plots 32 and 40)




e  Core Makeup Tanks

. The CMT injection was initiated two seconds after the S signal when the CMT injection line
isolation valves were opened. Initially, the flow from the CMTs occurred by natural circulation;
hot water from cold legs flowed to the top of the CMTs and cold water from the bottom of the
CMTs flowed to the downcomer, via the DVI lines, into the power channel.

Initially, this recirculation rate was approximately 0.13 Ibm/sec. from each CMT. The flow rate
slowed down 1o | 1“9 tbm/sec. at | 1" scconds due to the decreased buoyant head
driving force that occurred as the CMT water was replaced with hot water from the cold legs, and
as the cold-leg water temperature decreased.

After cold legs-B1 and -B2 drained to the level of horizontal pipes at | |** seconds,
flashing/draining began in the cold-leg balance line. When the temperature at the top of the CMT
reached the saturation temperature for primary system pressure, a free-water surface was
established in the CMTs. This increased the driving head for the injection flow and resulted in a
higher draindown flow rate. For the 1-inch LOCA, the break flow at this time was less than full
CMT draindown flow rate. This caused the CMT injection to consist intermittent short periods of
draindown, which increased the cold-leg water level and short periods of refill with water from the
cold legs. This resuited in a slow decrease in CMT levels and the ADS-1 actuation was therefore
delayed and occurred at a system pressure of approximately | ]“" psia, considerably below

‘ 711 psia accumulator gas pressure. Part of the accumulator coolant inventory was therefore
injected into the primary system prior to ADS-1. This accumulator injection helped maintain the
primary system coolant inventory at cold-leg elevation and thus contributed to intermittent CMT
draindown/refill. For test SO0401, the break was located in cold leg-B2, resulting in cold leg-B2
draining before cold ieg-B1. Since the CMT-B balance line was connected to cold leg-B2, the
diraindown began carlier for CMT-B (at 2300 seconds) than for CMT-A (at | 1“4 seconds), as
shov . in data plot 38. The CMT balance lines finally completely drained at | |4 seconds
(ADS-1), resulting in an increase in CMT injection flow rate. The steam in the CMT balance lines
and at top of the CMTs was slightly superheated as the primary system pressure was rapidly
reduced by ADS operation.

The CMTs were heated first by the hot liquid which replaced the cold water draining from the
bottom of the CMTs. A stable, stratified thermal gradient was established in the CMTs (data plots
15 and 16). Later steam from the cold legs maintained the exposed metal and free-water surface
lemperatures at or near saturation temperature

The CMT recirculation mode flow rate was initially approximately | 1“*< Ibm/sec. and steadily
decreased to approximately [ ]**“ Ibm/sec. when the transition to draindown began. The CMT
average injection flow rate increased to approximately | ]“*< Ibm/sec. during the transition
period. After ADS-1 actuated, CMT injection increased again 1o | J“*< Ibm/sec. and then

. gradually decreased with time. During the accumulator injection (ADS-1), the CMTs’ draindown
rate remained high. CMT-A was drained at about ADS-4 (| |**< seconds). The CMT-B

m\apbOM 1 625w- 3 non: 1h-(4029 4.25-13




e A e e G e e b S A SRR A

injetion flow rate decreased when the IRWST started at about [ ]“*“ seconds, and CMT-B
drained at | 19 seconds (data plot 33).

o Accumulators

The accumulators provided water injection by a polytropic expansion of a compressed air volume
stored within the accumulator. Accumulator injection started when the primary system pressure
dropped below 711 psia at | |**< seconds. The accumulator injection flow rate was low until
ADS-1 was actuated at approximately | |**¢ seconds when the flow rate increased to
approximately [ ]*"™ Ibm/sec. The accumu'ator injection after ADS actuation lasted
approximately [ ]“*“ seconds, and the accumulators were completely drained (data plot 34).

The effective polytropic coefficient of expansion was calculated for the accumulators

(Figures 4.2.5-3 and 42.5-4) tobe [  |“* for accumulator-A and [1.21]*" for accumulator-B.
This was near the mid-point between isothermal expansion (k = 1) and adiabatic expansion

(k = 1.4) and showed that some heat was picked up by the compressed air from the internal metal
surfaces of the accumulator during the expansion.

Mass Discharge and Mass Balance

The catch tank weight measurements are shown in data plot 43 for the break fiow, for the ADS-1, -2,
and -3 flows, and for the ADS-4 flow. The break flow as shown in plot 44, which began when the
test was initiated, decreases as system pressure drops during the IDP and the PDP. When the ADS
was actuated, the break location voided, and further discharge from the brezk was primarily saturated
steam until IRWST injection refilled the coid leg after ADS-4.

The discharge from ADS-1, -2, and -3 was stable throughout the accumulator injection and increased
temporarily when the injection ended. When ADS-4 occurred, the discharge of fluid from the top of
the pressurizer essentially ended, and the fluid discharge from ADS-4 began. The ADS-4 fluid
discharge rate was relatively stable and continued urtil the end of the test. The discharged masses are
shown in Table 4.2.5-4.

The mass balance results for test SO0401 were caiculated based on water inventory before and after the
test. Table 4.2.5-2 gives a detailed listing of the inventories of water in the various components before
the test. Table 4.2.5-3 lists the inventories after the teat and the amount of water injecied into the
vessel from the IRWST. The water level in the vessel was determined by the DP-B16P measurement

to be | 1% in. | |“* above the hot-leg centerline at the end of the test. Table 4.2.5-4
compares the mass balance for the system before and after the tesi and shows 98.5% agreement of the
measurements.
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TABLE 4.2.5-1
SEQUENCE OF EVENTS FOR TEST So6401

b

I
|
|
,»
|

Event Specified Instrument Channel Actual Time(s)
Break Opens 0 — —
R Signal P = 1800 psia P-027P
MSLIN R signal + 2 sec Z_AS0, F_AMMS
Z_B04SO, F_B(MS
h\ Signal F’j 1700 psia P-027P
-

MFW 1V Closure

S signal + 2 sec

WSVESESIS WS —

Z_B02S0O, F_BO1S

Z_A02S0, F_A01S

CMT IV Opening

S signal + 2 se

Z_AIEC, F-A40E

Z_BUKOEC, F-B40Ok

RCPs Tripped

S signal +16.2 sec

I-AIP, S-AlP

I-B1P, S-BIP

PRHR Heat Exchanger

ACtuaton

S signal +2 sec

Z _ARIEC, F_AROE

ADS-| CMT level 67 . B40k
l} + 30 seq Z_001P(
I'«——..—.—
| Accumulators -(027P = 710 psia F_A201
|
| —
{ | F B20¥ |
{ | 4
e S — t
| ADS-2 | CMT level 67 L_B40k [
| - -
|
1. | + 125 sec Z_002Pf
; s ——————————
| ADS-3 I CMT level 67 L B40L
| -
' | 4 245 seq Z (K3
THENE L3 ... -
ADS 4 CMT level 20 L _B40OF
{ +0Ol) seC Z O0O4P( A/B
AR 1

IRWST Imectuon
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Component

Volume
(fL340

TABLF 4.25.2
WATER INVENTORY BEFORE TEST

Net Vol
L

‘)

Relative
Density

Mass (Ibm)

Loops 897 fi.) go7f | [ | ane
(2540 D (254.0 1)
{ Pressurizer 337 1! 1.85 1]
(954 1) {524 1)
Surge Line 0.34 i) 0.34 fr.}
Ve h 961
Tubular Downcomer 1.38 1.’ 1.38 1’
(39.1 D (39.1 1)
Annular Downcomer 0.54 f. 0.54 fr.
44} Upper Head Bypass (153 1) (15.3 1)
Core Bypass 0.44 fr.’ 0.44 1.
(124 0 (124 )
Lower Plenum 081 fr.' 0.81 i’
(228 1) (228 D
Riser 1.64 f.* 164 fi’
(464 1) 464 1)
Upper Plenum 1.46 1’ 146 f
4130 @130
Upper Head 1.90 ft.' 1.90 fi.*
(538D (538D
CMTs 10.1 £t} 10.1 fi
(286.0 D (286.0
Accumulators 10.1 1t 764 f}
(286.0 D 2162 D
IRWST Injection Line 0.18 f.} 0.1% fr.!
(5.1 0 (5.1
TOTAL B
INVENTORY
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TABLE 4.2.5.3
WATER INVENTORY AFTER TEST S00401 WAS COMPLETED

Water level as measured by DP-BI6P (-0.45 psi) was 13.12 in. (328 mm) above hot leg

Volume Net Vol Temp Relative
Component .y .y (°F) Density Mass (Ibm)
Loops 897 fi.' 00 .’ b T e
(2540 I 000
Pressunizer 337 1t 0.0 fr.}
954 |) 000
Surge Line 0.34 ft 00 fi'
96 000
Tubular Downcomer 1.38 fi.! 1.3% ft.*
(39.1 0 (391 D
Annular Downcomer 0.54 f’ 0.43 1.}
Upper Head Bypass (1530 (1210
Core Bypass 0.44 1t} 044 1’
(124 D (124
ﬂ Lower Plenum 081 f.’ 0.81 fr.
(228 D (228 )
Riser 1.64 fr. 1.64 f°
464 N 464
Upper Plenum 1.46 ' 0.12 i
4130 (344
Upper Head 190 f” 001’
(538D (0.0 D
CMTs 10.1 £t 0.0 f.
(286.0 0 00D
Accumulator 10.1 £} 0.0 .}
(286.0 ) 00 0H
IRWST 0.18 ft.’ 0.0 ]
(5.10 (0.0 N
TOTAL INVENTORY
! WATER INJECTED FROM THE IRWST DUKNG EVENT
Temp
IRWST injection Del Elev (psi) Area (in’) °F) Rel Dens Mass (Ibm)
[ ] abe
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TABLE 4254
MASS BALANCE FOR TEST S00401

Starting Inventory

(Ihm)

Ending Inventory

(1bm)

| Tota) Primary Sysiem

—

——

faber H

| IRWST Injection

| Break

| ADS-1, -2, -3

| ADS4

| TOTAL

| Ending Inventory/Starting Inventory (1bm)

| Ending Inventory/Starung Inventory (%)
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The following figures have been intentionally deleted
from this docement due 0 their proprietary nature.
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TEST DATA PLOT PACKAGE

CHANNEL LIST BY COMPONENT

COMPONENT | CHANNEL UNITS PLOT COMMENT
ACCA F_A20E Ibm/sec. 39
ACCA L_A20E ft. 4
ACCB F_B20E Ibm/sec. 39
ACCB L_B20E ft. 4
ADS 1,2, &3 IF30flw Ibmy/sec. R Flow rate derived from IFO30P
ADS 1,2, & 3 IFO30P Ibm 43 Catch tank
ADS 4 & SG IF40flw Ibm/sec. 44 Flow rate derived from IFO40P
ADS 4 & SG IFO40P Ibm 43 Catch tank
ANNDC DP-AO21P psi 24 To cold leg-Al
ANNDC DP-A022P psi 25 To cold leg-A2
ANNDC DP-BO21P psi 26 To cold leg-B1
ANNDC DP-BO22P psi 27 To cold leg-B2
BREAK LINE IFOSflw Ibm/sec . Flow rate derived from [FOOSP
BREAK LINE IFOOSP Ibm 43 Catch tank
CLA DP-AOO1P psi 24 To cold leg-Al
CLA DP-AOO2P psi 25 To cold leg-A2
CLA DP-AO9P psi 22 Pump suction
CLA T-A10P y 11 Steam generator outlet
CLAI F_AOIP Ibm/sec. 36
CLAI T-AO21PL v 13 Downcomer inlet
CLAI T-Al1P o 11 Pump outlet
CLA2 F_AO2P Ibm/sec. 36
CLA2 T-A022PL F 13 Downcomer inlet
CLB DP-BOO1P psi 26 To cold leg-Bl
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TEST DATA PLOT PACKAGE

CHANNEL LIST BY COMPONENT (Cont.)

COMPONENT | CHANNEL UNITS PLOT COMMENT
CLB DP-BOO2P psi 27 To cold leg-B2
CLB DP-BOYP psi 23 Pump suction
CLB T-BI1OP )y o 12 Steam generator outlet
CLBI F_BO1P Ibm/sec, 36
CLB1 T-BO21PL ¥ 2 14 Downcomer inlet
CLBI T-B11P °F 12 Pump outlet
CLB2 F_BO2P Ibm/sec. 36
CLB2 T_B022PL e 14 Downcomer inlet
CMTA F_A40E Ibm/sec. 38
CMTA L_A40E fi. i3
CMTA T-A401E r 15 Top (242.25 in.)
CMTA T-A403E r 15 216.75 in.
CMTA T-A405E °F 15 191.25 in.
CMTA T-A407E F 15 165.75 in.
CMTA T-A4(0E i o 15 140.25 in,
CMTA T-A411E X 4 15 114.75 in.
CMTA T-A413E T 15 89.25 in.

CMTA T-A415E ¥ 15 63.75 in.
CMTA T-A417E F 15 38.25 in.
CMTA T-A420E i o 15 Bottom (0 in.)
CMTB F_B40E Ibm/sec. 38
CMTB L_B40OE ft. 33
CMTB T-B401E o 16 Top (242.25 in.)
CMTB T-B403E 4 16 216.75 in.
CMTB T-B40SE r 16 191.25 in.
CMTB T-B407E °F 16 165.75 in.
CMTB T-B409E F 16 140.25 in.
CMTB T-B411E F 16 114.75 in.
CMTB T-B413E F 16 89.25 in.
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TEST DATA PLOT PACKAGE
CHANNEL LIST BY COMPONENT (Cont.)

COMPONENT | CHANNEL UNITS PLOT COMMENT
CMTB T-B41SE ¥ 4 16 63.75 in.
CMTB T-B417E F 6 38.25 in.
CMTB T-B420E °F 16 Bottom (0 in.)
CvCs F-001A psi 42
DVIA T-AOOE F 13
DVIB T-BOOE F 14
HLA DP-A04P psi 20
HLA T-AO3PL F 5 Vertic: l.-fftar power channel
HLA T-A03PO - S Hornizontal, near power channel
HLA T-A4P °F 5 Near steam generator inlet
HLB DP-B(4P psi 21
HLB T-BO3PL T 6 Vertical, near power channel
HLB T-BO3PO T 6 Horizontal, near power channel
HLEBE T-BO4P F 6 Near steam generator inlet
IRWST F_A6UE Ibm/sec. 40
IRWST F_B6OE Ibm/sec. 49
IRWST L_060E ft 32
IRWST T-061E . A 17 Bottom
IRWST T-062E X 3 17 Below middle
IRWST T-063E b 17 Middle
IRWST T-064E “F 17 Above middle
IRWST T-065E F 17 Top
PC wW_00P kW I
PC-HB L_O00P ft 30 Heater bundie
PC-HR TWOI8P20 N o 3 Heater rod
PC-HR TWOI8P48 F 3 Heater rod
PC-HR TWOI19PR2 F 3 Heater rod
PC-HR TW020P24 . J 3 Heater rod
PC-HR TWO20PR7 °F 3 Heater rod
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TEST DATA PLOT PACKAGE

CHANNEL LIST BY COMPONENT (Cont.)

COMPONENT | CHANMEL UNITS PLOT COMMENT
PC-UH T-016P 5 i 4 Upper head
PC-UP L_AISP ft. 30 Bottom of the upper plenum
PC-UP L_Al6P fi. 31 Top of the upper plenum
PC-UP T-015P °F 4 Upper plenum
PC-UH L_017p ft. 31 Upper head
PC-UP L_Al4P ft. 3] Above top of the active fuel
PRHR DP-AB1AE psi 29 Supply line inverted U-tube
PRHR DP-ARIBE psi 29 Supply line inverted U-tube
PRHR DP-ARIE psi 28 Supply line
PRHR DP-AR2E psi 28 Heat exchanger
PRHR DP-AX3E psi 28 Return line
PRHR F_AROE thm/sec 37 Return line
PRHR T-AR2E 2 19 Inlet
PRHR T-AR3E ¥ 19 Exit
PRZ L_0i0P f. 32
PRZ P-027P psia 2
PRZ T-026P . » 1% 487 in,
SGA DP-AOSP psi 20 Hot side
SGA DP-AO6P psi 20 Hot side
SGA DP-AO7P psi 22 Cold side
SGA DP-AORP psi 22 Cold side
SGA F_AO1S Ihm/sec 41 Main SGA feed
SGA F_A20A Ibm/sec 4] Secondary SGA feed
SGA L_A108 ft. 35 Overall ievel
SGA P-A04S psia 2 Secondary system
SGA T-AO1S F 10 MFW-A
SGA T-AOSP F 1 Hot side
SGA T-A0SS . 9 Hot side - riser
SGA T-AO6P F 7 Hot side
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TEST DATA PLOT PACKAGE

CHANNEL LIST BY COMPONENT (Cont.)

COMPONENT | CHANNEL UNITS PLOT COMMENT
SGA T-AORP r 11 Cold side
SGA TW-A06S r 7 Hot side
SGB DP-BOSP psi 21 Hot side
SGB DP-BO6P psi 21 Hot side
SGB DP-BO7P psi 23 Cold side
SGB DP-BOSP psi 23 Cold side
SGB F_BOIS Ibm/sec. 41 Secondary SGA feed
SGB F_B20A Ibm/sec. 41 Secondary SGB feed
SGB L_B10S ft. 35 Overall level
SGE P-B(M4S psia 2 Secondary system
SGB T-BO1S F 10 MFW-B
SGB T-BOSP °F 8 Hot side
SGB T-BOSS F 9 Hot side - riser
SGB T-RO6P F 8 Hot side
SGB T-BO7P b o 8 U-tube top
SGB T-BOSP i 4 12 Cold side
SGB TW-BO6S v o 8 Hot side
SL T-020P F 18 Surge line near pressurizer
TDC DP-001P psi 25,26 Top
™C DP-002P psi 24,25,26,27 | Bottom
TDC T-001PL °F 13,14 Top
TDC T-003P i 13,14 Bottom
TSAT-PRZ . 18 Based on P-027P
UH-TSAT . 3 4 Based on P-017P
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WESTINGBOUSE PROPRIETARY CLASS 3

The data plots are found in the proprietary version of this document.
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4.2.6 One-In. Cold-Leg Break with Three PRHR HX Tubes, without Nonsafety Systems (S01613)

. This matrix test was performed to be identical to matrix test SO0401 with the exception that the
number of PRHR HX tubes in use was increased from 1 tube to 3 tubes. This test simulated a 1-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 just
downstream from the cold leg to the core makeup tank (CMT) balance line connection. This test was
performed without any nonsafety systems (chemical and volume control system [CVCS) makeup
pumps, steam generator startup feedwater [SFW| pumps, and normal residual heat removal system
[NRHR | pumps) operating.

Results are provided in the data plot package at the end of this section. The sequence of events for
SO1613 is listed in Table 4.2.6-1.

The AP60) SPES-2 tests were marked by distinctly different phases. These phases were characterized
by the rate at which the primary system pressure decreased and the thermal-hydraulic phenomena
occurring within the primary and safety systems. The different phases selected for the purpose of
detailed evaluation of this LOCA are shown in Figure 4.2.6-1 and are as follows:

e Initial depressurization phase (IDP)—Point 1 to 2
* Pressure decay phase (PDP)—Point 2 to 3
‘ * Automatic depressurization system (ADS) phase—Point 3 1o 4
* Post-automatic depressurization system (post-ADS) phase—Point 4 to 5

Overall Test Observations

Figure 4.2.6-1 shows the plant primary system pressure during test S01613 (as measured at the top of
the pressurizer), with selected component actuadons and plant responses shown in relation to primary
system pressure.

The IDP began with the initiation of the break, which resulted in a rapid reduction in pressure. The
reactor trip (R) signal initiated at 1800 psia. The safety systems actuation (S) signal initiated at 1700
psia. The R and the S signals initiated the following actions:

* Decay power simulation (with heat loss compensation) initiated

*  Main steamline isolation valves (MSLIVs) closed

*  Main feedwater isolation valves (MFWIVs) closed

* CMT injection line isolation valves opened

* Passive residual heat removal (PRHR) return line isolation valve opened
* Reactor coolant pumps (RCPs) stopped running

. Recirculation flow through the CMTs and flow through the PRHR heat exchanger (HX) began
immediately afier their isolation valves opened. Flashing/boiling occurred in the rod bundle and
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upper-plenum regions of the power channel due to the rapid decrease in primary pressure to the fluid
saturation pressure. The measured fluid level in the upper-upper plenum decreased to the hot-leg
elevation. The fiashing on the hot-leg side of the primary system stopped the rapid drop in primary
system pressure. When the RCPs were shut off (at [ |“*“ seconds), the flow through the rod
bundie began to oscillate (with a | |*"“.second period). This resulted in oscillations in the
rod bundie and lower-upper plenum collapsed liquid level and fluid temperature, and system pressure.

During the initial stages of the PDP, the rod bundle collapsed liquid level decreased (fluid steam
fraction increased). This caused an increasing steam fraction in the upper plenum and the hot legs.
The hot leg-B fluid had a steam fraction close to that observed in the upper plenum. The steam
fraction in hot leg-A was lower due to the selective removal of vapor from the hot leg into the PRHR
HX inlet line.

Two-phase flow in the hot legs initiated draining of the steam generator U-tubes, as steam from the
two-phase mixture collected in the top of the U-tubes. This stopped the primary system flow through
the steam generators so that the power channel flow was composed predominantly of the  w through
the PRHR HX. The steam fraction oscillations observed in the rod bundle and in the upper plenum
ended when the steam generator U-tubes drained. Approximately [ ]“*“ seconds into the test, the
steam generator-B U-tubes began to drain. The steam generator-A U-tubes began to drain,
approximately | ]“" seconds later due to the lower fluid steam fraction in hot leg-A.

Due to boiling in the rod bundle (data plots 30 and 31), two-phase flow entered the hot leg from the
upper plenum and flowed through the PRHR HX. The flow into the PRHR HX consisted of
intermittent periods of saturated water and steam which had an average steam fraction significantly
greater than the fluid in the upper plenum.  The average steam fraction at the PRHR HX inlet was as
high as | ]“*< percent, which enhanced the PRHR HX heat transfer from the primary system,
as compared 1o its heat removal capability with single-phase saturated or subcooled water. When the
primary system flow stabilized after the initial flow oscillations, a PRHR HX heat removal rate of

[ 1" kW was calculated. This caiculation was based on the steam fraction at the PRHR HX inlet
(as calculated from the dP instrument readings in data plot 29), the averaged return flow rate, the HX
inlet and outlet temperatures, and the pressure. This calculation, which assumes a slip coefficient of 1
between water and steam, may be lower than the actual heat transfer and should only be used for test-
to-test comparison.

When the primary system pressure decreased to the saturation pressure for the fluid in the upper head,
it began to drain (at ap, ximately [ ™ seconds).

When the loop-B cold legs had partially emptied, the CMTs transitioned from their recirculation mode
of operation 10 an intermittent draindown mode of operation at approximately | |“*< seconds.

During the first | |“*< seconds of this test (until ADS-1), [ ]*** Ibm of water were expelled
through the break draining the: 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
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[ 1" percent of the CMTs. The heated rods that simulate the AP600 core decay heat reduced
power to approximately 230 kW at 4800 seconds. This value consisted of 80-kW of decay heat and
150-kW of heat loss compensation. The mass flow rate out of the break was decreasing, indicating
that cold leg-B2 was almost empty.

The ADS phase began with the actuation of ADS-1 (at approximately | |**¢ seconds). ADS-2
and -3 occurred within the next | ]*"“ seconds. The heat loss compensation was removed from the
rod bundle power decay simulation when ADS -1 occurred, reducing the rod bundie power to
approximately 80 kW.

The ADS actuation increased the rate of primary system depressurization and resuited in high
injection flow from the accumulators. The rapid injection of cold water from the accumulators (from
| | seconds) and the CMT injection flow refilled the power channel/upper plenum, the
horizontal portion of the hot legs and the pressurizer. When the accumulator discharge ended the
flow through the heater bundle decreased to the injection rate of the CMTs and the PRHR HX flow,
and two-phase flow occurred again the heater bundle, hot leg-A, the PRHR HX, and into the
pressurizer. The rod bundle steam fraction continued to increase (collapsed liquid level decreased)
until after ADS-4 was actuated.

The mass flow rate through the break decreased sharply at approximately | 1“2 seconds,
indicating that cold leg-B? emptied and that the break flow was steam. During the ADS phase,
approximately [ " Ibm of subcooled water were discharged from ADS-1, -2, and -3.

The post-ADS period began when ADS-4 actuated. ADS-4 occurred at | 1“2 seconds, the fluid
discharge through ADS-1, -2, and -3 stopped, and the pressurizer water drained back into hot leg-A.

A small amount of CMT flow continued into the downcomer via the direct vessel injection (DVI) line.
When the primary system pressure decreased below the pressure corresponding to the water elevation
head of the IRWST, flow from the IRWST began. Shortly thereafter, the CMT flow ended. The flow
from the IRWST gradually refilled and subcooled the power channel, restored single-phase water flow
through the rod bundle, and partially refilled the upper-upper plenum. The PRHR HX supply line
partially emptied at approximately | |**“ and the PRHR HX was nc longer effective. A steady
flow of subcooled water was established from the IRWST into the downcomer, through the power
channel, and left the primary system through the ADS-4 flow paths.

This test demonstrated that the heater bundle was fully covered by a single- or two-phase fluid at all
times during this test (data plots 30 and 31). There was no indication of heater rod temperature
increase due to lack of cooling (data plot 3). Key parameters comparing the SO1613 test with other
tests are listed in Table 5-1 in Section 5.0.
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Discussion of Test Transient Phases
» loitial Depressurization Phase (0 to [ ]** Seconds) .

The initial depressurization phase (IDP) began with the initiation of the break (at time 0) and
ended when the primary system pressure reached the saturation pressure of the fluid in the
lower-upper plenum and the hot legs (Figure 4.2.6-1). This phase included the .o.lowing events:

R signal at 1800 psia (decay power simulation initiated and the MSIV closed), and S signal at
1700 psia (the MFWIV closed, the CMT injection line isolation valves opened, and the PRHR heat
exchanger return line isolation valve opened—all with a 2-second delay: and RCP coastdown
started after a 16.2-second delay). See Table 4.2.6-1.

Facility Response During the IDP:

From time O until the R signal occurred, the primary system pressure decreased due to the
expansion of the pressurizer steam ve'ume caused by fluid loss through the break. The pressurizer
partially compensated for the loss of pressure by flashing; however, it was drained after | |**¢
seconds (data plot 32). The R (at [ ]** seconds) and the S (at [ ] seconds) signals
were based on pressurizer pressure only. When the R signal occurred, the MSLIV closed and the
power was reduced to 20 percent of full power after a 5.75-second delay and began to decay after
a 14.5-second delay.

As a result of the power reduction without flow reduction, the rod bundle AT decreased due to the
low power/flow ratio and the lower-upper plenum temperature dropped toward the cold-leg
temperature. At the same time, the primary system pressure had decreased to | 12 nsia

(the saturation pressure of the [ |**°F water in the upper-upper plenum), and the upper-

upper plenum began to flash and rapidly drain. System pressure decreased to approximately

( |** psia at [ ]*™ seconds. At this time, the pressurizer was drained, but primary system
pressure was still dictated by the temperature of the saturated vapor in the pressurizer (about

[ J*™°F) and the fluid in the surge line. When the RCPs shut off (at [ | seconds), the
rod bundle and upper-plenum fluid temperatures increased due to the increased power/flow ratio at
the lower flow. System pressure increased temporarily until the decreasing rod bundie decay
power and the decreasing lower-plenum temperature (due to the CMTs injecting cold water into
the downcomer) began to reduce the lower-upper plenum fluid temperature. The decrease in
primary system pressure resulted from the balance between the steam generation rate (from
flashing primary fluid), the volumetric flow of liquid out of the break, and the steam condensation
eccurring in the PRHR HX. Steam was continually generated by boiling due to the heater power.
As system pressure continued to decrease, more fluid reached its “turation pressure and flashed.
The PRHR HX flow started before the RCPs were tripped and then continued by natural
circulation (data plot 37). Primary system pressure stabilized at saturation pressure for the bulk
hot fluid in the primary system (approximately 540°F), as shown in Figure 4.2.6-1. This ended

the IDP. .
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e  Pressure Decay Phase (| 1**“ Seconds)

The pressure decay phase (PDP) began when system pressure (Figure 4.2.6-1) reached saturation
pressure for the bulk hot fluid in the primary system. This phase ended when ADS-1 opened on
low CMT level (at approximately | |** seconds) and augmented the system depressurization.
This phase was characterized by a siow decrease in overall system pressure and temperature. The
rod bundle power (decay heat plus heat loss compensation) was reduced from 310 kW to 230 kW
(data plot 1). At | [** seconds (rod bundle power was about 250 kW), the PRHR HX heat
removal rate was approximately [ )™ kW. The recirculating CMTs provided approximately

[ 1™ kW effective heat removal from the primary system at this time. This heat removal pius
energy lost through the break and the facility heat losses exceeded the rod bundie heat input to the

primary system.

The initial CMT natural circulation operating mode was followed by draindown injection when
the loop-B cold legs drained (data plot 38). The U-tubes of the steam generators had completely
drained at this time (data plots 20 through 23) and had no effect the rest of the test. Accumulator
injection was initiated when the primary system pressure dropped below 711 psia (at
approximately | |** seconds) prior to ADS-1 actuation; however, the injection rate was

low (less than | |** Ibm/sec.) due to the small difference between system pressure and
accumulator gas pressure (data plot 39).

Facility Response During the PDP:

The oscillating flow in the primary system that began after the RCPs were shutoff continued into
the PDP. These flow oscillations resulted in wide variations in the steam fraction of the two-phase
mixture exiting the rod bundle and flowing into the hot legs (data plots 30 and 31). These
oscillations in steam fraction had a significant effect op the thermal buoyancy head that drove the
flow in the primary system at this time, since it affected the two-phase flow density. These steam
fraction oscillations were observed through the hot l.g and the steam generators (data plots 20

and 21). However, the steam fraction oscillations viere converted to flow oscillations in the cold
legs since the two-phase mixture entering the steam generators left the steam generators as
saturated water (data plots 24 through 27). Some of the steam was condensed in the steam
generator 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). The remaining steam was
separated from the two-phase mixture in the high point of the U-tubes (due to low velocity),
eventually causing the U-tubes to begin to drain, and a free-water surface appeared at the top of
the U-tubes (plots 20 and 22). At | |**9 seconds, all flow through steam generator-A stopped,
since the free-water surface in the U-tubes had fallen too low to be overcome by the buoyancy
head steam fraction oscillations. The oscillations were seen in temperatures and pressures
throughout the primary system. When the steam generator U-tubes drained, these oscillations
stopped. The steam generator-B U-tubes drained earlier than for steam generator-A due to the
higher steam fraction in the fluid from hot leg-B.
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The primary system pressure decay during the PDP began at a slow rate (| "™ psi/sec.). At
approximately | | seconds, the primary system pressure decay rate increased to | ‘
psi/sec., (Figure 4.2.6-1). This happened when the CMTs transitioned from their recirculation

mode to their draindown mode of operaiion. This transition occurred when the steam generator

U-tubes on the cold-leg side drained and the B-loop cold legs partially drained, allowing the cold

leg to CMT balance lines to drain. The increased rate of pressure decay was due to the increased

injection rate of the cold liquid from the CMTs.

The CMTs began injecting cold fluid into the annular downcomer via the DVI lines when the

S signal occurred. [Initially, this injection from each CMT was driven by natural circulation (at
approximately [ ]** Ibm/sec.), with hot fluid flowing from the cold leg through the cold-

leg balance line (CLBL) into the top of the CMT, replacing the cold fluid flowing from the

bottom of the CMT. The CMT ratural circulation flow rate slowed to | |** Ibm/sec. at

[ J** seconds as the CMT filled with hot water and the cold-leg fluid temperature decreased,
reducing the natural circulation driving head. When the loop-B cold legs were partially drained at
about | |'** seconds, the CLBLs of both CMTs drained, and the CMTs transitioned to their
draindown mode. For this 1-inch LOCA, the break flow at this time was less than the nominal
CMT draindown injection flow rate from the two CMTs. Therefore, when a free-water surface
developed in the top of each CMT and the injection flow rate increased significantly the cold leg
water level apparently increases. This blocks the path for steam to enter the balance lines and they
refill with water. This caused the CMT injection to consist of intermittent short periods of
draindown, alternating with short periods of refill with water from the cold legs (data plot 38). ‘
This resulted in a slow net drop of the CMT level. Complete transition to draindown occurred
earlier in CMT-B than in CMT-A. The free-liquid surfaces in the CMTs were apparently
established by both flashing of the water in the CLBLs and steam flowing to the CMTs from the
cold legs.

The steam flow from the cold legs into the top of the CMTs heated/maintained the upper CMT
surfaces and water surface at saturation temperature. However, flashing also occurred in the
CMTs due to the high temperature of the fluid in the top of the CMTs (data plots 15 and 16) and
the decreasing system pressure. The steam above the liquid surface in the CMTs and in the
halance lines was superheated after ADS-1. Flashing kept the water temperature at saturation
temperature while system pressure decayed.

The accumulators began to inject fluid when the primary system pressure dropped below 711 psia
(at approximately | J** seconds); however, the injection rate was low prior to ADS-1

(data plot 39). However, this small accumulator flow contributed to maintaining sufficient water
level in the loop-B cold legs to cause the observed intermittent CMT draindown/refill.

Throughout the PDP, the PRHR HX removed energy from the primary system. The combined

effect of the PRHR HX heat removal and CMT heat removal and injection of cold water were

sufficient to limit the steam fraction of the two-phase mixture exiting the rod bundle to ‘
approximatzly [ ]** percent during this phase (data plots 30 and 31).
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* Automatic Depressurization System Phase (4600 to 5650 Seconds)

The automatic depressurization system (ADS) phase hegan with the actuation of ADS-1 and ended
with the actuation of ADS-4 (Figure 4.2.5-1)

Facility Response During the ADS Phase:

With the actuation of ADS-1, followed by ADS 2 and ADS-3 within approximately [ |***
seconds, the rate of primary system depressurizaucn increased from almost 0. (at the end of PDP)
to | |** nsi/sec. (at the start of the ADS phasi). This rate gradually decreased as system
pressure decreased.

The primary system depressurization after ADS actuation resulted in a high rate of water injection
from accumulators-A and -B (data plot 39). The CMTSs’ injection flow increased to approximately
[ "™ Ibm/sec. after ADS-1 and gradually decreased as CMT level decreased (data plot 38).
The accumulators injected cold water into the primary system for approximately [ |*™ seconds
(from | 1** seconds) and then were empty. The accumulator and CMTs’ injection
refilled the power channel rod bundle region and upper plenuin with subcooled water.

The pressurizer immediately began to refill when ADS-1 occurred (data plot 32). The pressurizer
never filled completely with liquid, as two-phase fluid was discharged out of the primary system
through the ADS-1, -2, and -3 flow paths. When ADS-4 occurred, the pressurizer drained and
only a small amount of steam was vented through ADS-1, -2, and -3.

Prior 1o the ADS period, liquid left the primary system only through the break in the cold leg.
With the actuation of the ADS, fluid left the system through the ADS from the top of the
pressurizer. The mass flow through the cold-leg break decreased as break flow converted from
liquid to predominately saturated steam as the cold leg voided and primary system pressure
decreased (data plot 43).

The PRHR HX stopped flowing (at approximately [  ]*™ seconds) after the accumulators had
emptied and the power channel/hot leg-A contained subcooled water. PRHR HX flow did not
restart in spite of the subsequent increase in the steam fraction of fluid from the power channel.

* Post-Automatic Depressurization System Phase (5650 Seconds to End of Test)

The post-automatic depressurization system (post-ADS) phase began when ADS-4 occurred
(Figure 4.2.5-1) and continued to the end of the test.

Facility Response During the Post-ADS Phase:

The primary system pressure rapidly decreased to near ambient after ADS-4 actuated. This caused
the water level on the cold-leg side of the primary system to suddenly drop below the annular
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downcomer into the tubular downcomer (data plot 25). This resulted in a significant increase in

the steam fraction in the rod bundle and upper plenum; however, there was sufficient two-phase .
flow 10 keep the bundle fully cooled (data plots 30 and 31). Gravity flow from e IRV/ST began

at approximately | |** saconds and quickly refilled the tubular and annular portions of the

downcomer (data plot 40). The steam fraction of flow through the power channel immediately

began to decrease and subcooled flow through the power channel and hot leg-A and out through

ADS-4 was established by approximately [ ]*™ seconds. Also, the upper plenum became

subcooled and partiaily refilled. This steady-state condition was the end of the test

When ADS-4 occurred, liquid again left the system while only a small amount of steam left the
system from ADS-1, -2 and -3.

Component Responses
* Power Channel

The power channel consisted of five volumes: the lower plenum, the riser with the heater rod
bundle, the lower portion of the upper plenum below the hot leg, the upper portion of the upper
plenum above the hot leg, and the upper head. When the break occurred, primary system pressure
decreased to the R trip point (1800 psia) and the S trip point (1700 psia). However, since the
water everywhere in the power channel was subcooled relative to system pressure, no boiling or
flashing occurred up to this point. Nothing significant happened in the power channel until the .
rod bundle power was reduced to 20 percent, 5.75 seconds after the R signal. At this time, the
temperature gradient across the rod bundle quickly decreased due to the reduced power/flow ratio
(still full flow), and the power channel outlet temperature dropped toward the lower-plenum inlet
temperature (Figure 4.6.5-2). However, the water in the upper portion of the upper plenum
remained at [ ]*"“°F and it began to flash when system pressure dropped below saturation
pressure of (| |**¢). When the RCPs were turned off (16.2 seconds after the S signal),
the power/flow ratio increased and the power channel outlet temperature increased resulting in
boiling in the rod bundle and flashing in the upper plenum. This produced sufficient steam to
control system pressure, and both temperature and pressure increased momentarily (data plots 30
and 31). The water temperature in the lower portion of the upper-plenum reached a peak and
staried 1o drop in response to increasing primary system natural circulation flow caused by the
increasing steam fraction of fluid on the hot-leg side of the power channel, PRHR HX flow, and
CMT flow. The upper-plenum and hot-leg temperatures stabilized at approximately | |**°F,
and the primary pressure stabilized at the corresponding saturation pressure (approximately

[ 1" psia) at the end of the IDP.

The temperature of the liquid in the upper plenum and hot legs controiled system pressure during

the PDP (data plot 4). Flow oscillations were observed in the tubular downcomer and dP across

the rod bundie (period [ ™ seconds) when the RCPs had coasted down, and these oscillations

continued until about | |'** seconds into the test. The flow oscillations led to oscillations in .
the rod bundle steam fraction as measured by the collapsed liguid levels in the heater bundle,
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upper plenum, and hot leg (data plots 30 and 31). When the flow decreased, the steam fraction
increased and resulted in an increase of the overall system pressure and the lower-upper plenum
temperature (Figure 4.2.6-2). The overall system pressure oscillations were therefore out of phase
with the tubular downcomer flow oscillations.

Data plots 30 and 31 show the collapsed liquid levels at various sections of the power channel
during the SO1613 test.

The liquid level in upper head started to decrease when system pressure decreased to the saturation
pressure of the fluid temperature in the upper head (at about [ ]*™ seconds). Initially, the
upper-head fluid temperature was only | ™ °F and was therefore considerably cooler than

the upper-plenum fluid temperature. Flashing of the fluid in the upper head began at [ |***
seconds, and the upper head was completely drained at approximately | |** seconds (data
plot 4).

The upper-upper plenum began to flash when the primary system pressure decreased below

[ 1** psia, and its level decreased reaching the hot-leg elevation at about [ |*** seconds.
The top of the upper-upper plenum remained filled with steam until the end of the accumulator
injection, when subcooled water in the lower portion of the upper plenum condensed the steam
bubble in the upper-upper plenum (data plot 4). However, when accumulator injection ended, the
upper-upper plenum again filled with steam. At | ]**< seconds, the upper-upper plenum again
filled when water injected from the IRWST restored subcooled flow through the power channel.

The collapsed liquid level measurement in the lower-upper plenum provided a measurement of the
steam fraction of flow exiting the rod bundle. During the PDP, this two-phase flow had a
maximum steam fraction of [ |** percent.

Data plot 30 shows the collapsed water level in the rod bundle oscillating following pump
coastdown up until | |** seconds. This indicates apparent steam fractions in the rod bundle
varying from | |“*9 percent (with an approximately [ ™™ second period). Afer the
oscillations ended, the steam fraction of the rod bundle region increased from [ 1™ percent to
[ ]** percent, just before accumulator injection. The accumulator injection completely
subcooled the rod bundle. However, when the injection ended, the two-phase flow was again
produced, and the steam fraction of fluid in the rod bundle region reached a maximum ([ |
percent) just before IRWST injection during the post-ADS phase. The lower-upper plenum steam
fraction increased to [ )™ percent at this time, but this high steam fraction was due to the fact
that the level of the two-phase mixture temporarily dropped below the hot-leg elevation.

The collapsed level measured just above the heated portion of the rod bundle (data plot 31)
provided steam fractions that correlated well with those measured for the rod bundle and provided
evidence of the steam/water fraction of the two-phase flow exiting the top of the rod bundle.
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» Pressurizer

The pressurizer began to drain when the break occurred and was complately drained in .
approximately | | seconds (data plot 32). The water in the pressurizer flashed due to the
loss of system pressure, and the temperature of the water dropped from | |**°F during this
initial depressurization (data plot 18). The hot water flowing from the pressurizer surge line into
hot leg-A caused a slight increase in the hot-leg temperature during this period, since it mixed with
the flow from the »wer channel/upper plenum. The pressurizer remained drained until ADS-1
occurred, at approximately | |+ seconds, when it refilled and reached a collapsed liquid
level of approximately [ | feet and a two-phase mixture was discharged from the top of the
pressurizer via the ADS-1, -2 and -3 flow paths. The collapsed liquid level decreased as the steam
function of the two-phase flow through the rod bundle increased. A sharp temporary decrease in
level occurred at approximately | |**¢ seconds when the upper-upper plenum partially refilled
with water. Level decrease continued after ADS-4, the pressurizer drained again at [ |
seconds and its level then reached manometric agreement with the water level/pressure in the

primary system.
*  Steam Generator

The steam generators acted as the heat sink until the MSLIV closed and prevented further energy
removal from the secondary side. This caused the temperature of the secondary side to increese
toward the primary system hot-leg temperature, which at the same time was dropping due to the
reduced power/flow ratio. When the RCPs coasted down, there was a temporary temperature
increase due to the increased power/flow ratio with natural circulation flow in the primary system
(Figure 4.2.5-2). The steam generator secondary-side water temperature then stabilized at
approximately [ ]*™9°F at the end of the IDP.

For the first part of the PDP, the pressure on the primary side of the steam generator U-tubes was
higher than the secondary side (data plot 2). This indicated that some heat transfer from the
primary to secondary side occurred and caused some condensation of the steam in the two-phase
fluid coming from the hot leg. Primary system pressure did not drop below the steam generator
secondary-side pressure until approximately | |** seconds into the event, at which time the
steam generator U-tubes were nearly drained.

At the end of the pump coastdown, flow oscillations began in the tubular downcomer and through

the power channel. This caused significant oscillations in the collapsed liquid level in the rod

bundle and, consequently, in the density of the two-phase flow from the rod bundle nto the lower-

upper plenum, the hot legs, and to the steam generators (data plots 20 and 21). Sin e the driving

force for the natural circulation flow was the density difference between the single-phase fluid in

the cold legs and downcomer entering the power channel and the two-phase mixture leaving the

rod bundle in the lower-upper plenum and the hot legs; the flow oscillations were sustained as

long as there was flow through the steam gr: *rators. .
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The flow oscillations in the hot legs reached the steam generators. In steam generator-A, the
U-tubes were full until approximately | |'** seconds into the transient. Al this time, a
free-water surface began to develop in the top of the U-tubes, primurily due to the separation of
steam from the two-phase mixture from the hot leg at the low-flow velocities existing at natural
circulation flow conditions. The fluid level on the hot-leg side of the U-tubes oscillated as it
decreased. This condition continued until approximately | |'** seconds into the transient, at
which time the top of the U-tubes remained filled with saturated vapor and the U-tube water level
decreased smoothly.

The fluid level on the cold-leg side of the steam generator-A U-tubes exhibited significant level

oscillations from about | |'**< seconds and it appeared that intermittent flow over the
top of the U-tubes occurred. At | |** seconds, the U-tube water level decreased smoothly
and was drained at about | |4 seconds.

Because of the higher steam fraction of the fluid in hot leg-B and steam generator-B, the time over
which oscillations occurred was reduced and the U-tubes filled with saturated vapor sooner. As a
result, the steam generator-B U-tubes began to drain at about | % seconds.

The level in the steam generator-B hot-leg side U-tubes dropped to near zero at about

| |** seconds. The cold-leg side U-tubes exhibited significant level oscillations from about
[ 1** seconds which continued until the U-tubes were drained at [ ]** seconds (data
plots 22 and 23).

* Hot Legs

Hot legs-A and -B were full of two-phase fluid until ADS-1 was actuated, when the measured

level decreased (data plots 20 and 21). The hot legs were nearly drained at ADS-4 (| s |
seconds) and partially refilled after IRWST injection began. The principal difference between hot
legs-A and -B was the influence of the PRHR HX on the void fraction in the hot legs during the
PDP. Assuming that the fluid in the hot legs initially had the same steam fractions at the outlet of |
the power channel lower-upper plenum; the PRHR appears to have preferentially removed steam

from hot leg-A (as seen in the very high steam fraction for the PRHR inlet flow), thereby reducing |
the steam fraction of the fluid in hot leg-A to less than the fluid steam fraction in hot leg-B. The

apparent steam fraction in hot leg-A was [ ™ percent at | ]** seconds; while in hot

leg-B it was [ ]*™ percent. The hot-leg steam fraction affected the draining of the steam

generators U-tubes, with steam generator-B draining carlier than steam generator-A.

* Cold Legs

Cold legs-Al and -A2 remained full until | |'** seconds (data plots 22 through 27), at which
time the level decreased to the horizontal section of the pipes and drained at about | Jihe)
seconds. When ADS-4 occurred, the water level in the tubular downcomer temporarily dropped
reaching | ™ ft. below the hot-leg elevation at | ]'** seconds (data plot 24). The rod
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bundle steam fraction fluid increased. Afier IRWST injection began at | **€ seconds, the
annular downcomer refilled and the cold and hot legs were partially refilled after | Jone
seconds 1o the level of [ |** ft. above the hot leg.

Cold legs-B1 and -B2 remained full until | |'*** seconds into the event, at which time both
cold legs-B1 and -B2 drained rapidly to the level of the horizontal section of the pipes. This
reduced water level in cold leg-B1 and cold leg B-2 initiated the transition of the CMTs from their
recirculation to draindown mode of operation. Cold legs-B1 and -B2 were refilled at [ ™
seconds 1o the level of [ )*™ fi. above the hot leg. At this time, the cold leg to CMT balance
lines were partially filled.

* PRHR and IRWST

Al the initiation of the test, the PRHR HX was filled with subcooled liquid. When the S signal
occurred, the PRHR HX isolation valve opened and flow started through the HX at a high flow
rate due 1o the still operating RCPs, When the RCPs were shutoff and the power channel upper
plenum and the hot legs filied with two-phase fluid, a large portion of the steam in hot leg-A
flowed to the PRHR HX (data plot 29). The two-phase mixture, consisting of alternating slugs of
steam and water, was condensed and subcooled in the PRHR HX (data plot 28) from [ |*M°F
to below [ |**°F. During the PDP (prior to ADS-1), there was a significant variation in the
flow through the PRHR HX, caused by the variation in the steam fraction in hot leg-A. Steam
condensation was apparently occurring in the PRHR HX as evidenced by the rapid and wide
variations in dP measurements (data plots 28, 29, and 37).

When ADS-1 began, the power channel and the hot leg were refilled with subcooled water by
accumulator injection. The driving head for the flow in the PRHR HX decreased (caused by the
density difference between the fluid in the PRHR supply line and the return line) and the flow
decreased and stopped. There was a shoit period of reverse flow at the end of the accumulator
discharge. The subcooled fluid in the hot leg never filled the PRHR supply line, and hot fluid in
this line flashed as system pressure decreased. Simultaneous flashing in the supply line and
condensation in the PRHR HX resulted in a wide variations in the measured flow in the PRHR
HX return line.

After the accumulator injection had ended, the rod bundle upper plenum again reached saturation
temperature, and a two-phase mixture again occurred in the hot legs. Flow restarted in the PRHR
HX, and the flow rate varied in response to the steam fraction in the hot leg. When ADS-4 fully
depressurized the primary system and the IRWST flow began and refilled the power channel and
the hot leg with subcooled water again, the flow through the PRHR HX stopped for the remainder
of the transient. The subcooled fluid in the hot leg filled the PRHR supply line at [ %
seconds.

The heatup of IRWST water resulting from the operation of the PRHR HX is shown in data
plot 17. Following ADS-4, primary system pressure decreased to near ambient, and gravity flow
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due to the water elevaton head in the IRWST began injecting water into the annular downcomer
via the DVI lines. The flow from the IRWST was suificient 1o refill the power channel,
downcomer, and loop piping and to establish subcooled fluid flow through the tube bundie and out
through the ADS-4 flow paths (data plots 32 and 40).

* Core Makeup Tanks

The CMT injection was initiated two seconds after the S signal when the CMT injection line
isolation valves were opened. Initially, the flow from the CMTs occurred by natural circulation;
hot water from cold legs flowed to the top of the CMTs and cold water from the bottom of the
CMTs flowed to the downcomer, via the DVI lines, into the power channel.

Initiaily, this recirculation rate was approximately [ |** Ibm/sec. from each CMT. The flow
rate slowed down 1o | 1% tbm/sec. at | |'** seconds due to the decreased buoyant head
driving force that occurred as the CMT water was replaced with hot water from the cold legs, and
as the cold-leg water temperature decreased.

After cold legs-B1 and -B2 drained to the level of horizontal pipes at | | seconds,
flashing/draining began in the cold-leg balance line. When the temperature at the top of the CMT
reached the saturation temperature for primary system pressure, a free-water surface was
established in the CMTs. This increased the driving head for the injection flow and resulted in a
higher draindown flow rate. For the 1-inch LOCA, the break flow at this time was less than full
CMT draindown flow rate. This caused the CMT injection to consist intermittent short periods of
draindown which increased the cold leg water level and short periods of refill with water from the
cold legs. This resulted in a slow decrease in CMT levels and the ADS-1 actuation was therefore
delayed and occurred at a system pressure of approximately [ ]*™ psia, considerably below
711 psia accumulator gas pressure. Part of the accumulator coolant inventory was therefore
injected into the primary system prior to ADS-1. This accumulator injection helped maintain the
primary system coolant iaventory at cold-leg elevation and thus contributed to intermittent CMT
draindown/refill.  For test SO01613, the transition from recirculation to the draindown mode of
operation occurred at | ]**¢ seconds for both CMT A and CMT B as shown in data plot 38.
The CMT balance lines finally completely drained at | J** seconds (ADS-1), resulting in an
increase in CMT injection flow rate. The steam in the CMT balance lines and at top of the CMTs
was slightly superheated as the primary system pressure was rapidly reduced by ADS operation.

The CMTs were heated first by the hot liquid from the which replaced the cold water draining
from the bottom of the CMTs. A stable, stratified thermal gradiext wao estabuished in the CMTs
(data plots 15 and 16). Later steam from the cold legs maintained the exposed metal and
free-water surface temperatures at Or near saturation temperature,

The CMT recirculation mode flow rate was initially approximately | ]** Ibm/sec. and steadily
decreased to approximately | J**< Ibm/sec. when the transition to draindown began. The CMT
average injection flow rate increased to approximately | |**< Ibm/sec. during the transition
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period. After ADS-1 actuated, CMT injection increased again to | |** Ihm/sec. and then
gradually decreased with time. During the accumulator injection (ADS-1), the CMTs’ draindown
rate remained high. CMT-A was drained at about ADS-4 (|  |*™ seconds). The CMT-B
injection flow rate decreased when the IRWST started at about | |** seconds, and CMT-B
stopped flowing at | |** seconds and never completely drained (data plots 33 and 38).

*  Accumulators

The accumulators provided water injection by a polytropic expansion of a compressed air volume
stored within the accumulator. Accumulator injection started when the primary system pressure
dropped below 711 psia at 2400 seconds. The accumulator injection flow rate was low until
ADS-1 was actuated at approximately | |'** seconds when the flow rate increased to
approximately [ | Ibm/sec. The accumulator injection after ADS actuation lasted
approximately [ ]*™ seconds, and the accumulators were completely drained (data plot 34).

The effective polytropic coefficient of expansion was calculated for the accumulators

(Figures 4.2.5-3 and 4.2.5-4)to be [ 1™ for accumulator-A and -B. This was near the mid-
point between isothermal expansion (k = 1) and adiabatic expansion (k = 1.4) and showed that
some heat was picked up by the compressed air from the internal metal surfaces of the
accumulator during the expansion,

Mass Discharge and Mass Balance

The catch tank weight measurements are shown in data plot 43 for the break flow, for the ADS-1, -2,
and -3 flows, and for the ADS-4 flow. The break flow as shown in plot 44, which began when the
test was initiated, was stable with a decreasing flow rate as system pressure dropped during the IDP
and the PDP. When the ADS was actuated, the break location voided, and further discharge from the
break was primarily saturated steam until IRWST injection refilled the cold leg after ADS-4.

The discharge from ADS-1, -2, and -3 was stable throughout the accumulator injection and increased
temporarily when the injection ended. When ADS-4 occurred, the discharge of fluid from the top of
the pressurizer essentially ended, and the fluid discharge from ADS-4 began. The ADS-4 fluid
discharge rate was relatively stable and continued until the end of the test. The discharged masses are
shown in Table 42 6-4.

The mass balance results for test SO1613 were calculated based on water inventory before and after the
test. Table 4.2.6-2 gives a detailed listing of the inventories of water in the various components before
the test. Table 4.2.6-3 lists the inventories after the test and the amount of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>