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ABSTRACT

A RHRP (Reduced-Height and Reduced-Pressure) lIST (Institute of Nuclear Energy Research
Integral System Test) facility has been established in 1992 for safety studies of the
Westinghouse three-loop PWR (Pressurized Water Reactor) NPP (Nuclear Power Plant). The
research purposes of the lIST facility are as follows: (a) to enhance the understanding of
thermal hydraulics phenomena during the accidents, (b) to contribute to evaluate and develop
the safety computer codes, and (c) to validate the emergency operating procedure (EOP) during
the accidents of PWR. The scaling factors of the IIST facility for height and volume of the
reactor coolant system (RCS) are approximately 1/4 and 1/400, respectively. The maximum
operating pressure of the lIST facility is 2.1 MPa. The IIST facility has three loops as well as all
the systems which are about studying Westinghouse PWR plant system transients. The
experiment of the IIST facility was finished which simulated a 2% cold-leg-break loss-of-coolant
accident (LOCA) with total high-pressure injection (HPI) failure. This break was located in loop 2
of IST facility, which is one of the two loops that do not have a pressurizer. Besides, three
cooldown experiments of HIST facility were also performed. In this research, the IIST facility
experiments data and RELAPS analysis results of IIST facility experiments are used to verify
and establish the TRACE (TRAC/RELAP Advanced Computational Engine) IIST facility models.
Comparing steady state results, it can be concluded that the steady state results of TRACE
calculations are in agreement with those of IIST facility experiments data and RELAPS analysis
results of {IST facility experiments. On the other hand, comparing the transient results, it also
indicates that they are in reasonable consistency. The verified results of TRACE IIST facility
models reveal that there is respectable accuracy in the analysis of the 2% cold-leg-break LOCA
and cooldown experiments.






FOREWORD

The US NRC (United States Nuclear Regulatory Commission) is developing an advanced
thermal hydraulic code named TRACE for nuclear power plant safety analysis. The
development of TRACE is based on TRAC, integrating RELAP5 and other programs. NRC has -
determined that in the future, TRACE will be the main code used in thermal hydraulic safety
analysis, and no further development of other thermal hydraulic codes such as RELAP5 and
TRAC will be continued. A graphic user interface program, SNAP (Symbolic Nuclear Analysis
Program) which processes inputs and outputs for TRACE is also under development. One of
the features of TRACE is its capacity to model the reactor vessel with 3-D geometry. It can
support a more accurate and detailed safety analysis of nuclear power plants. TRACE has a
greater simulation capability than the other old codes, especially for events like LOCA.

Taiwan and the United States have signed an agreement on CAMP ( Code Applications and

Maintenance Program ) which includes the development and maintenance of TRACE. INER

(Institute of Nuclear Energy Research, Atomic Energy Council, R.O.C.) is the organization in
Taiwan responsible for the application of TRACE in thermal hydraulic safety analysis, for
recording users’ experiences of it, and providing suggestions for its development. To meet this
responsibility, the TRACE models of IIST facility have been built. In this report, the 2%
cold-leg-break LOCA experiment and cooldown experiments data of IIST facility were utilized
and conducted to confirm the accuracy of the TRACE models.
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EXECUTIVE SUMMARY

An agreement in 2004 which includes the development and maintenance of TRACE has been
signed between Taiwan and USA on CAMP. INER is the organization in Taiwan responsible for

applying TRACE to thermal hydraulic safety analysis in order to provide users’ experienceé

and development suggestions. To fulfill this responsibility, the TRACE models of IIST facility
were developed by INER. ' _

A RHRP lIST facility has been established for safety studies of the Westinghouse three loops
PWR. The research purposes of the IIST facility are as follows: (a) to enhance the
understanding of thermal hydraulics phenomena during the accidents®, (b) to contribute to
evaluate and develop the safety computer codes*”®, and (c) to validate the EOP during the
accidents of PWR®. The scaling factors of the IST facility for height and volume in the RCS are
approximately 1/4 and 1/400, respectively. The maximum operating pressure of the IST facility
is 2.1 MPa. The IIST facility has three loops as well as all the systems which are about studying
Westinghouse PWR plant system transients. An experiment of the IIST facility was finished
which simulated a 2% cold-leg-break LOCA with total HPI failure™. This break was located in
loop 2 of IIST facility, which is one of the two loops that do not have a pressurizer. Besides,
three cooldown experiments of 1IST facility were also performed®.

The codes used in this research are SNAP v 1.1.8 and TRACE v 5.0p1. By referring to the
RELAPS5 [IST facility model and IIST facility experiments data™®, the TRACE HIST facility
model (named model A) was developed. The TRACE IIST facility model has three loops. Each
of the three loops includes the simulation of the hot-leg, SG (Steam Generator) inlet plenum, SG
U-tubes, SG outlet plenum, crossover leg, reactor coolant pump, and cold-leg. The pressurizer
located in loop 1, the break valve located in loop 2, and several pipe components were used to
simulate the IIST pressure vessel. The models of the three SG secondaries were identical. The
secondary models can be subdivided into the downcomer, boiling section, and steam dome.
The feedwater line was simulated using a time-dependent junction. The steam line was
simulated by a break component, which simulated the pressure of steam line during the IIST
experiment. The break flow area was simulated using a specific valve with the critical flow
option. The heat source of IIST facility was simulated by a power component of TRACE, which
used the power table option to simulate the power varying during the experiments. Besides,
another TRACE IIST facility model (named model B) was developed in order to use the TRACE
3D component-vessel instead of pipe components.

Effectiveness of the proposed models were verified with the IIST facility 2% cold-leg-break
LOCA experiment data, |IST facility cooldown experiments data, and the RELAPS analysis
results data of these experiments. The analytical results of TRACE IIST facility models
indicate that the TRACE IIST facility models predict not only the behaviors of important
parameters in consistent trends with experiments data, but also their numerical values with
respectable accuracy.
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1. INTRODUCTION

The US NRC is developing an advanced thermal hydraulic code named TRACE for safety
analyses of NPPs. The development of TRACE is based on TRAC and integrating with RELAPS
and other programs. NRC has ensured that TRACE will be the main code used in thermal
hydraulic safety analysis, without further development of other thermal hydraulic codes such as
RELAPS5 and TRAC in the future. SNAP, a program with graphic user interface, which
processes the inputs and outputs of TRACE is also underdeveloped. One of the features of
TRACE is its capacity to model the reactor vessel with 3-D geometry. It can support a more
accurate and detailed safety analysis of NPPs. TRACE has a greater simulation capability than
the other old codes, especially for events like LOCA.

A RHRP IIST facility has been established for safety studies of the Westinghouse three loops
PWR since 1992. The research purposes of the IIST facility are as follows: (a) to enhance the
understanding of thermal hydraulics phenomena during the accidents*®, (b) to contribute to
evaluate and develop the safety computer codes'®, and (c) to validate the EOP during the
accidents of PWR®. The scaling factors of the IIST facility for height and volume in the RCS are
approximately 1/4 and 1/400, respectively. The maximum operating pressure of the 1IST facility
is 2.1 MPa. The IIST facility has three loops as well as all the systems which are about studying
Westinghouse PWR plant system transients. An experiment of the IIST facility was finished
which simulated a 2% cold-leg-break LOCA with total HPI failure”). This break was located in
loop 2 of HIST facility, which is one of the two loops that do not have a pressurizer. Besides,
three cooldown experiments of IST facility were also performed®.

In this research, according to the greater LOCA simulation capability of TRACE, the |IST facility
TRACE models are established and are verified with the 2% cold-leg-break LOCA experiment
data of IIST facility and the RELAP5 analysis results of this experiment”). Besides, the
cooldown experiments data of IIST facilty and the RELAPS5 analysis results of these
experiments are also used to establish and verify the TRACE models®.

1-1






2. lIST facility and experiments

Fig. 2.1 shows the schema of the IIST facility. lIST facility is established in order to simulate the
thermal hydraulics phenomena of Maanshan NPP which is a Westinghouse three loops PWR.
Maanshan NPP is the only Westinghouse-PWR in Taiwan. The rated core thermal power is
2775 MW. The reactor coolant system has three loops, each of which includes a reactor coolant
pump and a SG. The pressurizer is connected to the hot-leg piping in loop 2.

The HIIST facility consists of a pressure vessel and three loops. Each loop has a SG and a
coolant pump. Except that there is a pressurizer in the loop 1, the three loops are identical. The
scaling factors of height and volume in the RCS are approximately 1/4 and 1/400, respectively.
Scaled safety injection systems (include HPI and accumulators) inject cooling water into the
cold-leg of each loop. During the SBLOCA (Small Break LOCA) experiment, a catch tank is
simulated to collect and measure the effluent from the simulated break. The comparison of
major parameters between [IST facility and the Maanshan NPP is shown in Table 2.1.

The data acquisition system of the IIST facility records data from more than 200 instruments
which include K-type thermocouples, venturi flowmeters, pressure transducers, and differential
pressure transducers in order to measure temperature, flow rate, pressure, and differential
pressure, respectively. The accuracies of the instruments are as follows™: (1) Thermocouple
accuracies are 2.2 K or 0.75% of the full scale. (2) Venturi flowmeters located in the downflow
section of the crossover leg (the loop seals) are used to measure the loop flow rate which the
accuracy is 1.66% of the range. (3) Pressure and pressure difference transducers are used to
measure the system pressure and the local pressure drop in the loops. The accuracies of
pressure and pressure difference are 0.25 and 0.77% of the ranges, respectively. (4) The
collapsed liquid levels are calculated based on the differential pressures and temperatures for
regions of the system when the local velocities are low. The accuracy of the collapsed liquid
level is 1.8% of the range. (5) The break flow is discharged to the catch tank during the
simulation of the LOCA experiments. So, the break flow rate is calculated from the multiplication
of the liquid level rising rate, flow area, and liquid density in the catch tank. The accuracy of the
break flow rate is 1.8% of the range. The detail description of the above instruments are listed in
the INER report® and Table 2.2 shows some data of instruments which include the calculation
range, location, and function.

Besides, there are 50 view ports in the IIST facility in order to see the thermal hydraulics

phenomena and thus enhance understanding of two-phase phenomena in the pressure vessel,

hot-legs, SG inlet and outlet plenums, SG secondary sides, crossover legs, cold-legs, and

pressurizer. However, a total of 13 video cameras are located at selected view ports to record
the key thermal hydraulics phenomena during the lIST facility experiments.
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Table 2.1 The comparison of major parameters between IIST facility and the Maanshan

NPP()
Maanshan
Parameter TIST PWR HST/PWR

Design pressure (MPa) 2.1 156 1.35x 107!
Maximum core power (MW) 0.45 2775 1.62x 1074
Primary system volume (m?) 5.37%x 107! 2.15 X 10° 2.50% 1073
Number of loops 3 3 1.0
Core

Height (m) 1.0 36 2.77 X 107}

Hydraulic diameter (m) 1.08 x 10} 1.22x107? 8.85

Bypass area (m?) 721073 1.54 X 1072 4.67 X 10-3
Hot leg

Inner diameter. D (m) 525x1072 7.35%x107! 713 x107?

Length. L (m) 2.0 7.28 2715 %107t

L/VD (m®?) 8.72 8.48 1.03
U-tube in one SG

Number 30 5626 533 %1073

Average length (m) 4.08 16.85 2,24 %107}

Inner diameter (mmum) 15.4 154 1.0

Volume (m?) 228 X102 18.44 123 x 1073
Cold leg

Inner diameter D (m) 5§25 x 1072 787 %107} 6.67 X 1072

Length L (m) 5.0 15.7 3.18x 107!

L/JD (n**) 21.8 17.69 1.22
Dovwncomer .

Flow area (m?) 0.0185 2.63 7.03 x 1072

Hydraulic diameter (m) 412 %1072 48 %107} 8.58 X 1072
Pressurizer

Volume (m?) 9.32x 1072 39.64 235%10°3

Surge-line flow area (m?) 344 %1074 6.38 X107 539 x10°?
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Table 2.2 The instruments data of lIST facility'®

p

Sensor Funiction Cal. Range “Tap Position (11if1.0) Mauel Scrial Spee. Range ¢ Remark
LT-1012 [ Downcomer level 20 em | Upper PCCore it (110cm) | 11510p4j22mIb)(RM) | R§123670 | 0-25 10 0-150 01120 [ 1010384
L1100 Corg level-1 0-1900 mm HLUNCYCore Dot(+ 10 cm) | 1151dpAj22m b RAS) [ RS123672 102510 0150 in11200 | TEIDY)
LT 6ot beg- { Tevel O-80 Top of HL ket of 1LY VESKr222mIbI(RAY) | 1673547 [0 DS O-6Ginlld} 1E119A
LT-02 Intes plepum level-| 216-2N em [ of {1/ lop of I 1151dp3Ie22mIbI(RAT | RSIITRED 03 10 D30 inl120 it
1.T-3103 Oalet plenum kevel - | 0-7W aun Top of NfHut of OF 1IMIpA 2261 {RM) FLIRLES 0-1F - M inh 2O 1T 02)
LT 1104 COL. ventical- Venturi 0~ 1100 men OPMieds 6f COL. THHA
LY. 1108 COL mrizomal 0-30 mm Top of COLALot of COL. 1151ARMIMRM) 11671548 {0-0.5 10 0-6inl120) A
LT-1106 COL, venical-Pomp 104~ 1RS em Net ol COV/Top of CLIEC) | 11 S1hpdc2201 mozy B-25300-130inl12O0 | TEI2EA
L7107 Cold leg -1 Jevel 0-80 i Topof CLIMG 0 CLY HISIAR2R2mdbI(RAY) F1673549 [ 00510 0.6ml12) TELE2IA
POT-1102 [ U-tube spliow-Shont -19.98-0%Ps [ Top of IP/Yop ofU tuhe 173108
POT-1104 | U-tube siownflow.Shors [0-19.13kPs | Top of U-iwbe/Top of OF ‘HivIny
PDT-1105 | U-aube inlct/outict AP -$-64 Trps of IFOP H151hpae 223 (RM) IR1.026 0-2510 -1 30 in1120
POT-11I0 | AP baaw, HLIAT) -20-34Py CLINCVIL KNG 1151hpie22m2bl (RAY | 476,56} 0= 2% 10 0~ 130 120
LY-5101 ACC tank kevel- | 31-182¢m ACC WAL top 1 S 1ehpdc2m )l GHRA) D1 TAHES [ 0=25 10 0--1 30 ial 120
LT-1023 Core level-2 0~ 1900 mm Core Boa(s 10 caa)HIL2ANC)
LY Im lnict plenuim beved-2 0-700 mm Top of IPflloi of IP 1151dpAI22ne 1 BIERAY) FRSI2I6T {0-28t 0-130 ind120) | 101220
L7120 Outizs plenwm fevel-2 0~700 mm Top of OPF/Rat of O E3dm(IN) 4,604,919 ].42 ~0indb20) THI2ZY
LY 1204 COL, ventical - Ventun 0~ 1D mm OPMos of CIN, 145 1Ap4j2203RN) 78184 02910013 il 20 111218
LT- 1203 COL. harizoniia} =80 trieny Top of O of COLL UISHe2R22mTBICRM) { RSIIOT42 [0 Stu 1) 6 inli20 tEI11
LT 1206 COL, venical Pusnp H4- 205 ¢m Bt ol COLZBnp of CL2ITCTY | 1151dpAe22in LB RAL | 117804 025100150 inl120 111218
LT-1207 Cobd leg-2 lovel 0~80 mm Top of CL2Mw of TL2 1151dr222mibI(RM) | 1673546 [ 0-0.5t0 0-6ial 20 12274
POT-1202 | U-tube upflow-Shont 17-0in 10 | Top of 11/ Top of U-tube VISThpSe22m2bI(RAL) | 476,063 0~125 0 0-750 inl 120 | 111208
FOT.1204 | U-tube downflaw.Shost |0-19.08 &' Tops of U ipheOF 1151dpdcd2n bI(RAY) [ RS 144683 [D-25100-i30inb120 [ 102V208
PDT-1708 | U-wehe inletfoutiey AT S8 kfa Tops of 114OP 1ES3pte22hI(RAY 781.,02¢ 0-2510 0150 jal 120
POT-I10 | AP baw. L2212 ‘20-3%Pa HLANCWCL(NG)
L.Y.-501 ACC tank level-2 01200 i ACT Inttom/ACC top
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-2

Sensor Function Cal. Range | ‘Tap Position (1ilo) Madcl Serial Spec. Range T Remark

1.T-1033  .{Corclewel-d 0-1900 im Core Bot(+ 10 e}t 1 I(NC)
1.T- 1301 Mot leg-3 level 0~-B0mm Top of IN3/Hot of NI HI3WR2RIMIBL(RM) [ RS1I0748 | 0-0.5 to 0~6 inl 120 TEIIGA
LT-102 Injet plensim Jevel-3 250-308 em Bot of IPTop of §1° 1151dp3e22mIbI(RM) [ RS137876 | 0-5 to 0~30 inHI20) NLHRY
1.T-1303 Outict plenum fevel-3 120~283 awm ot of OPflop ul OP 1131dple22m I bI(RM) | KS 137877 | 05 to U-30 infI20 TEIRY
LT-1304 COL. venical- Venun 129-218cm BBots nf COLIOP 1151dp1c22m 1bI(RM) | RS1378R1 [ 0-25 10 0~150 inkt20 [ TIEII4A
LT-1308 QUL horizuntal 0~% mm Top of COVL/Bn of COA, 1131Ur2022m1bIRAY) { RS130752 | 1-0.5 o 0-6 in}120 TLII24A
L.T-1306 COLvcnical-Pump 124~206 em But of COLSTup of CLUFCY | 1151pAc22inI bIRAG [ 17001414 | 0~23 10 O-130 in) 820 | '1VE1I24A
LY-1307 Cold keg-3 leved 0-80 mm Bat of CLY/Fup ol CI3 1151di2022m ILI(RM) | RS130781 | 0-0.5 10 0-6 inl120 i
PDT-1302 | U-tube upflow-Shont -T7-0inch Tops of IPAU-1ulu 1150dpdc22mIbI(RM) | 476864 0-125 to U750 in1120 | 133305
POT-1304 ] Utube downflow-Shont ] 0~19.18 ki Vops of U-tuke /O 13500pac22mibi (RAY) | RE11406%2 [ 0-2510 0~ 130 inl 120 | 1TD0S
POT-1305 | U-tube indet/omler AP S~6kPs Tops of I7OP HESIhpae22bE(RM} 1,022 0~25 1o 01 30 i 24

POT-1310 | AP baw. 1.3 -2.0~3%Ps HLINCYCLY(NG)

£.T-5301 ACC tank kevel-3 32-132 mm ACC ht/ACC top 1151dpdc2Imibl 1700403 JO-2% 10 0150 Inl§20)

L1001 PRV kevel 48336 cm PRY Bt ) ) S Top U Sidpae2imitl 2 02510 0150 mH200 [THI0N)
172000 PRZ levet 37-341 ¢m I'RZ. BovfTop TIS1p A2 2in LLI(RAD [ RS12049% | 0-25 10 0150 il (200 §711:2002
LT3101  |50-1 20d. levet 0-92inch Upyes tap/ Tubcsheey/ R2Mlp-idsinen2(18) | KTn2194). | 03500 ual 120 TE

13a2
LT-3204 SG-2 2nt kevel 113-30 cm TuhesheetR Ippor 1ap FES1pe22im ELI(RAD) | RS 137RKY [0-25 10 D=1 S0 61020 | 11120
LY-3301 $4i-3 2nd. Jevel 0.92inch Upper llNI'ui.\'nh\-rl B2 idsinm2(1H4) X7n2194) . 1 0-ESIKD il 120) TEAMK
133)
LT-4001 5Q 20d. fecdwaer tank | 0~500 mm )
L.1.2002 Catch tank lovel 0-4300 mm Bat{+5 cm)/Top 1151dpSc22mibI(RM) | 123659 0~125 to 0~750 inl 120) | 17:2000
3
Sensor Funclion Cal. Range ‘Tap Position (1il.o} Modet Setial Spee. Raspe TC Remark

Fr04A | Vemwri-1 forward flow | 0-6inl120 Upstreasn/Cenics 11S)de2r22mIbI(RAL | RS 124858 [0-0.5 10 0~6 inl12) TEIE
FTA204A | Ventwi-2 forward flow |0 6inl120 UpstreanvCenter TISIIZZn LKA | RS124861 J0-0 S0 0-6in1120 | VEIIS
FT1304A | Vemwi-3 forwmd flow [ 0-6intl20 Upsircam/Centcs NIIN2R2mIBURM) | RS12486] | 0-0.310 0-6inl12)  FIHING
FEA104D | Vemuri-1 revernsed flow | 0-6 inli20 Duwastream/Cener TEHIB
FT-1204D | Ventwri-2 seversed flow | 0-6ind120 Downsircam/Center Ribrit)
FT-1304D | Ventun-3 reversed fow | 0- 6inl120 DownurcamXemer 1351 2023m i (RMY [ RS130750 | 0-0.3 12 0-6int120 TEINR
PT-100JA | PRV upper-head AP {0-400 pria PRY upper-head 1151gp8c22m 1 LERM) | R§124868 | 0-30 kg/emi?

PT-000 PRV som AP 0-400 pria PRY bottem( ¢ 1) Snam) VAU HRAY) T17.45% 0-400 psia

rraoe QLA 0-400 puis CLY () F151gpRe22m1 b1 (RM) | RS 123500 | D-30 kgrem?

PT-1204 [ OnOfT signal

P1.2001  [PRZ AP 0-400 pria Topof PRZ 1151gp8e22m I bIRM) | RS 123663 | 0-30 kg/em?

PT.3001 SO 20d. common et {0150 psia $G 2nd. comimon outkt 1153gp7c22mIbI(RM) | RS1 24809 | 0~10 kgfom?

rrno 5G-) 2nd AP 01 M pria Stcam dune. 1 1151hplc22bl (RM) 172.00 D-200 ysia

PT-3208 5G-2 2nd AP 0-150 pria Swcam dome 2 $151hp7e22b(RM) mw 0200 psia

PI3301  |SG-3 2ad Ap 0-150 psia Steam dome:3 1ISIhpTe22bI (RAY) [ 706,709 | 0~200 psia

PI-5101 | ACC-11aak AP 0~150 psia Top of ACC tank-1 1151gpBe22mbbIRA) | RS 123661 | 0-30 kgfem?

f-3201 ACC-2 1k AP 0-130 psia Top of ACC tuk-2 1151gpHc2 2 bI(RAD | RS 124863 | 030 kghm?

75301 ACC: ) ank AP 0- 150 psia Top of ACC 1ank-3 MStppe22mI LI (RAG ] RS 124807 | 030 kgfan?

Bot - Bowtom DC - Downcamer HLU - Hot Leg OP - Quilet Plenum RM - Roscnumm
CL - Cold Leg 8 - Foxbord ' 18 - Inles Pleaum PRY - Pressure Vessel FC - Temperature Compensation
COL - Cross-Over Leg IC - Far Corc NC - Near Core PRZ - Pressurizer
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2.1 lIST facility SBLOCA experiment”

The experiment of IIST facility was performed in order to simulate a 2% cold-leg break (the
break area is 2% of the scaled cold-leg cross-section area) with total HPI failure. A horizontal
break nozzle was installed in the cold-leg of loop 2. In this experiment, the core power decay
and pump coastdown during the SBLOCA experiment were not simulated. The initial condition
of the experiment is showed in Table 2.3.

The SBLOCA experiment started from the break occurred at time zero, the primary pressure of
lIST facility dropped until it became only a little higher than the secondary-side pressure of 1IST
facility. Besides, the primary pressure decreased slowly because the energy content of the
liquid discharged through the break was a little larger than the core energy generation. The air
flowed through the hot-leg into the SG-1 U-tubes after emptying of the pressurizer at 128 sec.
After 164 sec of the break, the loop 1 flow rate suddenly dropped to near zero, which means the
decrease of the heat removal capability of SG-1. The effects of noncondensable air caused
obviously slowed the rising temperatures in both the primary and secondary sides of SG-1 and
the suddenly decrease of the natural-circulation flow rate in loop 1. An asymmetric coolant
inventory distribution was observed in the three SGs during the two-phase natural-circulation
and reflux condensation. In SG-1, the liquid holdup in the inlet plenum was not observed
because the steam flowed into SG-1 which caused no flooding phenomena occurred during the
reflux condensation. However, in SG-2 and SG-3, liquid holdup was shown in the upflow-side
U-tubes and the inlet plenum resulting from the occurrence of flooding phenomena at the inlet of
the SG U-tubes and hot-legs. The collapsed liquid level of core decreased sharply after the
break occurred because of the subcooled liquid discharge in the time period between 0 to 146
sec. Then, the collapsed liquid level of core decreased slowly, when the break flow became a
two-phase mixture from 146 to 400 sec. Finally, because of no coolant makeup, the core was
uncovered with heatup at 1734 sec.



Table 2.3 The initial condition of the lIST facility SBLOCA experiment”’

{IST test data

Parameter
Primary coolant system
Core power (kW) 126
Pressurizer pressure (MPa) 0.958
Pressurizer water level (mm) 1459
Loop flow rate (ka/s)
Loop1 0.210
Loop2 0.217
Loop3 0.217
Hot-leg temperature (K)
Loop1 450
Loop2 449
Loop3 451
Cold-leg temperature (K)
Loop1 409
Loop2 408
Loop3 409
Secondary coolant system
Secondary-side pressure (MPa)
SG-1 0.301
SG-2 0.295
SG-3 0.295
Secondary-side fluid temperature (K)
SG-1 407
SG-2 407
SG-3 407




2.2 .IIST facility cooldown éxperiments“"

In 1996, a break of pressurizer venting tube occurred at Maanshan NPP, which result in the
coolant release to the containment and the action of cooldown and depressurization process in
RCS. In this accident, the leakage was estimated that could be greater than 50 gpm. However,
the RCS collapsed liquid level shrinks and decreases due to cooldown and depressurization
which may lead to overprediction the leakage rate and misjudgment of the proper actions in
accident management. Therefore, a series of ST facility cooldown experiments were
performed in order to study the shrink effect in the RCS and the verification of theoretical
approach of leakage evaluation model. Besides, the IIST facility cooldown experiments results
were also used for the assessment of RELAPS IIST facility model.

There are three cooldown experiments of [IST facility (C61128, C61210, and C70122) and the
initial conditions are listed in Table 2.4. The cooldown experiments were divided two steps. The
first step (0~1000 sec) was the intital primary pressure maintaining by regulating the power of
the pressurizer heater and the secondary side pressure controlling by adjusting the opening of a
control valve (located at the header of steam lines). The second step (after 1000 sec) was the
relief valve (RV) of the steam generator which opens at 1000 sec and the core power was
adjusted in.decreasing rate of 1.75 kW every 50 seconds which resulted in cooldown in the
RCS and depressurization in the secondary side. These cooldown experiments were performed
with the cooldown rates ranging from 0.9 to 1.2 K/min, which were within the limitation of
Maanshan NPP. ~

Table 2.4 The initial condition of the lIST facility cooldown experiments®

_ C61128 C61210 - C70122
Pressurizer pressure (MPa) ' 0.972 0.979 1.82
Pressurizer water level (mm) 1241 1269 1771
Core power (kW) 100.4 120 © 1003
Hot-leg temperature (K) 442.1 448.8 468.5
Cold-leg temperature (K) 410.3 412.2 436.1
SG pressure (MPa) 0.286 0.283 0.62
SG water level (mm) 2230 2264 2293
SG fluid temperature (K) 405 0.979 435
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3. The RELAPS and TRACE lIST model description

The RELAPS IIST facility model was including 172 volumes connected by 175 junctions and 141
heat structures, had been developed to simulate the IIST facility. The detail description of
RELAP5 IIST facility models were in INER'’s previous study™®,

By referring to the RELAPS5 IIST facility models and lIST experiments data®, the TRACE IST
facility model was developed. The SNAP v 1.1.8 and TRACE v 5.0p1 were employed in this
research. The TRACE IIST facility model (named model A) is showed in Fig. 3.1. It shows that
the TRACE IIST facility model has three loops: loop 1 (pipe components 110 to 197, shown in
Fig.3.1 (b)), loop 2 (pipe components 210 to 297, shown in Fig.3.1 (c)), and loop -3 (pipe
components 310 to 397, shown in Fig.3.1 (d)). Each of the three loops includes the simulation of
the hot-leg, SG inlet plenum, SG U-tubes, SG outlet plenum, crossover leg, coolant pump, and
cold-leg. The pressurizer (pipe component 720, shown in Fig.3.1 (b)) located in loop 1, the
break valve (valve component 805, shown in Fig.3.1 (c)) located in loop 2, and pipe components
3~19 were used to simulate the pressure vessel of IIST facility (shown in Fig.3.1 (e)). The
models of the three SG secondaries (pipe components 410 through 430, 510 through 530, and
610 through 630, respectively) were identical. The secondary models can be subdivided into the
downcomer, boiling section, and steam dome. The steam line was simulated by a break
component, which simulated the pressure of steam line during the IIST facility experiments. The
break flow area was simulated using a specific valve with the critical flow option. Besides,
another TRACE IlIST facility model (named model B) was developed in order to use the TRACE
3D component-vessel instead of pipe 3~19. The TRACE IIST facility model B is shown in Fig.
3.2.

The heat source of lIST facility was simulated by a power component of TRACE (power
component 32000), which used the power table (option 6) to simulate the power varying during
the experiments, as shown in Fig. 3.3. Besides, the main heat exchange simulation of IIST
facility TRACE models were as follows: (1) the heat exchange in the primary-side and the
secondary-side of the SGs, shown in Fig. 3.4, (2) the internal heat exchange of the pressure
vessel, shown in Fig. 3.5. The feedwater line was simulated using a time-dependent junction, as
shown in Fig. 3.6. In all break components of IIST facility TRACE models, the break type used
option 4 in order to use the tables to simulate the boundary conditions of IIST facility
experiments (shown in Fig. 3.7). Finally, the timestep range (0.01~1x10"® sec) of IIST facility
TRACE models were used in the calculation process (shown in Fig. 3.8).
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ﬁ Power 32000 - Properties Yiew

Component Name lunnamed ek 2
Component Number | 32000§ hal 4
Description Spawned from Heatstructure 32 @ ;ﬁ 4
Power Option gm Table Lookup Power E ok 4
Powered Components 1 Powered: 32 hak A
Include Reactivity Feedback | (O True @ False “9
Target Component Type %[0] Heat Structures ]’vA valk g
Edit Frequency (in timesteps) FWWW Va4
Decay Heat Multiplier ; 100 |BP|
Prompt DMH | 0.0 ()@ “Xin
Decay DMH ;s 0.0 (-)g 9
Bypass DMH § 006 ¢/ P
Programmed Reactivity ‘ 0.0 ) ™
Neutron Lifetime i 0.0/(s); a4
Max Power Change ! 1.0E20] (As) |- :

Reactivity Scale Factor | 10 ¢ ::q

Initial Power ; 1265 00 0| P
Pellet-dish Radius § 0.0 M| A P I~

Fig. 3.3 The power component simulation of IIST facility TRACE model
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Fig. 3.4 The SG heat exchange simulation of lIST facility TRACE model
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Fig. 3.5 The pressure vessel heat exchange simulation of lIST facility TRACE model
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8 1DJ 401 Gun-1) - Properties Yiew

[ ¢ = TDJ 401 Gun-1)] KX
¥ General L .. [[lShowDisabled |~
Component Name fjun-1 ek
Component Number 401 " 9
Description Converted from R5: TMDPJUN 401 (un-1) El % ?
Pump Type [11] Mass Flow Controlled (SJC) - % "’?
Component Geametry  {Cells: 0 E ¥y 9
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Fig. 3.6 The feedwater simulation of liST facility TRACE model
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Fig. 3.8 The timestep data of lIST facility TRACE model







4. Results and discussions

4.1 |IST facility SBLOCA experiment

Table 4.1 shows the comparison of initial condition among |IST facility, RELAPS, TRACE. The
TRACE analysis results are in good agreement with the IIST facility and RELAPS data. Fig. 4.1
shows the comparison of primary system pressure among IIST facility, RELAP5, TRACE. Fig.
4.2 shows the comparison of break flow rate among IIST facility, RELAP5, TRACE. The primary
system pressure and break flow rate trends of TRACE are similar with the IIST facility and
RELAPS data. Besides, it also shows that the TRACE model A overpredicted the primary
system pressure during 100~600 sec. From the data of IST facility SBLOCA experiment and
RELAPS analysis'’), it shows three periods: (1) subcooled liquid break flow from 0 to 320 sec,
(2) low-quality two-phase break flow from 320 to 620 sec, and (3) high-quality two-phase break
flow after 620 sec. The above data also described that RELAP5S underpredicted the primary
system pressure during the subcooled break flow period, and it overpredicted pressure during
the low-quality two-phase break flow period. The differences of the primary system pressure
between IIST facility and RELAP5S were caused by overprediction of the subcooled break flow
period, underprediction of the low-quality two-phase break flow period, compared with the IIST
facility data, as shown in Fig. 4.2. Therefore, the TRACE model A overpredicted the primary
system pressure during the subcooled break flow and the low-quality two-phase break flow
periods. It was due to underprediction of break flow rate during the subcooled break flow and
the low-quality two-phase break flow, compared with the IIST facility data, as shown in Fig. 4.2,

Asymmetric natural-circulation flow rates were observed in the three loops during the {IST
facility SBLOCA experiment, but TRACE was unable to simulate these phenomena, which was
shown in Fig. 4.3 and Fig. 4.4. According to the previous paper”), the above trend is also
observed in the results of RELAPS (shown in Fig. 4.3 and Fig. 4.4) and this paper described the
difference generated from the inadequate simulation of the effect of noncondensable air in
RELAPS after emptying of the pressurizer. Hence, in this parameter analyses, the above results
shows that there is the same defect in TRACE.

Fig. 4.5 and Fig. 4.6 show the differential pressures of 1IST facility, RELAP5, and TRACE in the
upflow and downflow sides of the U-tubes for SG-2. The TRACE model A and RELAP5
predicted more liquid holdup in both sides of the U-tubes. However, the TRACE model B
predicted the similar result with the lIST facility data. The main difference in TRACE model A
and model B is the simulation of IIST facility pressure vessel. Therefore, it may be the reason
which caused the difference between analyses result of TRACE model A and model B in this
parameter.

For loop 1, the lIST facility data show the inlet and outlet plenum of SG-1 to empty after 500
sec, as shown in Fig. 4.7 and Fig. 4.8. However, the TRACE and RELAPS5 overpredicted liquid
holdup in the SG-1 inlet and outlet plenum. The difference among IIST facility, RELAPS, and
TRACE were caused by the reason which happened in Fig. 4.3.

Fig. 4.9 shows the comparison of the liquid holdup in the SG-2 inlet plenum among IIST facility,
RELAPS, and TRACE. There are the similar trends in this parameter. However, the value of
TRACE is lower than IIST facility and RELAPS after 400 sec. Fig. 4.10 shows the comparison of
outlet plenum liquid level of SG-3 among IIST facility, RELAPS, and TRACE. The trends of their
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curves are generally consistent in 0~1000 sec. For the TRACE model B, it underpredicted after
1000sec. Besides, RELAPS also underpredicted after 1300sec.

Fig. 4.11 and Fig. 4.12 show the fluid temperatures of the hot-leg and cold-leg in loop 3. The
TRACE and RELAPS predicted the loop 3 fluid temperature to be in good agreement with the
lIST facility experiment data.

Fig. 4.13 shows the comparison of the core liquid level among lIST facility, RELAP5, and
TRACE. The trends of their curves are the similar. The core liquid level of RELAP5 was slightly
lower than lIST facility. However, the TRACE results data are better than RELAP5. Besides, the
TRACE and RELAPS can well predict the time to reach the core uncover which caused the
cladding temperature increase, as shown in Fig. 4.14.

Overall, the TRACE analyses results are roughly consistent with the IIST facility and RELAPS
data. Besides, the TRACE model B has better prediction than model A in the primary system
pressure, break flow, SG2-inlet tube top differential pressure, and SG2-outlet tube top
differential pressure.



Table 4.1 The comparison of SBLOCA experiment initial condition among lIST facility,
RELAPS, TRACE

Parameter lIST facility RELAP5 TRACE(model A) TRACE(model B)
lerror (%) lerror (%)
Primary coolant system
Core power (kW) 126 126 126 - 126
Pressurizer pressure (MPa) 0.958 0.958 0.964 /0.6 - 0.964 /0.6
Pressurizer water level 1459 1413 1463 /0.3 1394 /4.5
(mm)
Loop flow rate (kg/s)
Loop1 0.210 0.227 0.219/4.3 - 0.204 /2.9
Loop2 0.217 0.227 0.219/0.9 0.198 /8.8
~ Loop3 0.217 0.227 0.219/0.9 0.198 /8.8
Hot-leg temperature (K) '
Loop1 450 445 448.7 /0.3 446.1 /0.9
Loop2 449 445 448.7 /0.1 446.1 /0.6
Loop3 451 445 448.7 /0.5 446.1 /1.1
Cold-leg temperature (K)
Loop1 409 409 409.5 /0.1 409.5/0.1
Loop2 408 - 409 ' 409.5/0.4 409.5/0.4
Loop3 409 409 409.5/ 0.1 409.5 /0.1
Secondary coolant
system
Secondary-side pressure
(MPa)
SG-1 0.301 0.301 0.303 /0.7 0.303/0.7
SG-2 0.295 0.301 0.299/1.4 0.299 /1.4
SG-3 0.295 0.301 0.299/1.4 0.299/1.4
Secondary-side fluid
temperature (K)
SG-1 407 407 406.1 /0.2 406.0 /0.2
SG-2 407 407 405.6 /0.3 405.6 /0.3
SG-3 407 407 405.6 /0.3 405.6 /0.3
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Fig. 4.1 The comparison of primary system pressure among lIST facility, RELAPS5, TRACE
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4.2 |IST cooldown experiments

In this section, Table 4.2, Table 4.3, and Table 4.4 show the comparison of initial condition
among lIST facility, RELAP5, TRACE for the cooldown experiments®. The TRACE analysis
results are in agreement with the IIST facility and RELAPS data.

Table 4.2 The comparison of C61128 cooldown experiment initial condition among IIST
facility, RELAP5, TRACE'®

IIST facility RELAP5 TRACE (model A) TRACE (model

lerror(%) B)

lerror(%)
Pressurizer pressure (MPa) 0.972 0.953 0.981/0.9 0.961/1.1
Pressurizer water level 1241 1225 1237 /0.3 1277 /2.9
(mm)
Core power (kW) 100.4 100.4 100.4 100.4
Hot leg temperature (K) 4421 438.6 444.8 /0.6 440.3/ 0.4
Cold leg temperature (K) 410.3 410.4 411.4 /0.3 411.0/0.2
SG pressure (MPa) 0.286 0.286 0.281/1.7 0.286 /0.0
SG water level (mm) 2230 2198 2258 /1.3 2244 /0.6

Table 4.3 The comparison of C61210 cooldown experiment initial condition among lIST
facility, RELAP5, TRACE®

lIST facility RELAP5 TRACE (model A) TRACE (model

lerror(%) B)
lerror(%)
Pressurizer pressure (MPa) 0.979 0.979 0.953 /2.7 0.944 /3.6
Pressurizer water level (mm) 1269 1342 1335/5.2 1316/3.7
Core power (kW) 120 120 120 120
Hot leg temperature (K) 448.8 444 .6 448.7 /0.02 448.1/0.2
Cold leg temperature (K) 412.2 412.2 411.3/0.2 412.5/0.1




SG pressure (MPa) 0.283 0.289 0.287 /1.4 0.286 /1.1
SG water level (mm) 2264 2282 2249 /0.7 2229/1.5

Table 4.4 The comparison of C70122 cooldown experiment initial condition among lIST
facility, RELAPS, TRACE®

ST RELAP5 TRACE (model A) TRACE (model
facility lerror(%) B)
lerror(%)
Pressurizer pressure (MPa) 1.82 1.82 1.81/0.5 1.82/0.0
Pressurizer water level (mm) 1771 1748 1742 /1.6 1800 /1.6
Core power (kW) 100.3 100.3 100.3 100.3
Hot leg temperature (K) 468.5 462.4 466.6 /0.4 468.4 /0.02
Cold leg temperature (K) 436.1 435.7 434.5/0.4 436.6 /0.1
SG pressure (MPa) 0.62 0.63 0.61/1.6 0.64 /3.2
SG water level (mm) 2293 2288 2298 /0.2 2388 /4.1
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4.2.1 Test C61128

According to the C61128 experiment data®, it is high inlet subcooling (9.6K) and the cooldown
rate is approximately equal to 0.9 K/min within the limitation range (£ 1.85 K/min) of Maanshan

NPP. Fig. 4.15 shows the comparison of Primary system pressure among IIST facility, RELAPS,
TRACE. The TRACE was overpredicted in this parameter during 0~1500 and 2500~3800 sec.
However, RELAP5 was also overpredicted in this parameter during 0~4000 sec. At 1000 sec,
the core power was adjusted in decreasing rate of 1.75 kW every 50 seconds and the RVs of
the SGs opened which resulted in cooldown effect in the RCS. Therefore, the trends of curves
decreased after 1000 sec. Fig. 4.16 shows the comparison of SG1 secondary side pressure
among |IST facility, RELAPS, TRACE. The trends of TRACE were roughly consistent with the
IIST facility and RELAPS data. The SG secondary pressure keeps constant during 0 to 1000 sec.
The RVs of SGs opens at 1000 sec and the pressure decreases; finally it remains at
atmospheric pressure.

Fig. 4.17, Fig. 4.18, and Fig. 4.19 show that the SG secondary side, pressurizer, and core
collapsed liquid levels of TRACE are consistent with the IIST facility and RELAP5 data. As the
RVs open at 1000 sec, the collapsed liquid levels of SG secondary side and pressurizer
decrease. However, the core collapsed liquid level is nearly the same during the overall time
interval.

Fig. 4.20 and 4.21 show the comparison of loop 1 hot-leg and cold-leg temperatures among
IIST facility, RELAP5, TRACE. The TRACE predict the hot-leg and cold-leg temperatures in
good agreement with the IIST facility experiment and RELAPS data.

Overall, the TRACE analyses results are roughly consistent with the IIST facility and RELAP5
data. In the comparison of analysis results of the TRACE model A and B, they are similar in all
parameters.
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Fig. 4.15 The comparison of Primary system pressure among lIST facility, RELAPS, TRACE in
the C61128 experiment
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4.2.2 Test C61210

According to the C61210 experiment data‘®, it is low inlet subcooling (3K) and the cooldown rate

is approximately equal to 1 K/min within the limitation range (£ 1.85 K/min) of Maanshan NPP.

Fig. 4.22 shows the primary system pressures of the IIST facility, RELAP5, TRACE. In this
parameter, the trends of TRACE were roughly similar with the [IST facility data. Besides, TRACE
was overpredicted in this parameter after 1500 sec. However, RELAP5 was also overpredicted
in this parameter during the overall time interval. Besides, the value of RELAPS was higher than
TRACE. At 1000 sec, the core power was adjusted in decreasing rate of 1.75 kW every 50
seconds and the RVs of the SGs opened which resulted in cooldown effect in the RCS.
Therefore, the primary system pressures of the IIST facility, RELAP5, and TRACE decreased
after 1000 sec. Fig. 4.23 shows the comparison of SG1 secondary side pressure among IIST
facility, RELAP5, TRACE. The trends of TRACE were in agreement with the IIST facility and
RELAPS data. The SG secondary pressure keeps constant during 0 to 1000 sec. The RVs of
SGs opens at 1000 sec and the pressure decreases; finally it remains at atmospheric pressure.

Fig. 4.24 shows the SG1 secondary side collapsed liquid levels of the IIST facility, RELAPS5,
TRACE. In this parameter, TRACE was underpredicted after 1000 sec but the trends of TRACE
were roughly consistent with the IIST facility and RELAP5 data. Fig. 4.25 and Fig. 4.26 show
that the pressurizer and core collapsed liquid levels of TRACE are consistent with the [IST
facility and RELAP5 data. Besides, comparing Fig. 4.25 and Fig. 4.26, it can found as the
pressurizer collapsed liquid levels of TRACE are lower than IIST facility and RELAPS; the core
collapsed liquid levels of TRACE are higher than IIST facility and RELAPS. As the RVs open at
1000 sec, the collapsed liquid levels of SG secondary side and pressurizer decrease. However,
the core collapsed liquid level is nearly the same during the overall time interval.

Fig. 4.27 and 4.28 show the loop 1 hot-leg and cold-leg temperatures of lIST facility, RELAPS,
TRACE. The hot-leg and cold-leg temperatures prediction of TRACE were the similar with the
IIST facility experiment and RELAPS data.

Overall, the TRACE analyses results are roughly consistent with the IIST facility and RELAPS
data. In the comparison of analysis results of the TRACE model A and B, they are similar in all
parameters. However, in primary system pressure, the result of the TRACE model B is better
than model A.
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Fig. 4.26 The comparison of core collapsed liquid level among lIST facility, RELAP5, TRACE
in the C61210 experiment
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in the C61210 experiment
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4.2.3 Test C70122

According to the C70122 experiment data®, it is high inlet subcooling (12.1K) and the cooldown
rate is approximately equal to 1.2 K/min within the limitation range (£ 1.85 K/min) of Maanshan

NPP. Fig. 4.29 shows the comparison of primary system pressure among |IST facility, RELAPS,
TRACE. The TRACE model A and RELAPS were overpredicted in this parameter during the
overall time interval. Besides, the value of TRACE model A was roughly the similar with
RELAPS5. However, the result of the TRACE model B is better than TRACE model A and
RELAPS. At 1000 sec, the core power was adjusted in decreasing rate of 1.75 kW every 50
seconds and the RVs of the SGs opened which resulted in cooldown effect in the RCS.
Therefore, the primary system pressures of the IIST facility, RELAPS, and TRACE decreased
after 1000 sec. Fig. 4.30 shows the SG1 secondary side pressures of IIST facility, RELAP5, and
TRACE. The trends of TRACE were nearly the same with the IIST facility and RELAPS data.
The SG secondary pressure keeps constant during 0 to 1000 sec. The RVs of SGs opens at
1000 sec and the pressure decreases; finally it remains at atmospheric pressure.

Fig. 4.31 shows the comparison of SG1 secondary side collapsed liquid levels among |IST
facility, RELAPS, TRACE. In this parameter, the trends of TRACE were roughly consistent with
the IIST facility and RELAPS5 data, but the TRACE model B was underpredicted after 1000 sec.
Fig. 4.32 shows the pressurizer collapsed liquid levels of the IIST facility, RELAPS, and TRACE.
Their trends were roughly the silimar, but the TRACE and RELAPS were underpredicted after
1000 sec. Fig. 4.33 shows the comparison of the core collapsed liquid levels among IIST facility,
RELAPS, TRACE. The TRACE results were in agreement the IIST facility and RELAP5S data. As
the RVs open at 1000 sec, the collapsed liquid levels of SG secondary side and pressurizer
decrease. However, the core collapsed liquid level is nearly the same during the overall time
interval.

Fig. 4.34 and 4.35 show the comparison of loop 1 hot-leg and cold-leg temperatures among
IIST facility, RELAP5, and TRACE. The TRACE predict the hot-leg and cold-leg temperatures in
good agreement with the IIST facility experiment and RELAPS data.

Overall, the TRACE analyses results are roughly similar with the [IST facility and RELAPS data.
In the comparison of analysis results of the TRACE model A and B, there are bigger difference
in the primary system pressure and SG1 secondary side collapsed liquid level.

Furthermore, the animation of the TRACE model is presented using the animation function of
SNAP/TRACE interface with the TRACE analysis results. The animation model of IIST facility is
shown in Fig. 4.36.
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5. CONCLUSIONS

By using SNAP/TRACE, this study developed the TRACE models of the ST facility.
Effectiveness of the proposed models were verified with the 2% cold-leg-break LOCA 1IST
facility experiment data, IIST facility cooldown experiments data, and the RELAPS analyses
results data. In this research, the following results can be obtained:

1.

By referring to the RELAPS5 lIST facility models and IIST experiments data”®, two kinds of
TRACE IIST facility models were developed success. The main difference in two kinds of
TRACE IIST facility models is the simulation of the IIST facility pressure vessel. The
TRACE |IST facility model A simulated the IIST facility pressure vessel by pipe
components. However, the TRACE IIST facility model B simulated the IIST facility pressure
vessel by TRACE 3D component-vessel.

In the 2% cold-leg-break LOCA IIST facility experiment, overall, the TRACE analyses
results are roughly in agreement with the IIST facility and RELAPS data. Besides, the
TRACE model B has better prediction than model A in the primary system pressure, break
flow, SG2-inlet tube top differential pressure, and SG2-outlet tube top differential pressure.

In the IIST facility cooldown experiments, the TRACE analyses results are roughly
consistent with the IIST facility and RELAPS data. In the comparison of analysis results of
the TRACE model A and B, they are similar in all parameters. However, in primary system
pressure, the analysis result of the TRACE model B is better than model A,

Finally, the analytical results of TRACE IIST facility models indicate that the TRACE IIST
facility models predict not only the behaviors of important parameters in consistent trends
with experiment data, but also their numerical values with respectable accuracy.
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