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Experimental investigation of bottom reflooding for uniformly heated 5x5 rod bundles

and evaluation of thermal safety analysis code
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Abstract [Background] Loss of Coolant Accidents (LOCAS) is a crucial research topic for nuclear reactor safety
analysis, and understanding the thermal - hydraulic behavior of the rod bundle channels during the reflooding stage
of'a LOCA is essential. [Purpose] This study aims to develop theoretical models of the reflooding stage in addition to
providing benchmark data for evaluating the safety analysis code for LOCAs in a reactor and for the design of the
residual heat removal system. [Methods] A series of bottom reflooding tests were conducted on a 5x5 rod bundle in
the film boiling test facility at the nuclear safety and operation laboratory (NUSOL) of Xi’ an Jiaotong University
using uniformly heated rods. The experimental results were analyzed in detail, and the surface parameters of the

heated rod bundle were obtained by solving a one-dimensional transient inverse heat conduction problem. The effects
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of different experimental conditions on the velocity of the quench front propagation were investigated. Furthermore,
the experimental results were compared and calculated using the thermal safety analysis code, and the problems with
the thermal safety analysis code RELAPS reflooding simulation are summarized. [Results] Our results indicate that a
high inlet flow rate, high inlet subcooling degree, and low power density are favorable for the propagation of the cold
front during the reflooding process. Additionally, the root mean square (RMS) error of the simulated quench time and
peak cladding temperature (PCT) are 40.994 s and 61.465 K, respectively. However, the simulation results have a
relatively large error compared with the experimental results in the post-critical heat flux (CHF) heat transfer stage,
primarily owing to the issues with the boiling mode judgment and membrane boiling heat transfer model.
[Conclusions] The experimental data of this study can serve as new verification data for flow and heat transfer
prediction models during the reflooding process; it can also be used to evaluate and optimize the thermal-hydraulic
safety analysis code. Loss of Coolant Accidents (LOCASs) is a crucial research topic for nuclear reactor safety

analysis, and understanding the thermal-hydraulic behavior of the rod bundle channels during the reflooding stage of

a LOCA is essential.

Key words Bottom reflooding test, Rod bundle channel, Inverse heat conduction problem, Film boiling, Thermal

safety analysis code
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Table 1 Conditions of film boiling experiments that can be
carried out in this test facility

24 Parameters 1§ Values
P2l % % & Rod power density / W-m™ 0~1.3

N 374 % Inlet subcooling / °C 0~83
A3 Inlet injection velocity / m-s™ 0.25~1.5

J% 71 Pressure / MPa 0.138~0.414
YIUHEE Initial wall temperature / °C 0~900
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Fig.2 Schematic of the experimental test section
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Table 2 Parameters of the measuring instruments

W& B Type  #EFE Range % /% Ac-
Measuring instrument curacy
AR RER G NI - £0.1%
Data acquisition system

JE 12815 Rosemount 0~0.6 MPa +0.5%
Pressure transmitter 3051

PR R TE Coriolis 0~5m*h"  £1%
Volumetric flowmeter

A N-type 200~ +1.5°C
Thermocouples 1300 °C

HLJE R Ammeter FAJ96-3E  0~160 A +0.5%
£ 5E Voltmeter FAJ96-3E  0~400V  +0.5%
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Table 3 Uncertainty in key parameters

ZH ANHRE FE
Contents Uncertainty / %
%77 Pressure / MPa 3.06

J L Mass flow rate / kg's™  3.35

N HRE Inlet temperature / °C 4.00

B eI BE T I 1.25
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U FEZ I il e v 5.00
Axial height of cladding

temperature location / m

PRV ML 1.39
Quench front velocity / m-s™

LIHREE 2.52

Linear power density / kW-m™'

2 SEIREIEALIE

21 HEEPTE

P A AL S0 I FE A A PR PR R IR L IR
MR BEERIS B BN E. FRAN
338 R FH S8 R B R A A T B T
1B i 5 2648, a8 3 SR i 5 4 A 1 (Inverse

Input Initial Parameters
(Like Property, Total Time and Time Step, ef al)

v

Input the Temperature Field at the Last Moment

v

| Reset Initial Conditions |

v

| Reset Boundary Conditions |

s "

4

Heat Conduction Problem, THCP) 2358 o (1 F2 1H
ZH, WG EUIE T ERES SO RE
ST A PN

ﬂj pCPV%dV - g JVTds + ﬂf ddv ()

o pC WIS, T (m KO, VIR HIA R,
s TR K o NI T, s A9 #GE R, W (m KD 5
SO, m? s @ YRS, Wem™s

BT I FA R R T A

AT . e R
ﬂpchmdv - ,g/'{VTdS + ﬂh(Tsurface - Tsat)ds (2)

A A IR SR X R R AR W (m KD
T vinee NN EFE R TR T, K T N IRAR ) 24 Mo b A0
E K.

I H oL R R RR I SR A D #uie
T T 2 R SR Ao WP I R B R A i A
PR T NIFRAB R . SRARET £ DLSZIG T
G I IR BE A3 AT AR IR SR 8 kA D Bk & T
P TE O = h(T e — T ) THAGA2 [7) B £ B
bR B TH AR Ty, 5SS BLAA TC R Z1E 0.01 K 1)
W SICHE U DA P o 30 A ] R AR T AR [ 4
FiR

Find a suitable heat flux (Q) for

Solving the one-dimensional heat conduction
equation

End <€

& 4

3 A )RR g P

Fig.4 Flow chart for solving the inverse heat conduction problem

A S IF K ) REDA (Reflooding Experimental
Data Analysis) 2 /7 5l A 18 1 35 AR SR Al 18 5 24 ]
R, H BB

1) T B2 9 s X A T3 T A 2 P ) ) A%

BN, HAR SO ZR i FAGA T S T B i (R
R 285098 s [X 25 A e ) FAT IR X1 0, 0 A 2 1T A
WAL BRI 8] 2P A NAELE 5 BIVAE B — 21 SR AR I n #4
PRI AR A

100607-5



HIFRHEEE 5% 5 25 SN A OB B0 FR I SR UG E T8 Je I 2 e o R e i A

DHT HERE - ERS AR E T
F2 5 75 TR VA 17 U B 30 R i) A2 R HC AL T 2 vk s X
(Dispersed Flow Film Boiling, DFFB) N ¥ A it -1 17
TE R WS AP E B R, S Ak i 9t iR L
TCIEMRE R & R AL, AR B — B2
VRSV S ot AR R R AR, 4R SCER(17-19]+,
T AR I HAGE A P 1 A L R SR A DA
S A VAL R T T 8 A R R A B B TR
AR T AR R R

3) B AR SR AR R T, BAR IR AU
A 30 2l 1) A S A, — A AR TR A SR A o Ak
XK S HOwE or] DUk BT B R RN,
OSAKABE™ 7E JF & 15 ¥ ¥ 52 56 2 ¥ 4k 2272 7
HEATT I X} b AT 1 4041, 45 R B < il ) #vf% &

DR A PR TSR YA BTV BT 29 2 em [R5 FEL Y, X AH

EU SR VA 1 W IR A B A AR /NI . Rk HEATT
AIRBHT 2536 7> 7 ACHS DATARH" #8364 7 76 R iR
TG B R 2B T B e IR T DRI AR AR S AR
PRIE T 05 AR )R AR SR T R B e B
PIB L

)7 PR S IR T AR AT 5 7 B I S R AE
PR RIA B S 56 AT AG R 5 AH LT BRA B (4 3R
T TH AL B, PV S UG T 46 BT 0 FAckE TR Y
B AT 5 AR R bR 8 3R VA 463 B o A A TR
WAR IR E A3 5) . SCERE A SR A T 2R ABL
5
22 BREHEFIE

PR B el TR A B AL A AR T RIBL R
I R 2 3% PR 2R e AT AR M B 5 SRV IS TRD S e
RV S I 3R W R, o A 3 T i P R P ol
IR F5 e R ThT i J3E TG VR A A OIS B I , ety ¥
T FE 0 AR 2 T O RR 3 B0 - [0 I 45 FAOI A 21
PRV AR R R TP R, i PAVHR 2 T AU R 2 PR
Bt B A G N B RO X . T LLS % i
/N T s R PRE R R S5 DAMBE 285l s XT3 I 3 s
DX FRIIZ T e 1 RV I 18] FR) S 5E A HE L 5 T b
RN AR LB I 8] ) 7 80 00 /97 1 KT IE R T
PAE R B — I Z0 R g RV IR ], of INZ 1y ks 2 1
i P2 B Oy o /0N 5 25 0 I L RE . A 7 s an ] s
B

3 SKWZERSHR

3.1 SKIuERE
ARSI o3 AT B SIS AN 4 P

700 . . T ] 500
e — . ~= TC 1 845 mmy 450
600 i e |—h745mm ]
— h 1845 mm ] 400 o
O 500 - -_-__ L ESIRIRH IR bl 350 B
% Quench™ it 3
% 400 fTemperature ™~ | Quench Time 300 =
S R W ! 250 %
g 300} W20 - Z
E 0=07kWm™" 200 2
& 200} |.' V=327 cm's 150 5:»
W R
6 - 1100
P l 150
|
0 L LI L L1 0
50 100 150 200 250
Time /s

5 BRIARA E
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Table 4 Experiment matrix
FF5 ANHtE ANCW%E DL Power
No. Mass flow / cm's™ Subcooling / °C density / kW-m™

1 3.24 10.1 1.3
2 7.39 10.5 1.3
3 9.35 10.3 1.3
4 11.1 72.6 1.3
5 3.55 71.7 1.3
6 3.27 72.0 0.7
7 3.47 71.8 0.9
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Fig.6 Temperature variation of the thermocouple at different
locations in the reflooding experiment
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Fig.7 Results of quench front propagation
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Table 5 Error analysis of RELAPS
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No. Relative error of Root mean square Relative error of Root mean square error of
PCT/ % error of PCT /K quench time / % quench front /s

1 11.472 62.188 56.381 226.328

2 8.635 34.585 13.711 26.038

3 1.529 27.825 5.466 28.587

4 3.790 32.664 58.231 18.044

5 5.437 15.383 30.123 20.288

6 7.241 21.340 40.262 25.572

7 11.321 54.155 55.510 33.819
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