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Experimental Study on Transient Operation Characteristics of Passive
Containment Cooling System under Swaying Conditions
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Abstract; The passive containment cooling system, as an important part of the nuclear power plant safety
system, is responsible for maintaining the integrity and sealing of the containment structure. The experi-
mental research on the transient operation characteristics of the passive containment cooling system under
swaying conditions was conducted, and the influence laws of different swaying parameters on the system’s
transient operation were obtained under the conditions of 0.6 — 1 MPa mixture gas pressures, 25 —40 C
cooling water temperatures, 15% —30% air mass fractures, 0° — 10° swaying angles and 0 —2 s swaying
periods. The research results show that swaying conditions promote heat dissipation in the containment,
and the maximum instantaneous pressure drop rate is basically unaffected by the swaying period and an-
gle, while the average pressure drop rate increases with the increase of the swaying angle or the reduction
of the swaying period. In the studied operating condition range, the influence of cooling water tempera-
ture on transient operation of system can be ignored. In addition, the pressure vessel has undergone ther-

mal stratification, and the temperature of the mixture gas in the pressure vessel increases by about
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1.43 °C for every 100 mm increase in the spacial height.

Key words: passive containment cooling system, swaying conditions, transient operation characteristics,

thermal stratification phenomenon
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experimental system under swaying conditions
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gas pressure under swaying conditions



556 M B

B, 55 PR SR T ARRE S E 25t A RGBS B AT R PE S BGFE - 153

I 3 T LLE R R T R TRNIR G R
[NEARSES Ry ST N TR o S W 3 D Rl (oS 8
T LA RE s % &R H R G AJa, v LA
SIS N A TVE N € e VLR TS 78 S )
RNIR A SRR ) BB A ALTERT 50 s A2 47 2 B0V
HIKHRE R RE 0, 8 R _E A F K IR BE R X 1 iR
RA SRS A A, X 5 AR TN
oeaie—a'" . BEIFEREE S RNIRA S K
TRBEIE R TR A KRB e A48 B TR E 22 iR
BB 2 HIZKIREE 2 I BN TR &S
AT B SO T 1R 7 M R G AR 4 T A g 2
SRR, P, B EIK A TR B R 20 &
BRI AT A 0 25 A S I T
AT LA Z W4 HI KR B R R
2.2 EERASMEESEEANZME

K4 NIRAEMPE 0 8 3° IRASMWIES p N
0.6 ~0.8 MPa fEHAHIK A FHREE 1, 30 C .28
SRR 0, N 15% ~30% JuE i, AS R R JE 30
X IR PR G SR T g ma R . AR FRa] L
Bl BT E R BRI T RN
T3 W A R 2 ) S5 B U N T A e R e
RN T RGA W R B B, A Z #4251
S, RS SMIE SN 0.6 MPa I FHAR T 11 55
T TR N - 25 TR 3 A8 WA 28. 54 kPa/min 1
JNZ 31.44 kPa/min,

0.8 —,,=0.6 MPa ©=15% T=cs
—p,,=0.6 MPa ©=15% T=1.0s
—1,,=0.6 MPa ©=15% T=0.5s
—— P, =08 MPa =30% T=ws
Pny=0-8 MPa ©=30% T=1.0s
,=0-8 MPa ©.=30% T=0.5 s

0.7
0.6
0.5r
0.4r
0.3

RESAEETIp,, /MPa

0.2F
0.1F

0 100 200 300 400 500 600 700 800 9001000
BATHYTE] 7 /s
B4 AEEZRHNENERNRESEENNEN
Fig. 4 Variation of mixture gas pressure
in pressure vessel with different

swaying periods

F A BE T3 V8 B R M AR RESh 22 42 5e i A &R

GRSHARNNELENR  fERERSETE /R
IR NIR A AR B BE R Geas A7 [B) 2 7
B, R CAE R G A A2 A7 e 0 A B T el 94 T
— Bk, BS BB TIRGSMWES p, 0.8
MPa JEFRREIKA LR EE ¢, 30 C 28 KT i 4y
B w, N 15% IR RI R 25 AT 0 P35 1k i YL 1)
Ak, AT DUE B AR A 1F T 4 408 i T R
JEEREAIG, 30 PRI R 4 5 B TAVAE B T o3 3 B SRy
WL, IR A SRR SR 0.8 MPa B, A%
TFREHLAAETT  Fe 3 A PR ST 187 e I T8 46 i 2 428 001 4
(R BTN/ IR RE N o 30K 2 PRI Sy s R SR B 24 A< )
E IR ARG, 23 A5 i B B AS R F 2895
RIS BE TR 2Y | R PRI A F 28 73 A e 34
P RETEBESS | (H 25 S50 i 4 B0 52 el 72 B LU 242
R, MES sl LA B A R AR R )
RN ZRIRIAEE , X RS TR HUK R R %S
BRI, YREBSBITH, A5
AR, TR S BRI gh, MRS
IBATE 1000 s B AHECHE (L2500, SR 1B 451 T R R
HRLEE T 4 15% , RVIBRIEX T RSt ia 11 A KW
ETAii A

80
> T=2s 7=0.5s 1180 ©
£ 0.8 =e 105 z o
S oy — 7 160 3170
2 0.6 RHAHITRE — / — {1404 | ()
> 3
< e, PMERTEE — /11558 ﬁ
E 04 100% 50 by
v P 480 gm {40 ¥
x| 460 "
= 140 K {30

0 100 200 300 400 500 600 700 800 9001000
TSR] 7 /s
B5 AREZRFHTHRAEEMEENTN
Fig. 5 Variation of wall temperature in heat
exchanger tube under different

swaying conditions

2.3 EEAEWNRBEESEENNEME

Elo NHAZFI Tl 2 s FEARME 60 0 ~
10° IRASMES p,, R 1 MPa JEIRAEIK A TR
1, 030 C S AL o, R 10% B 1R A
RESUAET AR, WEP R LUE L IREG
SRR )T B AR BB AR B B I G An 4%
EAPEN 0 CHEINE 10 °iF, IRA R E R R M



<154 . wofe 3

P 2025 4

47.08 kPa/min ¥4I % 52. 62 kPa/min, 58 X
S [R5 AT AT AR R T O T e R R 1
Wi R T I 5 1 RO/ I | AR5 428 A IR, PV
R AT B30 5, A% PR 25 A8 AU AN A B, J60 P RE 1T 119
EERCR AL AR RIS AR B 3 A R TG s
AT 4 R fefT BV PR A B TR 2 38 K, I T A )
Jp R P S AR HE T2 VR J R RE T 1Y)
HE4

AR Jip, /MPa

0 100 200 300 400 500 600 700 800 9001000
BATITE] 7 /s

Eo6 AREZABENENEHRESEENSNTMN
Fig. 6 Influence of different swaying angles on

mixture gas pressure in pressure vessel

UEAN AW & BLEE A2 R R AR IR (X R 52
BATRRE R R 2 A BOCHR Y, B U, Y fR 18
JEV A bR A B R S (L, PR 2, X R RE Bh %
LR H RGBT R R % . R Tid
iy 2 1 2% 52 3] J] 300 A i ) St [ 4 1 32 T
REERE S 2T H R G RITERE,

K7 RIRE SRS py i 1 MPa SRR 6
N 0° ~3° FEHEHIKA LR 1,79 30 C 255K
RO w, R 10% I, I3 N 8 By 1) b ASTR) g

fEEIRA AR R, AT LUA
TEARREBI & 25818 BN R Gk A5 am AT Ry P B it %1, T

TN BT A5 B R A AR AR TR, SRR
TN R IR A UM IR BE i R — 2

Fe JI PR AR & AR 5 1) LI F R R A R 2
B, BAERGRE B TR %], R IR A
7 )4 A B AR 5 UG BE B M7 A 25 5 IR AR
PRI RET T g P T 1) S B AT T T e A
oo I THUANE T B BEBOR , #5007 BAL K
TIPS AR AIG, X F e o FR 2 A A T

%hﬂﬁéﬁh RETRIAL A EEZY, | T8 A R T e St &

o PG ZR B E SO GRS RS ] R R
Wﬁ%ﬁ%ﬁé%ﬁm&“z@é@%@ i 5 22 2 1 8 P 38
T R P9 B B 25 BE N 15, 06 C 3 K &
18.86 °C ., MARGHFABITH RN, K F1 7R N JEH

22 [E) TR A SRR B B TR 4418 2 17 ¢, B
JE M N 8 B ), 23 (8] g B AR 100 mm, JE
TENIEASRIBEA TR 1.43 C,
& 220 Tows 00" TREGE
Tz 200 T-10s §-3° —at-o—
@' 150 | z:O.Ss 6=3° —e—/—0—
|
X 160!
r =
dn 1401 iE
%m-
gmf
M 80F
60 -

200 400 600 80 1200 1400 1600
?ﬁ@@ﬂ,ﬁﬂﬁﬁﬁ%ﬁ%ﬁﬂﬁ%dh/mm

E7 mgBSHEAdEPRESERERES
THEESENTK
Fig. 7 Variation of mixture gas temperature in system'’s
transient heat exchange process with vertical

height of pressure vessel

3 & it

AR SCERTHRIE SR F AR AR Sh & e R A R G bk
TBATRRETT R T 5250098, ARl T 1R IR &<
) RSSO R T RgbiSiz
TREME 0T T &S00 RGBT TR R 2, 15 31
ﬂ[ﬂ:énlb

(1) FHEZMA BT 27 NG i 5
- 357 oA R R L 45 R A A ) S N i 4
KB HIKIR BELE 25 ~ 40 C B RIS 7] L) 2 WS . 2
Gl F5 R o R LA R A2 028 JE SO R 12 £
RIS , R G KPR AN 52. 62 kPa/min,

(2) EREsh R 2E R H RGBS BT, TR
TMEWIE R B BT O E A IR A SRR
JE A R b A ) EE RS I 100 mm TR AR
PRIRFE L3I 1. 43 °C, #5025 P Bl 12 422 s 1)
SNTB:E



556 M B

55 SRR MRS R 25t R K RGBS B TR R SR T IY

- 155 -

SE Lk

(1]

(2]

[10]

[11]

EoOEHEFL HEEE R RS (2022) [M]. L5 A
Tk iR, 2022.
WANG Zhen, BAO Chunli. China ocean energy development
report (2022) [ M]. Beijing ; Petroleum Industry Press,2022.
T b EEUE. W AT SN M A K I R AT S
[J]. PRI TRER 541 ,2019,40(4) :655 - 662.
CHENG Kun, TAN Sichao. Research progress of nuclear reactor
thermal-hydraulic characteristics under ocean conditions[ J]. Jour-
nal of Harbin Engineering University,2019,40(4) :655 - 662.
YADAV M K,KHANDEKAR S,SHARMA P K. An integrated ap-
proach to steam condensation studies inside reactor containments ; A
review[ J ]. Nuclear Engineering and Design,2016,300:181 —209.
MARCEL C P,ROHDE M, VAN DER HAGEN T H J J. Experi-
mental investigations on flashing-induced instabilities in one and
two-parallel channels: A comparative study[ J]. Experimental Ther-
mal and Fluid Science,2010,34(7) :879 —892.
BYUN C S,JERNG D W,TODREAS N E et al. Conceptual design
and analysis of a semi-passive containment cooling system for a
large concrete containment|[ J . Nuclear Engineering and Design,
2000,199(3) ;227 —242.
LIU H,TODREAS N E,DRISCOLL M J. An experimental investi-
gation of a passive cooling unit for nuclear plant containment[ J].
Nuclear Engineering and Design,1999,199(3) :243 -255.
DEHBI A A, GOLAY M W, KAZIMI M S. Condensation experi-
ments in steam-air and steam-air-helium mixtures under turbulent
natural convection [ C ] // National Heat Transfer Conference
AIChE , Minneapolis , United States,1991.
KIM J W,LEE Y G,AHN H K, et al. Condensation heat transfer
characteristic in the presence of non-condensable gas on natural
convection at high pressure[ J]. Nuclear Engineering and Design,
2009,239(4) :688 —698.
LR, PERUE , R BEES 45 SR 1 AR R A% PR 5 R )
SEEHTSE(T]. BBl i TR ,2006,27(5) 133 -36,69.
TAN Sichao, PANG Fengge, GAO Puzhen, et al. Experimental re-
search of effect of rolling upon heat transfer characteristic of natural
circulation[ J ]. Nuclear Power Engineering,2006,27 (5):33 —
36,69.
X R B S RN EARAE B O 3h A0
WA Y SEARTSE LT RS TR 201031 (1) 165 -68.
LIU Yang,XING Mochuan, GAO Puzhen, et al. Experimental re-
search on effect of rolling on natural circulation flow and heat
transfer[ J ] . Nuclear Power Engineering,2010,31(1) :65 - 68.
E. A e R AR G T I B S 1 R Y
[D]. MR MG /R I TR 2013,
WANG Chang. Study of flow and heat transfer in rectangular
channel in periodic force field[ D ]. Harbin; Harbin Engineering

University ,2013.

[12]

[13]

[14]

[18]

[20]

[21]

[22]

[23]

[24]

ISHIDA T, YORITSUNE T. Effects of ship motions on natural cir-
culation of deep sea research reactor DRX[ J]. Nuclear Engineer-
ing & Design,2002,215(1/2) :51 - 67.

WO, SBEE RRUR, SF. BRSO 15 B me i LR O3 A
[J]. #3571 T ,2010,31(3) :50 -54.

HUANG Zhen,GAO Puzhen, TAN Sichao, et al. Mechanism anal-
ysis of effect of rolling motion on heat transfer[ J . Nuclear Power
Engineering,2010,31(3) :50 - 54.

HWANG J,LEE Y,PARK G. Characteristics of critical heat flux
under rolling condition for flow boiling in vertical tube[ J]. Nucle-
ar Engineering & Design,2012,252(1) ;153 - 162.
UL, B BB A, RIS S A ARE IR R S AR
SEVERITZMA[ )] B30 TRE,2007,28(5) 242 -45.

TAN Sichao, GAO Wenjie, GAO Puzhen, et al. Effect of rolling
motion on flow instability of natural circulation[ J]. Nuclear Power
Engineering,2007 ,28(5) :42 -45.

Westinghouse. AP1000 pressurized water reactor[ J/OL] https: //
www. westinghousenuclear. com/ energy-systems/ap1000-pwr.

SU J Q,SUN Z N,FAN G M, et al. Experimental study of the
effect of non-condensable gases on steam condensation over a ver-
tical tube external surface[ J]. Nuclear Engineering and Design,
2013,262:201 —208.

BIAN H Z,LU Y Z,LI C M, et al. Comprehensive parameter ana-
lyses on steam-air condensation at pressures up to 1.6 MPa[J].
Nuclear Engineering & Design,2021,385:111536.

FREITAG M, SCHMIDT E, GUPTA S, et al. Simulation bench-
mark based on THAI-experiment on dissolution of a steam stratifi-
cation by natural convection[ J]. Nuclear Engineering & Design,
2016,299 .37 -45.

GUPTA S. Dissolution of a light gas stratification by natural con-
vection. In; Technical Report 1501361-TH22-TR[ R ]. Eschborn
Becker Technologies GmbH ,2010.

CHEN W X, HUI K, WANG X Y, et al. Experimental study of
steam-air mixture thermal stratification during the dropping of
containment pressure[ J]. Progress in Nuclear Energy,2022,149 .
104260.

MOFFAT R J. Contributions to the theory of single-sample uncer-
tainty analysis [ J ]. Journal of Fluids Engineering, 1982, 104,
250 -260.

HUI K,CHEN W X,LI S D, et al. Experimental study on transi-
ent thermal-hydraulic characteristics of an open natural circulation
for the passive containment cooling system[ J]. International Jour-
nal of Heat and Mass Transfer,2021,179 :121680.
I K —THBESS T R B M A R R i 5
AU AL AR, 2014,

PENG Wenping. Study on vapor-liquid film thickness and heat

D].dt

transfer characteristics of vapor-liquid condensation[ D ]. Beijing
North China Electric Power University ,2014.

(X M )



