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Large eddy simulation of thermal stratification in HDR
pressurized vessel-horizontal piping system
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Abstract : Thermal stratification is identified as one of the main causes of thermal fatigue failure in piping
systems of pressurized water reactor (PWR). This study aimed to evaluate the transient thermal distribu-
tion caused by thermal stratification in the horizontal pipe of reactor structure and determine the thermal
fatigue hotspots. Based on the Heiss Dampf Reaktor (HDR ) pipeline thermal stratification experiment, a
full-scale HDR simulation model containing reactor pressure vessel ( RPV) was established. To resolve

both large and small-scale turbulent motions ,the conjugate heat transfer analysis of horizontal pipeline sys-
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tem was conducted by using the large eddy simulation (LES) numerical method coupling with heat equa-

tion of solid. The results indicate that the large eddy simulation method is suitable for the study of thermal

stratification and that the simulation results of thermal distribution are in good agreement with measure-

ments. Fatigue hotspots were also identified by evaluating the intensity of temperature fluctuations. The

methodology and the results presented in the paper provide useful reference for the integrity and safety as-

sessment of PWR piping system.

Key words: pressurized water reactor; thermal stratification; large eddy simulation; conjugate heat

transfer

I R G S R R sl B BRI 2
7B AP AR, B M IR B, R IE T
723 [0 s B AR B E /N, 327 1500 |5 P 1 b
Jras Bl X PR FR A E . ORISR 18 B
REWRLRE NI 5 0 A FEAE T AR ) B HE B BE R, A
TS 850 A A I b ™ A R A2 il AR AN
7, A T 7= A A 0 ) AN S A S A5 AT, B
B TE RGBT o FEAR SN o TR, 4
SYRBG T A TRAE RS I B A% KA, T B =
B TE AT, 1988 4E 5 J1,7E Portland 11 Jy
AT Trojan HL¥E R IL T Y2 E FEFIE
UG RGBT AR R,
O TG i R I A 7 A B 9 R sk ML,
M TR Mg BN, RAFBEE] &
A TR R 10T R K S, S0 A S S B % 138
174, i, RERZE 25 1988 4 KA A4k (NRC,
Bulletin No. 88. 11) """ 8 T #1443 J2 5| 2 11 25 by %
S5, B SR T AT A A B A A L T A X R R
PRI Iy 2 AT e AT, B0 DR 5 4 e B
FZA R AR LA, A R R BB i 2 i ) 32
Ko

— 2 F AR T A 7 vk B A 4 2
I A T Y R X R R A Y = 4k 1 43 b
I R A — 4 — 42 A I A, i — 4 PR T
RERITH A T8 R G0 SRS i L ), Jl i A BR T
R A AR AR TR 1o B E SR T ¥, Ax e
FEZEUONF B SYSTUS #25 F1 ROCOCO F Xt 2 11
W Y TR AR R R B sh A R 2 W N ) B %
FFHAT T it ss . A5 SRR, EAE R 2
SONE T RIS 7 B 55 JBE 24T FE RCC-M. AL A 56 2
Ko —SHFIE N G T AR R AR A 1Y N ) BT
R i W LA P 2 E S i a s G B - 53
BOE WA IELRE  7E LR 143 51 18 bR 3l i
H L S R, TR RG4S

FERRRASIAE Ay, LR A T VA AN R LUK o T AR
B G G 2

FEXF A2 R, A G2 8 Wtk AT TR E LI
FE. TALIA S50 A5 5 I 8 I 4 1 F Ol 4
HDR 28 HEJEAT T —2H 23t 25 T, #F 58 K1
SKER IR Z G . SE R B, ¥ 7K ) I R
FE T KPR Z 8] PR EE R B K/ SEIREE R4
T R, TR 2R AR I 43 )2 ] A 5 (1)
PRS0 4, KIM 2520 5 1o 4400 2 S0
WEFE T im i85 P20 B HNRE T A4 S B ()
AR ELAE R, 32 0 T 38 3 08 0E B vE B0 A i B
B HiE . YU S50 5 T o [ YGN HLL i
TN AN R P S IR B 22 FIA A% o 78 I LAl
S A PR oo B A gE AT 48 TE AR ORI T A B
REZENDE 42 jE57 T 5 2895 K HE 2 A i 1 7K OF-
EIEIATZ A, 7E 5200 3 A v o 55 TRk 5 A% I g
iz 4T o0 B o 57 TR I, I 32 th i AR RN A8 T
R rb I ) A B R RR R AT LAAE b B 57 TR AR
PRIEN .

AR, Bl A5 SR BL AR 4 T O AR ) 2
( computational fluid dynamics, CFD) £ R/ % &, &
XTSI R R BUE A T AR KD, BR A% X #4
S J2 (RIS H SRS O B . ABOU-RJEILY 4
{8 F TRIO-EF fUHE% £ He 25 0 sh 48 #4032 IR A 7
T YRR, B R T R, S R E
S st T e #iE . BUHITRERYS
IPEXPRESS 52562 8 I 5 (1) S8 30 B0 W) & R AT, %
B0 B 0% 4 4 1b Y00 30 ) A5 IR BB B, A %
PO TR A, B UE T R3S FBEAS A T 145
BT AT AT, JO T R T 3T A B AR
FRVE B Ty 1 B A P 2 U s 45 b I S AR It sl
EEATIAT N o WEFE R A T RS AT, I
2 8T I S A BE RN AR 2 18] B AR ELAE S B0 e
e, BGPTSR R AL & FR AR RS T A 18] 1Y

R MG  https : //cjam. xjtu. edu. en A ARG W 12020 3Rk



1150 AN T S

542 %

X AL A A 55 55 AR <08 1 [ 1 DX ds ) A%
AR o B TR ORI AR [ A s ) A2 A AR
PEATRE A SRR 3 5 Bl iy R S A O R A [ A i
S ARG A7 PR O R B AL A B, S5 OR
FW], O TR RE LS H A S SR RE A b iR A0 A
i SO BE LR (Y SR AL P g A TE B 2R
BREE TR . BOROS 45 i I K CFX
AL T VVER-440 B Js )i E fAS T 5 i 3l A 25 7K
BRI R, JF AR S SR 5L
IR AT 1 A, AR AL T 02 R B A A i
Y 2 TR EE 2 A, B Uk T 3 A I 25 05 ]
DL 3 R AR — R0 A R B . WIS [T X
T2 R, 7 LA 32 S RIS | Y 30 S Ak
(18 2 BAOHE LA S 30 55 MO B T 5 AR AN
SENE L JO S0 EALLT S R R K MR T 2 D B
TENTRZ 5 AR S ILHEAL B, F X e 1 A [) i
TR BE T 45 R . B RE B, 25 JERE 5
ARRAEL T 58 X8 WF 0 52 B Y B 5 A% o f By B
I

TEFAGT 2 G BB AL, J7 T, KR AIESE T AR
FRTfdiF RANS B¢ URANS J5i2: 1% 07 X RE S W it
Gy SRR, B 2 A5 22 RUBE TR f8 3 O 75 3 I ) 1
I LES i i A2 14T #4702 B AR AU, A9 A
B AR w A . ABFFEN X HDR 5250 HE e ) 45 4%
(7K T AAST 2 1), T e T T R AU 5 v
IR AL P A o BUE T 575 R R0 HE T ) 25 4%
(reactor pressure vessel, RPV) X} 45 18 PN i 748 i 3 19
SR, ST RPV YA ROT /K P 48 18 70 2 3 s
B WP TAE A LES S SRS B 3k 1K1
EIE e NP W AR M IR B A, I i S 4
RIEATHAE AT T IO JE Gy BEALIL, 7 0
PO T AT 3 B 3 s 5 B2, W 1 A 5 1] R
T o WFEES SRR LT LES B BUE R 7 2 6k
% TE R 3 AR BRI 73 Bt LR K HE K- B I BT 2 R
XA 1E R G O 2 5 R S F 35 57 DL S
PR IBAT AT S R HE S H T L

1 HEEARGESHIRE

1.1 JL{At&E3

1% HDR T H i o8 A LS T e RGF B R
N HELER AR R KA BT R G AT T Kim

R M2 < https : //cjam. xjtu. edu. cn

FIHIFE . £% HDR s2ie ™™ gl 7Tl 1 foR
(A faifk HDR SCEGHERIRY AR 240 5 3 N0
FORIHER 3 25 %% RPV A8 T 300k LA K 3B sk, 2k
BOK 4518 Q25 R Jy ML BRI AT i 8485 S 4%
WG xd oo AERIUAIN 220 K T 259 B4 18 P9 98 i e A
F1 e L e TR RS, Y RO A A T R A i
WK BE e TE AR S

{ 3 000 mm 292 mm

Ea \—-\l;‘w'/_
/ 609.5 mm”” 1§

IR [3970m\ 16,1 :
(RPV) ‘_ :
JeEU)

QSHT ﬁ i
‘i

K1 HDR Scgasfe LR
Fig. 1 Geometric model of the HDR

7 000 mm

1.2 PIt&%lsy

R L 4% K] 43 B ICEM CFD %f HDR 5%
B0 3 D K PN 9t 3 DX Sl ) v T 2 R AK D A o B
(ELRLAUL B A G T R A O 2 B I A8 TE KT B
PR G 45 T 2540 B N BB S A T RN % . R
AR ZR , s 45 8 KN D 256 — 2
RS B R 0.1 mm, B DR 5 — J25 PO AR 85 B y ™ 4520k
2, NHEWIE ZEE R 25 )2, MK TN
L1, BRI A% B e E o 657 7, i 25
PR AR SO S 119 7, 45 3 P 3 9 1 DX 3 190 4
R 470 J7 ARG SR A DA RS A A T A F 4G
K 240 5 AN P 2 B o

(c) A Ik
B2 BEITHE MR EE

Fig.2 Mesh for the numerical simulation

(DA ANERINA IR =



P )T, . HDR SR HE ) 2848 - /KA 1E R G 2 1 R AL 1151

1.3 HREFBSKRBSHIRE

KA T 5% HDR T33. 19 452850 52
IRPIURES 2, e ) 25 2% M8 T8 N Fe i R R 1Y 210 C
R, TAER R 2. 24 MPa, 335 2l fa e R
He—BF ZTF IR, AR IR VA HNROA I 5 T8 T v A
AL HIRER60.5C P43 0. 106 m/s, B4 |
W7 T BUE T A R SR B R el
Tt R TRE N 3 A, i i T TR 5 AR AL
Peah, A AR IR EE v B O ER . B A4
vt FIRCE R i R B R R R,
FE R R 210 °C , 2% K J) R 2. 24 MPa, 2% [k
JIHEAR BB 28 as B G A E N W]
B AFTEIRIR AR RN T i o FAIm A X 45 18 HE A7 34,
AR B P A A A I . BT
T AL I8 K T AN IR AU, Hoj iR 2 R B
TG R FAMP IR AR . A E 5 AN R Ak
ARSI T L2 [ A SR T 12 2R FH 48 #A
b S 75 = e N N T e N
1B NP IR AR RIS T8 & A A IS H , R I 9 [ 52 B¢
TR L HAL G B 25

BUEL AT ) A4 am 2 20 (1) 19 2 B A5

crL=ud < (1)
dx

A w AR de 05 IR R
doe S IAL ] e/ S A RS 5 TSR BRI G Ry 280 s
IFE] 25 0.01 s, BUATHE R SIMPLE 58.3% , 7
M 2CEE F PRESTO!, Bl i 77 72 RE & 7 2 5

MR A Frbol 2240 J7 1k o i A Y Oy R i A
L, HW AR TR B Smagorinsky-Lilly B84, Zfy
T R Sy RS R 22 1 O 107 g Rty
FRISR 22 M 107°,

JRRFSE 000 rh v PRAAIR 22 R, TAREA B
JEAALINZY, Boussinesq AN AL o Ay 1K B
FUUAS [0 8 T A o 2 S A R R, R AULR FH 4297 )
REAY AR BE RO L LIS R IR BRI o Ok
TR Z TR ek H " 2.24 MPa F, itk 9 4y
PERRRER (A AL R ZE W& 3 Fr o (A RA ek 3k
DUEAARH , oA 200 °CTF 58k 7 850 kgom ™, HLAAZE
F3510 kg™ K™ AN 46.4 Wem ™K™',

Z:7% HDR SZIG PR A9 A B2 B, 76 Q25 #i
AT 8 AW G, A B R 4 s W R
RIS R S T BE TR T, R A

PR THI 325 16 B 5 0 10 mm 585 — 28 W 0 A5 407 T4
PRETT 5 bR ) B 0 AR I R AE YZ -1
(7700 o Xob A T AR I e BE T 1) AT A S S
IEANBEREAR A S 1, BB 275 i Z iy 1wl
(1 30 LI R S SO BE, RV ET TR H BT

i
i

070 ~

) -

1000F 0 _ -
wp FMAMK 050 = 00 10.69
—~ 960} 045 & 1, 0" 068 -
= 0.40 - -0 =
- 90t fo3s 2 4500~ 8?(7 >
< 1030 3 14400=7 70
S 880t \ 1025 = ~40.65 §
o 10205 0.64 wz
A 840+ \ LV R Lo
HC {015 P06 =
800 L L LA L 0.10 Jo62 =

320 350 380 410 440 470 500

W TK

K3 2.24 MPa B2k bR 250

Fig.3 Light water properties at the pressure of 2.24 MPa*"’

o ST 5
o I PR

270°

180°:

B4 Q25 I I i 7 A 78 A

Fig.4 Distribution of monitoring points at Q25 cross-section

2 BEITELERRSH

AT s 221 14 K P A7 3 e ) AT L E A 5 SR A
B S B, 48R TR TEN 2RSS . o=
70 s W 2, A TEE I AR R, DURR B E T
J7 R EE R D5 i Bl A TE R A A 1) B
o ¢ =80s 2, KA T b B B T2 AR
VORI E T D7 IR 8l PR A B 1 R o B
IR TE E 528 8] o ARV BRI SE B 1T H BN B
T BNHEIER , KA I T A A 30 2 B I B A
PR, 1 e A iR PR IR . ¢ =160 s
¢ =260 s P> 204 TE X Tl B 70 A 2 P v v A4
DA S T L e SO, O ELve SRR IR &
JZ R B AR AE 3 N RS E W9 00 2 3 3, iR
BEWERIEAL /N AEKP AT R G R TE AL A,
P EIR KA (L0 s i) JaFe8efe 1, HR1%
IKTEASE IR TR S B 280 s 5 ST Ay
JEBLGATAET 70 ~280 s I [A] BEN

SR < hups :///cjam. xjtu. edu. en  BE AR5 BT 42 4



1152 i 5542 %
n —-. PERIATAEE
180.0 =70 s Y 250
TR D A SCEG SRR N N
= L8O o 200F  — DR
90.0 =160 s 5 150
I“J==========!i‘ &
: = ey
E/C 17260 & 100}
S A [ i 2 4 3 v (4 T i B = ©
Fig.5 Temperature contours of mid-plane at
different time points 0 o 560 o 700

P16 Ji& /3 1 AR ¢ =100 s, B3 N 43223
QUM AHFAE . [ 6 (a) IR P38 1Rk I,
B O 7 R VR SEA RPY £8i R, I
AERRIHSURBL FEATIE th 00 Ly, $R M= A A
WA 128 Ao P 6 (b) e i p s 51
T DX 3t 32 it A Sk A AR A B SR AR/
AR o R AV A A LA Al B v 3 1
1 T AR VA R X P32 K, 52 T Xk A7
TEDT )2, PR T A Bl PR A i
T o 6 87 T /KPR I A B SR R
Iy 2 ) 9 TR VA TR S 3, 4 3R 2
B ) 5 R 20 RS, DR 3 2 1 E I AU
i, 5 WOLF 45 St g — 54

210.0

. 180.0

150.0

S 1200 ;

900 p—
I60,0 z——
g C == | SEiooees

(a) FFIEH L (b) A FRAZ FHIE R it
Bl 6 1=100s i 2 EREHE
Fig.6 Thermal stratification of the pipe at ¢t =100 s
streamlines at pipe outlet

XA TE Q25 T it B2 A LA HEA TS
7 JEE7n 1 2 AT Ak B T AL A1 14 L B8 I s 0 A
s BE RSP 2 o e P BfEL TG 245 SR B X 240 s
#1280 s BB SE AT B (E. fERE H =140 ~
200 mm 3t [B PN, 83476 BRI BE A JEE , 0T B T I
PRV 24730 B2 i g 2 147 s 48 O, 3 V8 PRt iR
TEIRIX RN A AR TR G IR o ILIRE 731l 2 94 S 1 {0
K ERR IR AL TS 7 ARIR R AL T E T
7, AR P AS DX A BE THT 3L 1A 44 T B 3 AR 7E
BUEIH L5 R WOLF %57 Seab 45 5k e AT,
W TR I AU T3 v ) SL B AL B0 3 M BE RS VE T 45
TE AR AL A AL, BRIE LES BUE 55 (4 E

% H/mm
7 Q25 AP~ Xy et B2 i s B2 i A8 A it £
Fig.7 Mean temperature of Q25 cross-section
variation with the height
P8 25t 1 Q25 AT iy m B iy DX dm 5 453 P B
TR P A ] 0 ) i B I Rl e AAIET 8 R AT
th, Q25 i i 22 B L SE Y S TR E B B
WG, 0 =70 s o 4a, Yo i A4 23k Q25 #i,
95°.100° 105 Wl s il B2 TF 16 T B, S /K P45
T T M 3 R T AR AR DR e 6 O
JERBIRAS  ERE EME R sl XL 8 (a) (418
(b)) mJ T, T B T X8 I A% Tk BE 14 30 ) ol 15 BE T it
AL T RSl (H S U AR A L, 4 T P RE T i
JE e Sl 2 H 5
| ——90° ——95° —— 100° —— 105°

200 [{ERR

i

&)
5 150F
100
50 , , . \ ,
100 150 200 250 300
INFZle/s
() VT HETH X 45k
250
—90° ——95° ——100° ——105°
200F
&)
5 10
100F
50 g i i , ,
100 150 200 250 300
I Ze/s
(b) & iE A BETH

8 B RR 2k

Fig.8 Time history of temperature

FeFa PG - https :// cjam. xjtu. edu. en  IH{E ARG W J12724 4R



%54 P )T, . HDR SR HE ) 2848 - /KA 1E R G 2 1 R AL 1153

il B2 A Sl B0 ph 2K (2) BT E SRR ¥4 75 ARG
Ts BE , R/ IMUSRIR L B 52

1 n
Trys = an (T - Tmean)z (2)
i=1

B 240 ~280 s 2 [F] 3T ] DX I8t AR R A8 T 1Y
BE TR BE T3 D7 HORLEE , W81 9 Jrom . BE#E Al 1)
P 0 HER R 5 I sl S Se i KR el o fE 105°
FEAT , R AT DX S8R A (AR A, G PR T8 L i gl [)
IRENE A, HLAE I8 A RE THT 5 30 Bl st /)N T 3 BE T
AR EE P gl . 105 AL E ALY & BE H Oy 147. 1 mm,
IS IARIFSIN Y aoiEE S SN VA=K A R ES AT TREN
AR & X, HLAE A E T 7 i iR 2. vy
RGN Ve RAR M AFAE T VIR, JF IR -2
WA 2Z AR E TE RIS XM I R 2 B EUR A X
BRI SRS, SR IR B W I
7 B U M LA R AL T i AL T T R GV I
PR DI A SRR BE e Bl o PR G A A S A
AT 10507 EEAL AR RE B s RN o A RE Y T L
Pesh o P BN ) R B AS AR, B B AR
I, 225 DRSS AL FRIBE 57 , 4 3 235 A il SR 55 [ AL, 52
BB NRA AT, 16T SN EIE W A7, P Tt
BB A B2 S FER R P A i
Ty KA TR 6 B a9 nl DA E K00 2
BGRK A5 B R R Q25 iR B 10 Bl de e B
DXy 105037 B AL , B A A8 T 2 A AT PR 57 R A
IO b 3R S04 7 vk R4 3 A R AT BE AT 0 A, Al LA
ARATAN [ R 905 90 Bl B R B, AT e 2840 R T2
BT B0 BRI 57 SRR

8-

—o— JERETR AR IR L
—e— B PN BE T [P A

L)
/\
.
2+ // <\

N / xt“(uj.r ——
80 9‘0 l(l)O liO léO léO
JEI£716/°)

B9 ANIR] A 1) s B AL LIS e 2h 3477 MU

Fig.9 RMS temperature at different circumferential angles

PTTHERIE T/ C

3% #

=H

ARBFSE AT AT, 0 HDR 52504k 7

EIERADZR AT T I L B Hr, I il 12
TEBEMARE W IR ARFIE . S5EIT

1) B R I R BT A TE A J2 B
GALHEAL AT, AT LU b3t T 46 JL 8 o A1, O
IEBAHSE U B8 RE IR S B 1R S, Bk 1 R
PUTTIEAEAE TE AR 2 (RIS Y ] FEE

2) TG RTTHRRR, RES & BT K- E
S G 2 DG IR S A R 0 Bl B K
L& JRITR ARV g 5 i B 7 5 AR BU A RO 9
SR THRAEA AT LI Ji5 248 38 AR ) 73 A LR e
F7 A AR Bt S . AROFTE IR T A R o)
BT SR AT A% S B T 2R 8 BB 1 Y A 55 0 A
N ] FE Al PR ] 5 42 1 225 4K 30

SE -

(1] kB, BT RIESMESE R Ear (1], s L,
2006,27(6) :13-17.

ZHANG Yixiong, YANG Yu. Thermal stratification study for pres-
surizer surge line[ J |. Nuclear power engineering ,2006,27(6) :13-
17 (in Chinese) .

(2] JFEMS, XS, FRLlil, 4. T M U gl A $A 03 J2 1L Iy 5tk 2 W] ¢

YA HTLI]. i3h J1 T, 2019 ,40 (H4H) 1) :100-103.
TANG Peng,LIU Zhiwei, QIAO Hongwei, et al. Reliability analysis
for stress intensity of pressurizer surge line subjected to thermal
stratification phenomenon[ J]. Nuclear power engineering,2019,40
(S1):100-103 (in Chinese) .

[3] 4, EAF AU, % AR RS NI R

REA3HT ] K3 T ,2015,36(3) :28-30.
FAN Shuchun, WANG Jianjun,ZHENG Hongtao, et al. Analysis of
thermal stratification effect in surge line of pressurizer in nuclear
power plants[ J]. Nuclear power engineering,2015,36(3) :28-30
(in Chinese) .

(4] S0, LA &h , XU TR S5 BEAS 00 K MR s 8 8 3l 4 44
SEBGRAER)]. T RERIEEAR ,2015,49 (1) :58-63.
GUO Chao, WEN Lijing, LIU Yusheng, et al. Numerical simulation
of thermal stratification in pressurized water reactor pressurizer
surge line under transient condition[ J]. Atomic energy science and
technology,2015,49 (1) :58-63 (in Chinese).

(5] FEHF, LLUH, skBME, 5. 58 m) BEUAE e B4 v 2 8
SEATH RIS ] A8 1 TR, 2020 ,41 ($ T 2) :74-78.
WANG Xinjun, Al Honglei, ZHANG Yixiong, et al. Application of
heat conduction inverse problem in thermal stratification test for
pressurizer surge line [ J]. Nuclear power engineering, 2020, 41
(S2) :74-78 (in Chinese).

[6] NRC U S. Thermal stresses in piping connected to reactor coolant
systems[ J]. NRC Bulletin, 1988 (88-08) :2-3.

[7] NRC U S. Pressurizer surge line thermal stratification [ J]. NRC
Bulletin, 1988 (88-11) :3-4.

R MG  https : //cjam. xjtu. edu. en A ARG W 12020 3Rk



1154

AN T S

542 %

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

ENSEL C,COLAS A,BARTHEZ M. Stress analysis of a 900 MW
pressurizer surge line including stratification effects [ J]. Nuclear
engineering and design,1995,153(2/3) :197-203.

BIENIUSSA K W,RECK H. Piping specific analysis of stresses due
to thermal stratification[ J ]. Nuclear engineering and design,1999 ,
190(1/2) :239-249.

AR, TR, B P S I 2 B ) e 55 o M (1] 4%
1 T ,2011,32(1) :6-9,20.

YU Xiaofei, ZHANG Yixiong. Thermal stratification and fatigue
stress analysis for pressurizer surge line[ J]. Nuclear power engi-
neering,2011,32(1) :6-9,20(in Chinese).

SAUER G. Simple formulae for the approximate computation of axi-
al stresses in pipes due to thermal stratification [ J ]. International
journal of pressure vessels and piping,1996,69(3) :213-223.
KAMAYA M. Assessment of thermal fatigue damage caused by lo-
cal fluid temperature fluctuation ( part I: characteristics of con-
straint and stress caused by thermal striation and stratification )
[J]. Nuclear engineering and design,2014,268.:121-138.
KUMAR R,JADHAV P A,GUPTA S K, et al. Evaluation of ther-
mal stratification induced stress in pipe and its impact on fatigue
design[ J]. Procedia engineering,2014 ,86 :342-349.

TALJA A, HANSJOSTEN E. Results of thermal stratification tests
in a horizontal pipe line at the HDR-facility[ J]. Nuclear engineer-
ing and design,1990,118(1) :29-41.

WOLF L. Thermal stratification tests in horizontal feedwater piping
lines[ C]//15th US NRC Water Reactor Safety Information Meet-
ing. [S. L ]:[s.n.],1987.437-464.

WOLF L, SCHYGULLA U. Experimental results of HDR-TEMR
thermal stratification test in horizontal feedwater lines[ C]//Trans-
actions of the 9th International Conference on Structural Mechanics
in Reactor Technology. London, UK ; IASMiRT,1987 :361-366.
WOLF L,SCHYGULLA U,HAFFNER W et al. Results of thermal
mixing tests at the HDR-facility and comparisons with best-estimate
and simple codes[ J]. Nuclear engineering and design, 1987,99 .
287-304.

HAFNER W, WOLF L. Derivation of mixing parameters from the
HDR-thermal mixing experiments| J . International journal of pres-
sure vessels and piping,1988,33(1) :41-57.

WOLF L, HAFNER W, GEISS M, et al. Results of HDR-experi-
ments for pipe loads under thermally stratified flow conditions[ J].
Nuclear engineering and design,1992,137(3) :387-404.

KIM J H,ROIDT R M, DEARDORFF A F. Thermal stratification

R M2 < https : //cjam. xjtu. edu. cn

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

and reactor piping integrity [ J ]. Nuclear engineering and design,
1993,139(1) :83-95.
YU Y J,LEE T H,SOHN Y S, et al. Thermal stratification of surge
line in PWR nuclear power plant[ R]. New York, NY ( United
States ) : American Society of Mechanical Engineers,1995.
YU Y J,PARK S H,SOHN G H, et al. Structural evaluation of
thermal stratification for PWR surge line[ J]. Nuclear engineering
and design,1997,178(2) :211-220.
REZENDE H C,NAVARRO M A. Thermal stratification in nuclear
reactor piping system[ C]//Annals of the Assembly for Internation-
al Heat Transfer Conference. [ S.1. ]:[s.n. ],2006.
NAVARRO M A,REZENDE H C,DOS SANTOS A A C, et al. Nu-
merical and experimental simulation of the thermal stratification in
a horizontal pipe[ J]. International journal of transport phenomena,
2008,10(3) .215-221.
REZENDE H C,SANTOS A A C,NAVARRO M A et al. Verifica-
tion and validation of a thermal stratification experiment CFD simu-
lation[ J]. Nuclear engineering and design,2012,248 :72-81.
ABOU-RJEILY Y, BAROIS G. Numerical prediction of stratified
pipe flows in PWRs [ J]. Nuclear engineering and design, 1994,
147(1) :47-51.
JO J C,KIM Y I,CHOI S K. Numerical analysis of thermal stratifi-
cation in a circular pipe[ J]. Journal of pressure vessel technology,
2001,123(4) .517-524.
THRTAR, RV, B FE. 31w i (86 ¥ 3 A5 40 2 10 4317 5 1
[J]. Wi 122441 ,2013(6) :894-898.
MA Fuyin, WU Jiuhui, WANG Guangji. Double-sided fluid-struc-
ture coupling dynamic thermal analysis method[ J]. Chinese journal
of applied mechanics,2013(6) :894-898 (in Chinese) .
BOROS I,ASZODI A. Analysis of thermal stratification in the pri-
mary circuit of a VVER-440 reactor with the CFX code[ J]. Nucle-
ar engineering and design,2008,238(3) :453-459.
JO J C,KANG D G. CFD analysis of thermally stratified flow and
conjugate heat transfer in a PWR pressurizer surgeline[ J]. Journal
of pressure vessel technology,2010,132(2) :021301.
KANG D G,JHUNG M J,CHANG S H. Fluid-structure interaction
analysis for pressurizer surge line subjected to thermal stratification
[J]. Nuclear engineering and design,2011,241(1) ;257-269.
OREA D, VAGHETTO R,NGUYEN T, et al. Experimental meas-
urements of flow mixing in cold leg of a pressurized water reactor
[J]. Annals of nuclear energy,2020,140.:107137.

(@ LS )]

(DA ANERINA IR =



