$53% 452 M #HE R Vol.53  No.2
2024 4 2 J THERMAL POWER GENERATION Feb. 2024

EBEAHT EHZLALHKEE A
LKA A5 EAEF R

% =Y, F ME2 MMAE WRE T KL FEE? DER’
(LB ZAIHATEARAT, K& ©% 710054;
2AERE A G BB HEATRAG, Lk AE 264312)

i E] $HELMR, FHBARE (FNR) EBAFHARA AR ASTEAAL, Bhi
RATIAKA 4, BAREEF R AREMAAELSN TN, ARXTRAREHTERARE
5iR B4R, AT T RE AR R AR AT B E AR E AR S
Rk XA : SIRANAFHT, TRNEALEOREAEARANE, HHLER
AT A PRFNIRE G IE K MG KR, £ RS R BN F R ) B O 4F A HAEAE AR K1
FETM X — BRI, WA RSN E A AN FeR 2 v T LR AR S SRR B AR B IR
MZ BRFNAEHT, T NIREIEMNEE IR INEGIE K MR H R FAAAE BT H
BB R EHTENGRE, REDT 2%, HiERHALAE DT & TN KRR S
5REDRBEAE,

[k % 7] ahiR; RMEEW, RESH; BASH; FHHRARMRE

[SIRAAXHR] X, T8, Ak, § FRSADTEIBALEE AX T KA HELMEFR[I] #H K4, 2024,
53(2): 93-100.  YAO Yao, LI Chao, QI Peiyao, et al. Numerical study of thermal-hydraulic characteristics in pipe of floating nuclear
reactor under pulsating flow[J]. Thermal Power Generation, 2024, 53(2): 93-100.

Numerical study of thermal-hydraulic characteristics in pipe of floating nuclear
reactor under pulsating flow

YAO Yao?, LI Chao?, QI Peiyao!, ZHANG Ruixiang?, YE Lin?, CHANG Chongxi?, MA Xigiang?

(1.Xi’an Thermal Power Research Institute Co., Ltd., Xi’an 710054, China;
2.Huaneng Shandong Shidao Bay Nuclear Power Co., Ltd., Weihai 264312, China)

Abstract: Under oceanic conditions, the coolant in the loop of a floating nuclear reactor (FNR) experiences periodic
fluctuations, which affects the system’s thermal and hydraulic characteristics. A combination of theoretical
derivation and numerical simulation is employed to investigate the velocity and temperature distribution
characteristics within a pipe under pulsating flow conditions. Moreover, the influence of different numerical
simulation boundary conditions on the velocity and temperature distribution in a circular tube under pulsating flow
is compared. The results show that, under high-frequency pulsating flow conditions, laminar flow inside the pipe
will experience backflow near the wall, and the wall effect will increase with the pulsation frequency. Using
pulsating velocity inlet and pressure outlet as numerical simulation boundary conditions fails to predict this
backflow phenomenon. However, employing fluctuating pressure inlet and flow outlet effectively captures the
backflow occurrence in high-frequency pulsating flow. Concurrently, the temperature within the pipe fluctuates
under pulsating flow conditions, and the amplitude of temperature fluctuations gradually decreases when the
pulsation frequency increases. Numerical simulation can well simulate the temperature distribution in the pipe under
pulsating flow conditions, with an error of less than 2%.The research results can provide reference for non-stationary
numerical simulation methods.

Key words: pulsating flow; numerical simulation; velocity distribution; temperature distribution; floating nuclear
reactor

I ¥ B #3: 2023-06-27

H & Il B: Y AKRSELTA (2023-JC-QN-0611)

Supported by: Natural Science Foundation of Shaanxi Province (2023-JC-QN-0611)

F—EEEN: Hes (1989, B, Wil, EAIRIE, TR AKET RIK /A, yaoyao@tpri.com.cn.



94 kA% e

2024 4

ARG AR REIR R EER B 7], “+ DY
BUR TAERE S “HR iR 2 pIaTHE FRWRA 7R R
B A R AZ RS R T AT B AN SR, A DR S S
HEAE AP T P I TR R R A HEER .
i 5 o S HEAE F R AR T DA RS R K HESZ
WM, OSSR HIF A T BES BEaRasH,
V50 e BRRHE AR E (W BE D W8 T R AR
TR BRE, BRI S N HE IR 22 A48T o A A
FIA bR SRS AR, A EIFA 2 DA B HE
WA, FIRES T Hal, ™ E
W2, F, R ERSIFL T, EEAAT
IK IR IR IR S 22 418 AT B R X .

Fik B 26 A R B N A K A as e R AR S 2%
N AFAEANA], RichardsonF1 Uchidal®45 A\ 4351 A
SEBO ANy THUE B 1A S R B R N R AF
15, BRI A& T WS OOE EATEE G O, 1
SEAEE TEREMFHE B . Muto 28 N0 fikshin
MR R RKI, I ENZFENT 5 I, H
s KRR R T E RO, TENNE KT 5
B, S E I R KIRIE R T BE . Telionis 25 A\
SIBUELINTeR - K T ISP/ K LN SN BN BU 2N
AREARLEE , TEARBARI) T T, A 2 I
7 e B I R TR o AT

T BTN IEIE N AR S A HE T I IE N s A
MILGANR, BEE R H TR R s 7L
Wissink %5 A\ B T BB (direct numerical
simulation, DNS) W5 1 ik i1 AH 25 a0t
FERIIER, RIN T 26 S M PT sk I Bl 44 - Hattori
£ NL L DNS S 4l 52 P AR i 1) 4B T 1) 3L
FERKSIAT THRIEFE, $a kSt 52 b AR
TAEE KR IR 240 Seddighi 25 N9 ] DNS
XTAETE ] I S IR ST TRFFT, S5 SRR s E
M IR IR RITRFLAR BAR SE AR 3 A
BB, FFHEARIG S R IR 5% DNS SKAEHIEL
{EAK 2 LA S A A 5 B 2 iR s M it s i,
[Fi DNS Frifg vHE BRI, H AT A S TR
FfRTBAAE R FOREADL,  TARER FMME R,

Scottil*IAl Gorjil*&5 A\ A FH ik 2l S 46 A x
LT DNS flHEfa & i 4 (URANS) JmiifEAl
TR R, TR, PR RESRS,
URANS #8Y 11550t 1) B [ U 87 ) DA GRS A 5
1 DNS HARVIA ARGEE, TSk ah s g

http://rlfd.cbpt.cnki.net

TEE—E MR Z . Anotai 25 N SHE i B Ty vk
XA TE P A () 1 X TR e I i S AR AT T 4y
Br, B T A Bk S 2 500 e i 15 228 B T
T A B VR TE AR TR T B 52 Rk Bl A R IR 1R 5
We, 1 vl VB S SZ K SRR 52

ALEEWHES T2 WA A FEAEALE
ENIEESRE G HEIERESRSIA Ol
TS0 B A A B e Lk Cuser defined
function, UDF) W BT T /v4H; f1H URANS
SELBANL T KSR A N B N B AT, @i
PLA M SESHE Sl . IRE AL R, WIF
P A HA B AT, 7 v TR A 1

1 HFRB 5K R

T A KR A g R MR A2 r 1Y)
B8 N S IE5Z B8, sl B FR R 1 HiR
MR u i K TR v 2) MiRsh e R ER
u WR A AERRAL, A5 A% r ) ¢ Ao, Hp
u=u(r, t). Kk, ¥ N-S FRERLa T

ou _ 1ap+v(yg+1auj o
ot® ror
S p=p(x,rt) NIEE N K Ik B s p i i
v ONTAARIZ B R R AL

NN E B s s), Hl TRk
ANFTTRSR, R REAN T P 76 P T I T () A2 4
Al PLRIR N

D _(®) g
6x_(axl 1+ A cos(wt)) 2
ﬁ#{?}ﬁ%ﬁ%zawmwmgﬁﬁamﬁz
TR KR
% N-S F LA PN
ou
r=0, 5_0 3)
r=R, u=0
PR L
I’*:L, w*:a)R ’ t*=£2, u*:i @
R v R u.,
ﬁ¢=%=§% R TR u(r )=

*

U () + U (e ), RSN AT LA A 5 B 6
SRS BN us F1 uy 2 B A RS Ak 3hiE
BN

GRURET -t lE S AWM C)




2 1 Bk 5% 5 RS T EFEIIZ R BHEE NI TR RUERT T 95
o%u; 1 ou; 0401 ——0.125T
S +18=0 0.35} ——0.250T
or ror 0.30 _—:82(7)(5);
r =0, aui -0 (5) . B S o55er
or " 0.20 et L)
* =]
r=, u =1 < 0.15
~ 010
) . 0.05
ou, 1oy 0
ar*z * a - 7005 1 | 1 ]
au* 0 0.001 0.002 ‘ 0.003 0.004 0.005
* t r/m
r=0 o =0 (€) ) T=1.0s, #RIE40.9
rr=1 u =1 0.30 ——0.125T
o
0.25 A
——0.500T
AT LLR B Iy R4 (5) R B A R Hagen- 0.20~\ ~ 0550
Poiseville 13}, Hcs 7 FE401(6) e 1 9% Ay 25 - O.lsm\\' :
NIER IR AN, KB A Rk N %mo ’
u(rt)=20-r?)+ '
= [ A% cos(@t") + o sin(wt") | o @ 0057
o ) 'L '
0. 001 0. 002 0. 003 0. 004 0.005
Kb I N 1R n I EREREG A0 1% @FMJ@MWwS
0 [ U1 ZE R BR BUASIEAR o AN SO 406 75 2 5T 30 T
o s 1A 0.301 e
SOMANYE A AR ST 4377 o 050r
W BRI STVt RO S 53 ) 0257 03007
FEF R KA RE L A, 1 0.20 ~07301

ﬁﬁ%ﬁ?%ﬁ%ﬁﬂ%ﬂﬂﬁ&;%%ﬁo

——0.125T

——0.250T

0.25 -—0.375T
——0.5007

0.625T7

0.20 ===0.750T
0.875T

u/(m-s ')

| 1 1 1 ]
0 0.001  0.002  0.003 0.004 0.005
r/m
a) I=0.2's, RIEH0.5

——0.125T7
——0.250T

u/(m-s")

1 1 1 1 ]
0 0.001 0.002 0.003 0.004 0.005
r/m
b) 7=1.0s, JRIE H0.5

http://rlfd.cbpt.cnki.net

=T

u/(m-s ")

—
R

1 1 1 1 ]

0 0.001 0.002 0.003 0.004 0.005
r/m

e)T=1.0s, RIEHO.1

B 1 TRk IRE EE 2
Fig.1 Velocity distribution under different pulsating
flow conditions

MEL L AL Mk # T=100.0 s B, A
B LT SRS — 80 (BB RS HH
BN, EEEE S OB EAAR. R
AT S IR A BRI B T BRI S (] 1a).
Bl 1b)), MAEE LRI T RLT “UREE” I
%, HUBAXIBIEREY “TRE” — PR R Y
s, HHnk s <R ” XK,
(Rl X R ST BE TR . 6] EL BB R A 1.0, 1R
i 4 0.500 FH 0.900 K [57E P A [F] B %1 i B2 43 A
KB FEIX 2 B TILE (B 1b). B Lc)), EIG




96 kA% R

2024 4

HRAELE 0.500T~T X3k Py, HEEEIRMEIE M, M
0.500 T 3 0% 0.900 T, [FIVINRALTS 5 oA &,
M4 HRIE N 0.1 I (B 1e)), JLT-WEEAHEHIT
Fo XA R RN ECK IR TE T B0RE P ARk,
PN ) IV

2 FER

b AR HE S 4y T kAl R R
LA, A5 SRR WIS It 2 AL 18 P L 7y
Ao N SCRERARTE O R A Ik Shi st 4T B 8
L, RIS AT 15 2 )8 B o A AT XS L, S8R
W 2 A AU 0 LR

21hREH

EAT, XT3k s it o) B Ed ok A i B
Gy 2 Fhoy SR8, BARGNE] 2 Fos. —Fh LA
KN E 1 AN %A, HREHON:

p =P, + p,sin(2nft) = p, [ 1+ A sin(2xft) | (8)
KA pm NESHE, Pas pa NIEJJEE, Pa;
Ap=palpm NIEJJPRNE; fNIKSIAR, Hz,

Hh 132 57 2 AR FH i SR 50 ) ek P 300 7 2 A«

u(t)=u,, +u, sin(2nft) =u, [1+ A, sin(2xft)] (9)
A un AR HE, mis; ua NS, mis;
A= Un/Ua H3E AR .

p=p,[1+4 sin(27ft)]

u(t)y=u,[1+4,sin(2mf1)]

u(t)=u,[1+A4 sin(2nft)]

p=0

B2 BkahRiFELAREHTE
Fig.2 Schematic of boundary condition of pulsating flow

XA T B LI B, TEARRT T
kBNt = A T I AR AR AR IR, AR AR T
UK R g AT [0 B = 2R B Eh e SR 1T, 16 K )
N RIS R H U i SRS S IR A, B —
I [A] DK N 75 SRR 2 B 2 T BB UR

5y B g v T AR R () 3 A A AT T
b, SR AR SE . (RPER9) TE RN LAt
A, P AREEE L. BRXMEER—
SEfRIAL, (EEIR RS & T T S Sk .

X 2 PR B IR O B RE T A S5k . ik
LU RE T U B O BE T 8 A, T SR BR K&
BAHAK T, BRI H UDF % IAPWS-
IFO7 A = FIK X gk N BUE 1

15 B A% B IE 5L il A 4R | UDF J7
X, B ERE A R Rl AR, X
FEIEARCK F IS AR & A FHARHR IE PISO Sk, N
FEEE, i —Fads XUkg 2O 7 FE AT B . 4P
W28 N TR 22N T 1075 16, YONIZNHERE K
SEWCSR WS TR IIME {3 F DA I 0 LR
BSE, HTFARERBST RS, Kahimf
TERD KRB, FUIEREE 6 AN LLG 45
RNHFN R N TET M, X TERSEEIRE
Kl 3 A BE S F S A S i AT R, A
N KSR B 0. 0.125 T, 0.250 T. 0.375 T,

http://rlfd.cbpt.cnki.net

0.500T. 0.625T. 0.750 T, 0.875T.

1 L 1 1 1 1 1 1 1 1

0 36 72 108 144 180 216 252 288 324 360
FHAE/()

3 BkEhFARLL
Fig.3 Typical phase of pulsating flow

2.2 JLRE

T3] B 7 B LTS R AN P 4 R, [ 4%
J5mm, KN 1000 mm, R R IEE TS
TR IE . R ETH R A A T e X AR Y
HEAT L S SR F ICEM HEAT 45 M4k N 28 K114
B UE PR TG S, 13 A () A 4 ) B A
B, RS B RS A 5 S AR AT X
b, B JE B T A S 75 682 AR AT RS
W7 . BUEMILE 3 A THFTIHE, 2N
T=0.2. 1.0. 4.0s, 3 LHAIRIGHSA 0.5, *XF
NN FF3853 B2 24 0.1 mis.




2 1 Bk 5% 5 RS T EFEIIZ R BHEE NI TR RUERT T 97
N 1 000 mm | 0.251
o 5
A
Xof B A

4 EEITHERR
Fig.4 The circular pipe model

3ERSR

3.1 2 MiA R &4 T HMBFEAIBRERE RO
T, AR R, BN SR A A A

WeBE AR R T, ORI O i

[ K TE IR BGAE , % 4% 1/1000 T FOR K HEAT

THE. Bl 5 AN o AR AR A7 Bk Sim B AL S

PRy e A

0.301

u/(m-s ')

vl

oF —* I ip 7
1 1 1 1 |
0 0.001 0.002 0.003 0.004 0.005
r/m
a) I=0.2s, t=0.250T
0.25
0.20+
~ 0.15F
E
< 0.10F
0.05F ‘.
b frbe g %
e A \
oF —e— HEMR
1 1 1 1 |
0 0.001  0.002 0.003  0.004 0.005
r/im

b) I=1.0s, =0.250T

u/(mes )

—— B
fi

v
oF —e— liﬂ L’{f "If
1 1 1
0 0.001 0.002 0.003
r/im
c) I'=4.0s, =0.250T

0.004  0.005

u/(m-s ")

u/(m-s ")

u/(m-s ')

u/(m-s ")

http://rlfd.cbpt.cnki.net

0 0.001  0.002 0.003 0.004 0.005

r/m
d) 7=0.2s, =0.500T

.
oF —e— PRI

1 I I |
0.002  0.003 0.004 0.005

r/m

I
0 0.001

e) I=1.0s, +=0.500T

1 Il Il |
0.002  0.003 0.004 0.005

r/m
) T=4.0's, =0.500T

1
0 0.001

0 0.001  0.002 0.003 0.004 0.005

r/m
g)I=0.2s, t=0.750T




98 kA%

2024 4

u/(m-s ")

—n— A
o— I P fi#

1
0 0.001  0.002 0.003  0.004 0.005
r/m
h) 7=1.0s, t=0.750T

w/(m-s ")

—n— R
o— I P fif

1 |
0 0.001 0.002 0.003 0.004 0.005

r/m
i) 7=4.0s, =0.750T

E 5 BEEREILRKaITEERINS RIS HEXT b
Fig.5 Comparison of pulsating flow between numerical
simulation and theoretical solution in circular pipes under
different operating conditions

M5 AT LUE Y, S BE B AT DURS il 42
RS> L0 B A B oA, 2N T 2%, 28
1M, ST AR kiR AR A, BB AE R
BE 2 IR G, 1T A5 A U0 A A B B ek i
TEU 2 BB 1 AH R

58 FH RN B S BRASE ) — B S 2 A, BIR(D)
WO F1R DL SRR 30 e 703 il sk, A
JE B i U T AR, BUE TS R R 2
K5 AR . B 6 A4 T=02. 1.0 s LitHfk
Bt 0.750 T AHAIABLAE S5 BRASAE AT LE o

0.25r

—=— i iR
o— I 1E fif

1 1 Il 1 |
0 0.001 0.002 0.003 0.004 0.005
r/m
a) I=0.2s, t=0.750T

http://rlfd.cbpt.cnki.net

u/(m-s ')

—— AR
ok —— Bt

1 1 Il 1 I}

0 0.001 0.002 0.003  0.004 0.005
r/m

b) I'=1.0s, t=0.750T

B 6 BitESHEREMEE 2%t
Fig.6 The theoretical and CFD simulated velocity distribution

HIEl 6 ATLUE Y, AIEEN L SRR,
JEFIN 3L 25 A ANME T LUK i o 548 oo H o
J&Z, thn] DA BE AN R P 90 B T BRI BRI R » 35
A HBLERE L.

KT 2 ML M FEAFNE, SUITIL
AR 1 WIENLE], B AR 2 NSRS
T IR AT AR IX A IS H, 25k 3)
JESa )i P &3 IS 1 a6 ot BN TICT =
BONREVEMEABLE, 1 BRI R, Kby
Eeg N Rg0E XT AR 2) R4 e R
FEVE NN BRI, AR EE N IHTAE RS 2 B
(K1, TR € PE NN SIS, i vl e /5 2L
K B TA] B 1) B R B — A e A K T
IR, XA —2fF 00 T~ 2Rl 3) JF
LRPERON, FERLLRBI A2 A R, AR ARLR
PERON W] REAEAN R I T 26 AF N S ECR RIS A
i alib)i e DIl s 32 G PN DR (327 v g2
M FEERILR -

PRI, S0 ks B A DL 754 e AL 7 2%
PEEAT TR R B A SE PR TS Ol 2 BRI L[]
VU, R S I A SR HEAT TR B TS
THRAT IR IRK SR, a0 SR T BLiH SRS
By HLASCSIe bR o [B0E 0 A 2 5 KBl At ) P P T
JET 391 2 R W 58 5 B 5 OB o N ) B R O
R BRI R AR T ZE AR
PR, H AT, SR 7 S el e B E 1
FIr TR e ST, RGBSR, (B AT fE
PEAUBOR . JEF 0k, EBCE S HIA LI 5 2%
PEREATAEALL,  WRAE AR E T 00 H B0 H L]
Wi, AR fRiE /N HAh T T AT A
% FE A T TR A0 A3 J7 2 A REAT B




52 3

32 ERRINRED AT

BE AR AR A SRS T 0 AAVE 38 AL E 3 A
T GE ST o SREHKSHF AT E NI A7,
s BN INRE Ry REREAT HE S, 1R A 78 70 R JE IV K
Fi AR TR

orT  oT 1a(5j
—tU—=a=——| r—
ot OX ror\ or
or
oT
r=r, A—-=
0 or n
ﬁ¢:a=c NPT R kK AR SRR
Ply
Cp NJE [ LA

SINTHILENSHL

Bk 52 AERRESTBN TR R BIHEE YA T K RSB R A 99
-T 2u_. R
— T Tln ,Rem — m,ta ,X — 4X (11)
q,R/k v Re,PrR
I BN SEAN ()R TC B M= i T7 H
00 .00 0 ( . a@J
Pr—+2u — =——|1r —
ot oX ror or
r=0, 2Z-0 (12)
or
r* :1, a—@* :1
or

[FIEE, (7 HIKEh L T R A, KRNI L
ARSI O, X)MBEST (", X). Hr,
SUERETESR, BESTMEE A DB B TR,
PR M 2% 5 R At 2 e R A 25 2 1 PR R JRE 2 A 1)
CARAE B HE WL AT . RIE, T 45 #i
B RK B AR AT R B PR A -

(i€, +o'PrE, Joos(or)
A, — o' PIE, )sin(at) | 3,(A9r")

+ 7 00
O=X+R* - —— 64 13
24 722 o?Pr®+ 2" J,(AY) &
> /1,(710)2 - -0
Em:zkw”+ﬂw><MW—MWYE“=§ka+MW>(ﬂm—zw) a4
Y N —1 ] S — kY 4001 5 f- gt g VA
e K 07 B AR B R [RRE A3 FH 5 9 3l 07 A soo it I y
FIF U258 (B 4), BUEEE N 900 mm Abjiik ——0.5007 -~ - ~0.5007
. . . . o 380  ——0.750T 0.7507 7
AR DR E A A D 45 SR 5 B 45 S b, BABRAIE o o = 7///
BAE L IERPE. CFD 5P 1% 0.06 m/s, x -~

PRIE 0.5, BkahFEW T=10.0. 100.0 s 2 2 TH3k4T1)
FLUHRL . BEI N € B2 LI 5564 gw=6 000 W/m?,
N CRARIREE T=298 K. _ECor#r A 10.0.
100.0's fkBhFHADAEAEFRIN G, N T8 T Uik
PR e i B ) O E SN L Aok
fEo B 7 NASTR] T30 2R AR AT Bk S N T AR
OI AT B E AR S B 2 SR L

4001 e -
pRERTED) 1 ig
390F ——0.2507T 0.250T
—0.5007 0.5007T
380 ——0.750T 0.750T
370
=
=360
350
340
330}
1 1 1 1 ]
0 0.001  0.002  0.003 0.004 0.005
rfm
a) T=10.0's

http://rlfd.cbpt.cnki.net

340k

330

1 1 1 1 J
0 0.001 0.002 0.003 0.004 0.005
r/m
b) 7=100.0 s

7 BRESHERIEE S BT L
Fig.7 The theoretical and CFD simulated temperature
distribution

ML T R UG Y, BB IOR, AR B
BRI A — s A, PR
BTN FABE T AL T BRAR ERX, BRI A
PR, R EEB BN . X U RIS PR 45 R T A
A, BUEIDL T DLERS T AR 2 R NI4T
Ak, BEBTHMERS KT EIRE, (HIRZETE 2% LK .

44 i

ASCE IS S AR EA AR S 1007 5




100 kAL &

2024 F

WHAE T kB &4 N8 Wl SR R,
YoM T AR B AL 2% PR KB (I 52 o

D SRR AT T, & N E I AR BE I P T 2>
HILEIA I G, FF HLAE T 80 2 B 2 K S A 26 [ 14
KiK.

2) X TEIENALATIERESRERS) T
BB DR A 2 Pl 264 AT BT 5
ON R A BRI B, H R ) H
NIBFEAT; @ NIRRTy, HIR
A EATER SR EA R NI R A S 1At
TCAET ARG, TS FH 3 2 Phids S 444 mT B
TP UK S ) RIS . 1X 0 TR ST Eh 1
BEBR AR BRI T EE S,

3) MKBNFAFAET, B HNIRE b2 KA
By, U B P I K B A T 3 K 8 5/ o
HAE B AT AU RS ADLBK B0 I A% A T N IR
B, wENT 2%.

[& % 3 #]

[1] TAN'S, SU G H, GAO P. Experimental and theoretical
study on single-phase natural circulation flow and heat
transfer under rolling motion condition[J]. Applied
Thermal Engineering, 2009, 29(14/15): 3160-3168.

[2] HEDAYAT A, DAVILU H, JAFARI J. Loss of coolant
accident analyses on Tehran research reactor by
RELAP5/MOD3. 2 code[J]. Progress in Nuclear Energy,
2007, 49(7): 511-528.

[3] ITO D, SAITO Y. Natural convection cooling
characteristics in a plate type fuel assembly of Kyoto
University research reactor during loss of coolant
accident[J]. Annals of Nuclear Energy, 2016, 90: 1-8.

[4] RICHARDSON E G, TYLER E. The transverse velocity
gradient near the mouths of pipes in which an alternating
or continuous flow of air is established[J]. Proceedings of
the Physical Society, 1929, 42(1): 1.

[5] UCHIDAS. The pulsating viscous flow superposed on the
steady laminar motion of incompressible fluid in a circular
pipe[J]. Zeitschrift FUr Angewandte Mathematik Und
Physik Zamp, 1956, 7(5): 403-422.

[6] MUTO T, NAKANE K. Unsteady flow in circular tube :
velocity distribution of pulsating flow[J]. Bulletin of the
JSME, 1980, 23(186): 1990-1996.

[7] TELIONIS D P, DILLER T E. Heat transfer in oscillatory

http://rlfd.cbpt.cnki.net

flow[R]. Final Report Virginia Polytechnic Inst. & State
Univ.blacksburg, 1986: 1.

[8] WISSINK J G, RODI W. DNS of heat transfer in
transitional, accelerated boundary layer flow over a flat
plate affected by free-stream fluctuations[J]. International
Journal of Heat & Fluid Flow, 2009, 30(5): 930-938.

[9] HATTORIH, NAGANO Y. Structures and mechanism of
heat transfer phenomena in turbulent boundary layer with
separation and reattachment via DNS[J]. International
Journal of Heat & Fluid Flow, 2012, 37(7): 81-92.

[10] SEDDIGHI M, HE S, VARDY AE, et al. Direct numerical
simulation of an accelerating channel flow[J]. Flow
Turbulence & Combustion, 2014, 92(1-2): 473-502.

[11] MARUSIC |, MATHIS R, HUTCHINS N. Predictive
model for wall-bounded turbulent flow[J]. Science, 2010,
329(5988): 193-196.

[12] ADRIAN R J. Hairpin vortex organization in wall
turbulence[J]. Physics of Fluids, 2007, 19(4): 457.

[13] SCOTTI A, PIOMELLI U. Numerical simulation of
pulsating turbulent channelflow[J]. Physics of Fluids,
2001, 13(5): 1367.

[14] GORJI S, SEDDIGHI M, ARIYARATNE C, et al. A
comparative study of turbulence models in a transient
channel flow[J]. Computers & Fluids, 2014, 89: 111-123.

[15] SUKSANGPANOMRUNG A, CHUNGPAIBULPATANA
S, PROMVONGE P. Numerical investigation of heat
transfer in pulsating flows through a bluff plate[J].
International Communications in Heat & Mass Transfer,
2007, 34(7): 829-837.

[16] A, kplimsh M EE R s 4% AT 5L [D]. dbat: W&
HK, 2005: 1.

YU lJiecheng. Research on pulse flow and wall vibration
heat transfer[D]. Beijing: Tsinghua University, 2005: 1.

[17] ELSHAFEI E A M, MOHAMED M S, MANSOUR H,
et al. Numerical study of heat transfer in pulsating
turbulent air flow[C]//2007 International Conference on
Thermal Issues in Emerging Technologies: Theory and
Application. IEEE, 2007: 63-70.

(18] L3434, Kb, XX, & NIk E RSN J1 20T

FJ]. R TR 22544, 2018, 18(5): 464-470.
CAI Lingling, MI Sha, LIU Zhigiang. Study on the
dynamic characteristics of pulsating laminar flow in a
pip[J]. Journal of Dalian University of Technology, 2018,
18(5): 464-470.

[19] #Hthss, Bescte. ERGEIM]. dbnt: S5538E i,
2006: 1.

YANG Shiming, TAO Wenquan. Heat transfer[M].
Beijing: Higher Education Press, 2006: 1.

G MET)




