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Simulation of four-equation model for turbulent heat transfer in liquid lead-bismuth eutectic

flows with multi-channel structure
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(China Nuclear Power Technology Research Institute Co., Ltd., Shenzhen 518000, China)

Abstract [Background] Lead-Bismuth Eutectic (LBE), a promising coolant for generation IV nuclear reactors,
exhibits a distinct low Prandtl number (Pr=0.01~0.025) compared to conventional fluids like air or water (Pr>0.7).
This unique property fundamentally alters its turbulent heat transfer behavior, yet systematic investigations into
LBE's thermal transport mechanisms under turbulence remain scarce, limiting its engineering applications. [Purpose]
This study aims to simulate four-equation model for turbulent heat transfer in liquid LBE flows with multi-channel
structure so as to provide theoretical support for optimizing reactor thermal-hydraulic designs and safety protocols.
[Methods] A four-equation turbulence model (k-¢-k,-¢,) was implemented in commercial software STAR-CCM+ to

resolve both momentum and thermal fields. Firstly, the turbulent thermal diffusivity was derived by solving the
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turbulent thermal energy and thermal dissipation rate transport equations using a passive scalar approach.

Subsequently, the turbulent thermal diffusivity was coupled with the turbulent viscosity from the k- ¢ model to

dynamically evaluate the turbulent Pr. Three canonical configurations, i.e., fully developed parallel plate flow, pipe

flow, and rod bundle channel flow, were simulated to validate the model across representative geometries. [Results]

Simulation results show that the four-equation model can successfully capture key low-Pr thermal features, resulting

a good linear relationship between dimensionless temperature and wall-normal distance in the viscous sublayer of

parallel plate flow, consistent with theoretical predictions; For pipe and rod bundle flows, simulated Nusselt numbers

agree closely with experimental data, demonstrating accuracy in predicting wall heat flux. [Conclusion] Results of

this study demonstrate that the k-¢-k,-¢, four-equation model is a promising framework for modeling LBE turbulent

heat transfer, overcoming limitations of constant turbulent Pr assumptions in classical models.

Key words LBE, CFD, k-¢-k,-¢, four-equation model, Turbulent viscosity, Turbulent heat transfer

T A% e 2 DA RS VR A4 21 1) 31 20 B
DAV AS BBl 42 & 7% E 700 B P - BG5S B HE 2 5
VO AR AZ L B AR 3 HE LT, Y4 A 42 (Lead-Bismuth
Eutectic Alloy, LBE:44.5 wt% Pb+55.5 wt% Bi) 7£
JE I A 125 °CL 3 RN 1670 °C, AR UM
Hh - WSO T AN A 55 R R AR AL R T B R
—ARARHE I AE LB A 2057 . SR, BT LBE (W)
b b AN 375 B SR, A D SR 9 T I 650K PR A
H AR 7 592 58 3 30 A7 £ G AR ey 1) ) R
EAL Ut B 90N D0 AR IS HL R A — s BAE FE i
B AK 71 %% (Computational Fluid Dynamic, CFD) 1%
WL T 1T 2 K

WA & B 5 A ClnoK 23 S5 TR L)
PRV HAPE B 2 5, FERIERS &8 R
B R 2 AR A LR DL A BRI I B B, X A
5 WA A B ) % BA K7 25 (Prandt] number , Pr) izt /N T
WK . Pt R ) — NIRRT EN S
B, RAER I H A E S e EY e I LLAE™, Je
FEITBE 2 PRI FE A R E SR A 5 R R
FERIAIR . BN, K5 230 Pr£3oh 0.7, T AR )
PrilN0.025. X T Prdgil 1 H A Can s SR ,
HEEN R EZ SR RZIREM S, 71 e 3
TEH FEEPEREBFZN. BT HILRZERE
FRIT , N 30 TR N 2 8 ZRUIRES A& SR
JE i 31 Pufte AR F 2 B v T R R X, i VA%
O DX RS i R HOE T D 32 e e TG B4
A S, IR AR R R ERTRELRER
FE, o3 L AN 2R X 8, 2 YR 2R
20 X, IR AS A5 W AS 4 8 1R i i 5 (B0 5 5 LU
AR BEER.

Tt LI B i A ) B AL — TR L & 2% AT
% KDk — B E IR L K 5 R .
£ 8 i °F 3 Navier-Stokes (Reynolds-averaged
Navier-Stokes equations, RANS) FFZHESL T, ¥ £ 2
HAHEHIFUE T 2 i Ui zh B8 5 A

(Turbulent Momentu Flux, TMF) . £ Boussinesq
P IR R BRI, 200 R T I IR B -
FERUR (k-6 k-co ST TY ), IX HeARE 7Y 22 5 4+
TER R O T B, /e sm I A, 8 X A
I By i) R DG T 38 4 () T AR 2, W] SR A= R
G . MR, Wi i Ao 5 CEROPR i i A %
& , Turbulent Heat Flux, THF) B 708/ . 2407, fi
BB FE P OB B W (Simple Gradient Diffusion
Hypothesis, SGDH) /& 11 5 it it #2211 2 207
2 TR I A R 2, T8 R K B T R bR
S MR R s E S R E RIS AL Ak, 7R
B vE R L 8 BOE T BARE R Pr o — [ e Al
(AR R PrO L 58 SONImi sl B B3R 5 #yd il
HZ o &7 B HLE R R T Az A A
SR, )R SGDH J7E RN Tz, HoRBR 1% C 4 78 7
R, IR AE W AN 1T 0 1)1 0 28508, BRI 7 B
FEBCRART I L v, 107V AT e P AR RO 22
M B v R LB, R G — Pr AT HE 2 1 2
T Y SR E S I Gt Rt AR AL, B Bl il 5t
J2 5 B E I R FEAR T, i Y ok 20 19 39978 A ALl
Ao SR 0 TG RO, B s R B R
HFHPAFZ NI R S Z, HE
WP SR 2 A AR AR 2 . Ak, E ok T
Y BOR BRI SRR RO T, 7 1 3k
AFDRE T 38 A P B S B vy, T - B U R
FEgSRERWAT AZES . PN G E A, XF
THF T [ IEAf A R T ST e #6 #0 R v A AR 4L 22
RE B, FER TR, H T WA S8 2 5 AR
S SEHERR L 55 G 77 (A L I 2 — , BRI EOR T
B ek i AR VLAY B R SIS T . Jeidk )
T A% FAS Y . %2 /D553 o Al 7 1 2 LU AE AR PRI
BARFEORARI A 2 o FERET ST, RROHAE#TK
71 81 ¥ #% & 4t (Thermal-Hydraulics of Innovative
Nuclear Systems, THINS) Tl H /1 #& Hi 7 —F# 5 i 2
AR, I R BRI TT R T &R 51

070025-2



% AR

2025, 48: 070025

AR ) Chn~F- 1 5 IR E
XD BT A

25 LTIk, 240K 2 BOuE SR R AR R 34T
T P B R BB T 5, IR v S B VR AL B R
&8, RMBsAE i A I )= o » i 5 T T R R
AL 73 AT TS PRI, P 18] B iR BomT o i
— [ & Lo RIS o SR, AR B B S SR A
e LI SR oy AT AR AR XIS B B
M5 » BT HG 5 Z iR Y 5 58 B2 A A
F BEAR, DUA i A PR RS & T A B e
PRIt » W 250 5 ARG TR DA R VRS < S DM ) T
KRB R e ALEEIFRIEM T 2 MBS
WA B i U e AU T SRR A, NS R DU
HIF K A3 7 Hr R hmt & st it TH

L H A - DL /R

1 MRFZE

L1 FlEFIE

FEFRRARRR 2 S I 8] ¢ 55 2% 18] x 22 A0 A
MS%‘E%'J?‘?%%#%J‘MDT
apu;
at o ox; -0 D
dpu, , Opu;, _ dp 9 [ o,
o0 ax, o, o, (” ax,.) @
T opwI _ 9 [4 9T
o ax, _ax.(c ax,)+ST @
A e paunp T3 WA WL B B VI EE L T g Al

WPE s s Ae, 73 ONIZ B R FE 5 R BONE T LA
B S AR AR N R IR R R AR R R A
[A] 7o R, 0TI 2 A T BEALH B0 AR AL 70 55
LSR5 RE (1~3) 75 LR/ [ I Th) RUBEAT R A R
FEA REMIEAG A AT IH AR K, RANS #7447

e MV A ER TR T i
1 e IR 3 32 T8 DA i 8 R K Bl ok R 2 A
u, = u, +u/ (4)
ANA] A A ) 5 R AT S N
p | o _
ot i ox; ®)
apin, opii, __op o [ ow
ar | ax, ax,+ax(“a, p””) ©
opT | opuT _ o (Aol _ o,
or " ax, ax e ax PWTTS D

R B 3 R R A T U R VD D p e T
A S p T

1.2 RN 8RR R

TEIRRR LI AR H , S i S T 8 R s N
T A R B BRI %L, 1897 4F , Boussinesq 15 ¥ i
TR 77 BA S 1 R MR S FE S W K B 51 R
BREIN R ) S I RAR 2R O . BRIk, SR i I Y.
[ OCEEAE T i H B A P R 8. I
FERCIRES TR ROT N ) 5T AR R A T2, B
VBRI A -

— ou, ou, 2
—Pu;”j:(ﬂ;),:ﬂ,( +/)_3pk(5,.J ®)

dx;  dx,
T = Bk 53 3 2 i I G E 5 i B BE -
o= L) o
J,,/9 Kronecker 5 :
lLi=j
5”'_{0,1';&]' (10)
i 3 51N i P FE BUEE ¢ SRR TN ), B R
k- B .
apk N (apujk) _ a0 dk N au/ N
at ox; ax; ax 0x;
ou
M)pe (11)
%Jrapu/g:i Jr&ﬁ +
at ox; ox; o, ) dx,
C.e du,[ou,  ou, | _ &
k Hox ox; (ax - 6xk) Cop k (12)
He ,/ﬂﬁ//lwﬁ)#ﬂl T E AT
= C,pk’le (13)

ﬁ%%ﬁqg&gﬁh®@%mﬁﬂ%%%
28, 6 DA A2 FLFEIRI B T A ke FE 1Y,
F TSR35 9047
1.3 FRPRZERRTHIER

LU T Uit . 7 5 it L AR 2 AR ] e o 2l
R R R AT 308 2B 5 TS B R A B
(RS o 12 2R Al 8 i U AR 25 B A s pL )
3T F RS, HOR /N5 TR B $5 0 R B B A R
R, R R AA B A S 2, R
AL B AR R . A S LR SR R
V5 18 I A0 3 o Kk B R B0 B kS T T REFE IR €
772, Sommer 25 F 1992 FEE S IR AT HLR L o,
P TNk B e k, 5 IR K SFEHCR ¢, T FE

(ka,}) n (apﬁ/'kﬁ) :i i+ ako 4
ot o, ox\Ple, ox,
PP = pe, (14)

070025-3



M 755

% L S5 AL A B B i L 45 A DY 5 A AL

0pe, n Ipu;&, _ 9
Jat ox; ox

J

+

,0(/1+ O )689
c o, | 0x,

P

(15)
pCpl%ZPkg + psz%Pk - pCdl%:e(, - pCdzfdz%s
Fodr, IR AY HOR o T B R,
a, = Ckt, (16)
¢,=¢C/09 17)

T, N5 FERE S IE I )2 3 VR R )R], 55 4 N2
ke k, e, 0. H, ke, il >R i@ iz 75 2
Hg. RAD.AD UDHFASHILFEM R T k-e-k,-
e, VU FERETY . 00 S H AR RIS & 8 S5k B
RO R T A AR, SR DY 5 RE R B A T
UF R gs O, KSR 7R AT 7 B CFD 3 STAR-
CCM+FF KDY 77 FEARE Y, A - B0 AR A H0L T A5 1 ik 7
% PRI 25 0 P T BN 5 e R RIS 4
JEHE I R T R A A BB T R TR

A5 FH DY 5 FERSE R AT 1 B 5 5 B VR A TR 2
BOAE T AR BN T BN ke, 7T FR S T UE B
MY ik Z ¥ a,. 7F STAR-CCM+H 24t 7 4k sh b
AR, I LR ST H SRR ke, 432 T FE . AT B
bR AR AR ke, TFESE SRR P REFET
AT R o T E 7. EETHEASEIN o,
v, AT DUHE— 25 3R 190 U BRR S P WL Pr S
it STAR-CCM+ i #2 J7 A1 1 BRIAAE , (F Se Bl 1 DU
FERSR N o AR SCIT R B VU J7 R R i AR a1
v

‘ k-g-ky¢, Four-equation Model |
L

k-¢ Equation ky-e5 Equation
Vi O
Iteration
Eddy Eddy to
Viscosity Diffusion Convergence

Reynolds Stress Reynolds Heat Flux

Momentum Equation Energy Equation

!
| Computation Done ‘

Bl kee-ke,/UT7 R MRAE B

Fig.1 Flow chart for solving the k-¢-k,-¢, four-equation model
2 HER5UHE

21 FTFRERHSERE

Kawamura Z"7 5% Pr ol 0.025~5 AR 76 4T
VbR TR B U JE BE AT T B #2200 {E B HL (Direct

Numerical Simulation, DNS) %5 , H i+ &4 1) J1 4]
ZER A 2 s . 2 2% Kawamura [t DNS i 545
B BB B N 78 0 RRIRAS , FER ) B 57 2%
A 15 B DY B 0 -, [) B it o A m AR TR 4% A
Jt 3 ST~ AT P AT I AR 2R PR 1 K BE IR B v
R 5] 8 B 40 )M 6.40 .20 F11 3.26, Horr, 0 A P AR 2
&, BUE 4 30.25 mm.

2 PATPRIRE R R
Fig.2 Schematic diagram of parallel plate flow

2 Pr=0.025 B} , % Pr 305 A Y88 1 Pr UM
2, IR L AT M A TS T B U R B B o et R A
F i W Pk . %5 10 340 kg - m”. B ) B E
0.001 81 Pa*s 53 10.552 3 W+ (m-K)"' J FL#&
145.75 1+ (kg K)o WHFAWE 7 A THE THL, HJEE
5 VB Re, 70 1) D 180 A11395, % 87 (I 3 °F 2 5
5 K %4924 5 100 A1 10 800, it & i & 7 7l 41 N
09 kg s' M 1.9kg-s"s

SPATRRCR B AR N AR B T 26, IR g,
360 kW -m?. JIFGEE T _E (1) 8 sh AR il T Sk
(B ke, 30 SR 26 A0 W B N I8 & s WIUR TR B e
4226.85 °C s MU 8 FE I L3R 5 M8 0.03 mes™,
HRTTWNO; k-e-kre AN SEINVIHE 0.1,
DB CRAT] 6 i 75 B AR B4 T BRI B

T ENEE 01 E XN

.
H_T

R e AR s TN BETHNR B, °C 5 ¢ D B THT T4
HE,

TCE IR E 0V e S AN BT E By (1 43 AT dn
3FtN. B3 AT A, s ) k-e-k,-¢, VU 7 PR AR Y
TEFAT AR P 10 JC 5 AN 70 A7 45 5 DNS 2
AR ) A L AR B AE Y 2 30 LA AR 0'/Pr
B " (1) 22 At o3 A A, B I8 e % 2V 2 AT, IX S
IS B AR R A% SRR PEAR RF o X LU AR e i
BRFER AR, HL 2 X3RN — M AE <10, 3X 15 B
k-&-ke, VU 5 FE AR AT DL G A BRLEG 325 B AR5 A
() IR L BN A TR
22 EERARMERITE

27 Zhang S5 RS HV AL BE W ROR B S

r-T, (18)

"

= peu,

070025-4



% AR

2025, 48: 070025

—— STAR-Re=395
STAR-Re=180
jorL| O DNS-Re=395
¥  DNS-Re=180

0/ Pr

10! |

10° 10! 10?
yr

B3 AT sl He A o S e R AN
VVBETH 7 1) 9347 CRE I LD 228 )
Fig.3 Dimensionless temperature distribution along the wall-
normal direction in parallel-plate flow heat transfer
computations (color online)

BB 78 . A HYEL B L RETR IR Eh , 1 e Al
TRAAAR AR A R BRI VRS, B 5 3k N\ S50
Bo SO B E A I 20 0 0 FE AR 2 AT B,
PR TR AS SR ) Bl B3 ) sl S A A 4. S8
Bk AR A F B 4& 1 3 W5
20 mm A1 35 mm, LA B EE N 2 m, TR B S I &
B FEAA, H28 1 m.

ARATERXT Zhang SEE6 A 20 mm [5] F S2 6 B N
PR HEAT AR, N DB A E R E AN, BE
THI > FH 2] 5 #A0d B 52 AF o THE A S BB )
1 4300 °C , BE T #7055 2 g, 922 823 Wem™,
TN Th SR, TS B B R IR TN, TRt
K FHCH W) MR BB, xR A M M R
10 340 kg - m>. 3l 71 % J£ 0.001 842 Pa-s.# 5%
10.8 W+ (m-K)"' & L7 145 T+ (kg-K) ™", 5 L
CETEL

EEXT B3R THLHITHE, R k-e-kme, 14 7 FEAS Y
55 BT U B R BN 0.9 1 T BRI R Y

1 ORSHBEOERERRIRANTETR

Table 1 Computation cases for liquid LBE turbulent heat
transfer in pipe flow

T HWH R R 2Ry

Case Re Mass flow rate / kg*s™ Mean velocity / m*s™
1 44513 1.26 0.39

2 62708 1.78 0.55

3 80578 2.29 0.70

4 92924 2.64 0.81
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