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Study on flow resistance and heat transfer characteristics of coolants in leaf—
vein channels
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Abstract: To address the challenge of achieving both efficient heat dissipation and low energy consumption in the
thermal management of power batteries for new energy vehicles, it is of great significance to investigate the flow
resistance and heat transfer characteristics of coolants in liquid—cooling channels for the optimization of liquid—
cooling systems. A three—dimensional transient numerical model was established in STAR-CCM+, and the flow and
heat transfer characteristics in a leaf—vein channel were simulated using the k— (SST) turbulence model. Under
equivalent—viscosity constraints and within the investigated parameter range, two nanofluids, ZrC and Al,O,, were
comparatively studied to elucidate the density—dominated effects on flow resistance and heat transfer
characteristics, and an engineering—oriented multi—objective optimal operating window was further identified.
Based on range analysis of 32 full-factorial cases, quadratic response surface fitting, and NSGA-II genetic

algorithm multi-objective optimization, the results show that high—vorticity regions in the leaf~vein channel are
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mainly located at flow—splitting sections, turning corners, and regions with relatively large local pressure drops.

These high—vorticity structures are concentrated in resistance—sensitive regions and are closely associated with

local heat transfer enhancement. Among the factors considered, inlet velocity has the most significant effect on

pressure drop, heat transfer coefficient, and temperature uniformity. Combined with the Pareto front and equal-

weight TOPSIS ranking, the Al,O, nanofluid at 1.0 vol% and 2.67 m/s exhibits superior overall performance. When

both engineering practicability and heat transfer performance are taken into account, the recommended operating
window is 0.75-1.0 vol% with an inlet velocity of 2.67-3.0 m/s.

Keywords: leaf-vein channel; nanofluids; fluid dynamics; power battery thermal management; NSGA-II multi-

objective optimization; genetic algorithm
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Fig.7 Vorticity and total pressure contours of coolant at different concentrations
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Table S Optimal combinations of coolant factors for key

performance properties
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1M} J& — 4% pareto BT, W1 E 14 (a) FTE 14 (b) BT 7S .

(a) AL,Os pareto B PILfF 45

HE— K I KA [ ARG 38 % B, pareto BT 3222
A R AR I I - v e A R R o O T - s R
ELEN =11 e S S AR RO S R o R
Ja B AR AR BT R — L

o
b 2

(b) ZrC pareto F AL 4E

Kl 14  ALOsHZxC pareto I fif 45
Fig.14  Pareto—optimal solution set for Al,Os and ZrC

iz FHAEAL TOPSIS 105 F S BL i AT HE P , A 3C
PR PE 5 = T4 Bm e T 32 WAl 4 2R R BEAT 2R
SR I LR A A A B 5 2 T 1) HLAN 3
s, ATt — 2R & BEA E o

TELRE VAN Z 1, T B 2 A 8 bR b 47 [F] #a
ol 5 J0 B AR B, R T AR SCEOIN 5G i B4R
e A PR ZR BRI BE 3 S 1k 2 [ (0 23 5 Al D ke
B = IR AR T S AU B, A A8 AR AT K HC 173,

Pareto 4 SZHC LA m A, PEAHHE AR IEA n 1>,
D) 52 ey R SRR A X R R A T

X =(x,) (26)

m X n

[4404.17 3155.44 0.7157]
497620 3258.01 0.7128
618537 3450.27 0.7077
4463.89 3190.97 0.7149
5043.87 3293.82 0.7120
5555.57 3376.40 0.7098
6269.92 3487.60 0.7069
449576 3211.87 0.7145
5077.28 3312.16 0.7116
5592.55 3394.61 0.7094
6311.55 3506.73 0.7066
4525.18 322624 0.7141
5110.99 3330.06 0.7089
5629.85 3412.49 0.7090
JRUG R H:X = | 6348.98 352635 0.7062
4404.17 3155.44 0.7157
497620 3258.01 0.7128
618537 3450.27 0.7077
451139 3196.44 0.7147
5100.21 3301.74 0.7118
5617.10 3383.29 0.7096
6339.55 3496.47 0.7067
4569.84 3223.84 0.7142
5166.30 3324.71 0.7113
5685.12 3406.97 0.7091
4618.87 3241.32 0.7137
5228.01 3347.59 0.7108
5753.88  3430.65 0.7086
16491.30 3545.98 0.7057
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0.000000 0.333333]
0.087545 0.236667
0.251643  0.066667
0.03326  0.306667
0.118110  0.210000
0.188594 0.136667
0.283505  0.040000
0.048164  0.293333
0.133764  0.196667
0.204136  0.123333
0.299833  0.030000
0.060429  0.280000
0.149041 0.106667
0.219397  0.110000
0.316579  0.016667
0.000000  0.333333
0.087545 0.236667
0.251643 0.066667
0.316209  0.034994  0.300000
0.222170  0.124870  0.203333
0.139618 0.194474  0.130000
0.024236 0.291076  0.033333
0.306874 0.058381 0.283333
0.211614 0.144475 0.186667
0.128754 0.214686 0.113333
0.299044  0.073300 0.266667
0.201759 0.164004  0.170000
0.117773  0.234897 0.096667
L0.000000 0.333333  0.000000 |

Forr 56— TR 20 — B N IR R, 2 =
G AR LR 21

XTI H S A A R B R AR B, R
IR A AT AR EA AL B

- X~ mln(xj) 27)

i max(xj) - min(xj)

[0.333333
0.241975
0.048860
0.323796
0.231168
0.149444
0.035356
0.318706
0.225832
0.143538
0.028708
0.314007
0.220448
0.137581
SERERIEAEIEFELTT:V = | 0.022730
0.333333
0.241975
0.048860

XF T He B AR 2 48 bR ol Ui, A vE AL R FH R
UNGW
max (x;) = x;

’ (28)

max (x;) — min(x;)

A UL T AR AR AT I L R = (1)), o FESF RS
T A SRR, A
— (29)

Horbw, 9% AARARBOAUE A SO w,

r; =

173,
SERUCPREALHE FE V I B A R 5 — 31
Fle 565 3R AR AL, ’**&"Jjﬂ/ JERI S

200 R AR 5 O AR 30
V= {max(v]/,vzj,m,vw)} (30)
V= {min(v,j,vzj,'--,vmj)} (31)

AR A BUbRHE AL RE 4 n] 75
V* =(0,0.333333,0.333333),V" = (0.333333,0,0)

UIIJ% 1 TE 00 3] 1 AL 55 £ JHUAEL AR 14 D

D= >0 (= V) (32)
D= D (v, = V) (33)
HETT R S 1A T8 AR W B A 20N F
_ D
DI+ D; (34)

o, €K, U IR T 00T 1 SAR A
CEAMERBEAL TS o WA A B TOlHE# 3 7
J7s

7

®7 BENWEETRAE

Table 7 Ranking of operating conditions by relative closeness

Ho  aokid kB TR FEE Pa bl wpsppy 0K
(mis) (Wem K- ()
1 ALO; 1 2.67 4525.18 3226.24 0.7141 0.6039
2 ALO; 0.75 2.67 4495.76 3211.87 0.7145 0.6018
3 7rC 1 2.67 4618.87 3241.32 0.7137 0.6008
4 7rC 0.75 2.67 4569.84 3223.84 0.7142 0.6004
5 AlLOs 0.5 2.67 4463.89 3190.97 0.7149 0.5949
6 ZrC 0.5 2.67 4511.39 3196.44 0.7147 0.5925
7 ALO; 0 2.67 4404.17 3155.44 0.7157 0.5858
7 7rC 0 2.67 4404.17 3155.44 0.7157 0.5858
9 ALO; 0 2.85 4976.2 3258.01 0.7128 0.5557
9 ZrC 0 2.85 4976.2 3258.01 0.7128 0.5557
AL, 38 2 NSCGA-IT 5 vk i 17 R g A &8 AL PEAH L, ALOs+1.0vol%+2.67m/s [ R4 i 4404.17Pa

TOPSIS I XF HE S Be g 17 HE Y | 5 FERE R A4 T )

BN E T 4525.18Pa, M R 2.75% ; 15 1 FR B i
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3155.44 W/(m?-K) 42 5 8 T 3226.24 W/(m?-K), 3
WE A 2.24% ; IR Y51 PE 07157 Mg R 22 0.7141, [%
R 0.22% . PEHTIZ TH0TER/INE T3 0 A /N
SIPERRC B LR, S T RS E A S IR AL 25 D
Tia] 1 R B 38 50 1 5 e BRBE ) IR AN L R 2
H AR e 4850 , Al e P12 T80 ; 45 16 R i e 3 BE
Al P $E ZrC+1.0vol%+3.2m/s (1) T.00 , B I AL R 5k
XTI AL, O3 +1.0v0l% +2.67m/s B 1 0 R ¥ T
9.02% , 1B J2& JE [ 75 T 30.29%, i JE 4 S) YR T
1.19%,

#1032 B3 AR 2 & A ALO3+1.0 vol%
+2.67 m/s A Pareto JE 32 it fift £& Hh 248 S5 A TOPSIS HE
JP AR B BARERE T 00, 30T R 5 F v 5 4 30k
AF, HERE T 005 A A1,03+0.75-1.0 vol%+2.67-3.0
m/s, #5 FEEL DR R TR H BBE 7, MU HE7E ZeC+1.0
vol%+3.2 m/s T .

BRI, 38 1 NSGA-I1 8 5 AY pareto i i 5
ZERLTOPSIS L HE A T 858 AR — 250, NI UER] T
TEFE T BURA BEE:

4 b

AR SC R 8 I K R T T RE DA R Y PV B R A
SR HIBUEAA 7 1, WIS 1 0 Aol 2 R0 170 o 3 )
PIZRGAKGAR , 18 HI 4 7 00 i A5 3
U458

(1) P IR O T Y e e DX 32 8 A 0 U
B A1 LA R SR v s B AR AR R 19 DX B, 2 T 26437
R it B0 BEL 3 AR DX R v A R R A R 32
DI, 7 S5 000 B 4 ] ) 2 T, A0 A A 4 8
Th i 2 3 50 = U Sl SR, DT B R
.

(2) AT S0 v 09 s e A% P AR B T
P PERE WA B K, AN () 9 R AL ATl 26 4 52 T /)
SR AT A 3 R R IO (o R R A (LR T
AR LA i o 7 Fsf 1] A2 B L2 ) o, 2 o B K
3L s BH T AR B 2 4l B P S iy AL P RO
i P AR A SRR I Sl REL D 45 2k LR B
SIVEZ AR E R 20 K FR

(3)Z54 PEC FIEAAL AR REFE R A LA S 42 I 1
BB R, H -l B 49 S P e DA T 00 A 1] ER
LI AR A AR B DI T 00 DU ) 7 3

(4)NSGA-11 3% L K TOPSIS HEFF 1l 1%, ALLO5
+1.0 vol%+2.67 m/s JJ Pareto JE 3¢ It fif 4 v 42 45 4L
TOPSIS HE /745 B A HEFE 00, M3 TR S M S
e L BB, HETE T F R ALO3+0.75-1.0 vol%
+2.67-3.0 m/s,

AR SCHE T2 78 K I 45 A A T L SR
AL T 5 1 7 B AL Os I ZeC 40 K AR 19 37
SBE ) FE BT T BUE B (A S8
FBLIE F T 45 0 Vu B AR R 3500 A 11 0 R ORE 4
PEVE L, PR AR SO 3 T 25 0 A4 1 R LR
ST AL S5 5 R B JORL Y AT SR A0 24 K AR
(Y 53 BIORR E P RN U 32 47 458 PR T I R 9 A Y i A
Y J 252 T b 70 S 06 R B T i R 64 A 11 A0 R AR
T85O A T S50 43 A, 2F— 20 B kA S R
TG AL PFRER T DL S R AL

S0

A——d R, m?

A ——2 W T BT YK TR FIZE R 2, A=0
TR ALO; KK, A=1 FOR ZrC KR
iz

Ay —HFAE L, m?

B——4 T A OR BRI U B R

C—2HFEI A D R

JE R A J (kg K)

D, —AEBIEF K F1 EA%R  m

¢

Es PRI B S DI EE , W/m?
FEu VERA1
SN
FCP AR, WK
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ho SRR IR AL, Wi(m? - K)

K ——H 2543 B v 52 B 38 K7 X6 g (9 6 P-4
1
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FEA KR SRR AR N T

n
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