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Abstract

Objective  Battery thermal management is crucial for ensuring the performance, safety, and longevity of batteries, particularly in
electric vehicles and energy-storage systems. Direct air-cooling systems are widely used because of their simplicity, cost-effectiveness,
and reliability. However, while increasing the air velocity leads to a higher heat-dissipation efficiency, it also leads to higher power
consumption and noise. This study aims to experimentally and numerically analyze the flow and heat transfer characteristics of a typical
flat fin-and-tube heat exchanger used in battery thermal management. This research focuses on investigating the effects of operational
parameters, including air velocity, temperature difference between the coolant and air, and coolant mass flow rate, on the heat transfer
performance.

Methods Both experimental and numerical approaches were employed to evaluate the heat transfer performance of the heat exchanger.
The experimental setup featured a copper-fin and 316L stainless steel tube unit with two fans to enhance forced convection, and tests were
conducted across air velocities of 2. 1-6. 1 m/s, coolant-to-air temperature differences of 20-40 ‘C, and coolant mass flow rates of 0. 35—
0. 55 kg/s. The performance was evaluated using the heat transfer coefficients, pressure drops, and overall heat dissipation rate, with an
uncertainty of 6. 5% and repeatability within 2. 2%. A three-dimensional steady-state CFD model of a unit was developed by adopting no-
slip wall conditions, symmetry/periodic boundaries, and wall contact resistance with the corresponding boundary conditions. Mesh
independence was achieved with approximately 1.41 million cells, solver residuals established at 1077, and parametric analysis was
conducted for tube outer diameters ranging from 3 mm to 6 mm and bundle spacings from 7 mm to 11 mm.

Results and Discussions The results illustrate the effects of air velocity, temperature difference, and coolant mass flow rate on the
thermohydraulic performance of the heat exchanger. As the air velocity increases, the airside heat transfer coefficient improves owing to

the enhanced convective heat transfer, with a maximum increase of 102. 1% in the 2. 1-6. 1 m/s velocity range. Similarly, increasing the
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temperature difference from 20 °C to 40 °C leads to a rise in the heat transfer coefficient by 19. 1% to 28. 9%, showing a nearly linear
relationship. A higher coolant mass flow rate enhances the heat transfer rate, leading to a proportional increase in the heat transfer
coefficient. Numerical simulations confirm these trends and provide insights into the flow behaviors, including the formation of cross-flow
vortices that enhance heat transfer, particularly at higher air velocities. The simulations also reveal that transverse vortices form in the fin
gaps, which shrink with increasing air velocity. Furthermore, the simulation results indicate that the optimal pipe diameter for
maximizing heat transfer performance is 6 mm, with a tube bundle pitch of 9 mm.

Conclusions  This study concludes that the air velocity, coolant temperature difference, and coolant mass flow rate are the primary
factors influencing the heat transfer performance of flat fin-and-tube heat exchangers for battery thermal management. Both the
experimental and numerical results indicate that increasing the air velocity and coolant mass flow rate significantly enhances the heat
transfer. Furthermore, the temperature difference between the coolant and air directly affects the heat transfer coefficient. Based on these
findings, the optimal heat exchanger design should have a pipe diameter of 6 mm and tube bundle pitch of 9 mm. This configuration

provides the optimum heat transfer performance and is recommended for improving the efficiency of air-cooled thermal management

systems for high-performance battery applications.

Keywords heat transfer performance; flat fin-and-tube heat exchanger; battery thermal management system; air cooling
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Tab.1 Geometric parameters of heat exchanger

28 Hufe S8 Hufe
8 A B /mm 0.1 | &k S 3
)5 8] /mm 13 | EHEESEL 36
AW I fmm 4 | & HEHE] B /mm 10
HeFAAE BEJE /mm 0.3 | EHES I /mm 9.5
e AEATAE K /mm 694

BHAAS S2 00 1 PWM (K P A 22 7 25 L6 AT 3, pulse
width modulation ) 525 | FRAH U 471 A BH IR B2 3 A1
JERR YRR N A e R uy s eI E S B o iR )
ANTR) KU P VR D o 38 K B2 Dl +0. .05 °C A FaL BH AN
Keithley2700 ¥ J7 H 3R AR A5 B a8 M | i 1
TR U A K B A +0. 1% A H W T B T
RS, 25 A0 IR R A8 RS B2 R £0. 05 °CRY PO 4 il
BT P BEL VL FE 110 o, iR T T2 R 3 mm

P
‘@ 5@ 10®® ;
X

4 6@

2{ ‘
UAEIEUKAN; 2K 3R 4 Wtits 5 A sHIEEE TS
6 JR2EAB kAR 7 WA s 8 HFASIR; 9 28 MNRAK 10 B KL,

E2 XWHRLE

Fig.2 Experimental system

—

1.3 XWREETR

P IR 2 e A KR, 46 B2 0 11 B R A
BEReoE oIk sl o SCURHT, X SL 00 R A TR e ORI
DA PR 2R G0 0, T Be ek 2D ) A B
oo VR KFE B AR, IR B K S LASE
ARG HKEES . [, R HIE, 5 PWM & B4
AR R {2 S e B IR vh AT 3 SS e, SR
FEH AR ik EIE T AR 3 & A TR RGE DL &
IR 5 28 S I 25 XF A A 4 PR B 0 52
(R HS, X8 FEL 3t S s ) CER T, 9083 KGR S5 7K A
JEAE A, K | R 22 R B el . 2R
TN 2 iR .

R Al 03 T B3 S8, YK AR TR B 8 B AR
TS, FEA TR RS . R R S A R AR 1
XTREAS T 00K 4 20 s , T BOHCSF 398 . 7 &
e R W53 v = 7 N i B S W S o - e

R 3 _



547 % 52 - Val. 47, No. 2

2026 4F 4 A April, 2026

STIS T T — AT
F2 XML TR AT, = AT, - AT, (6)
Tab.2 Experimental test conditions 2
[ A KB IRE R, W/ (m?-C) 3 A, 8 BE R RTR
AT B Ktk m/ (kg JE/ ()

BEAT, /C Lt mities A m?”, HAG 3 A8 AN T R s o A3 R 18 IE S5,
20 0.35.0.45.0.55 6.1 B0, 97 AT, AT, 435l 7K HE 11 523 50 1R
30 0.35.0.45.0.55 2.1-6.1 2= KA 5 s Sk R 2E R OR(E S f/IMEL, °C
40 0.32-0.55 1.3~6.1 AT, R XEBCF- 45 22, °C 5 AT, i B RS X B0OF 2R

TR B AT S/ S A TR EE IR . 5 )
JRHIL 2 2 A B ], 25 A IR BE R BRI 3 7 s 4k
8 A~ ad (R ILE FELIBC- B4 0 s 1 L

SO (S
L NG

B3 HORENESSH

Fig.3 Distribution of outlet temperature measurement

locations

1.4 HiEANIE

SR 10 3 2 MO KGR RE K
B RO SR 5, 50 A (L BB
U TIES ROFTE I CE i C S

IR A -
¢ =me, (T, = T,,) (1)
2 T R
¢, =Aupe, (T, = T,,) (2)

Ko KM, W T, T, 50 5 R KA K E
RS °Cym K B i & L kefs s e, A 7K HEAE TR
EE 1 (kg C) 5 b, s MR, Wi A, W B
A, m? 5w R RGEH, m/s (g KUGEAGIIAS ) se, A S
B e A 1/ (kg °C) 5p B2 B E  kg/m®s T,
T, 0 iz SR PR °C

S AR AR 2 A A A 25N T 5% o

SEREREK:

_ 9,
K - AlO[AtlYl (3)
At, AT, (4)
AT, — AT,
AT, = IT (5)
AT
AT
N2 ma: s H\
B AT 2,

%.,°C,
Bt B A 5 M X R
1 _ 14, 64, 1
K=hoa "aa " (7)
AP by A DGR AL W C) sh, R
B4R Wm0 A, R B AT 36

EREIRLEE  m; A O ARG 14 W (m-"C) Y

BN INREL:
h. = NuA./d, (8)
Re<2 300 i,
B RePr va ¢ Mi vous
Nu, = 1.86(—l/di ) (M“) (9)

2 300<Re<4 000 A7,
Nu; = (1 - ’Y)Nulam.2300 + YN, 4000 (10)
(f18)(Re — 1 000)Pr [1+(%)2/3](11)

1+12.7./(f8) (P = 1)

_ Re-2300
Y= 74000 - 2300

A UOHE R, ms A KRR, W/ (m-C) 5d 0
BB A R AR KB, m g e, 20 T R DAK PRS- 24 9
JE BETANR FE R BK B 8 1 ZE L, Pass /04 N i
T 3l A L 3 2 80, 7 Konakov 2 20385 40 (13)
J7R 3 N AR lam ARFRIZ VL, turb £CER T i -

Nu

turh T

O<y<l (12)

f=(1.8lgRe - 1.5)7 (13)
2SR FR R
-1
1 1 B
“‘FJK%'hA'AAﬂ ()

K Kz SIS BOR A SCER17 ],
1.5 AT MR E ES 7

S FEIE T S AR A AR BV RE , R AT
Xof ML AU T AU AT AN FE 3BT o SE i B R B IR
T A 1T ek R XU 1 5 e N U R U B
BOR B 52w 52 e 45 R o R HUAT, =30 'C . m=
0.35 kg/s K M 2. 1 m/s T 10, 200 s P 20 25 7K il F
IR B BRI A T R PR B AR M. Rl 4
JIE s R KU AN TR] 23 L 5 KGR 0 26 2, R 5 28
PR AR AR OC R o A, X AT, =40 °C,
m=0. 55 kg/s A H N 6. 1 m/s T 000 #E 17 A [a] i ] B



478 2
2026 4F 4 A

Vol. 47, No. 2
April, 2026

X, 25 H A B ECHAS R Sl BRI S 08 5 KB L5

2UE BT, 2 WA R 25 R M 220 2. 2% , T 5
IR, W SR R GURR E AT 5E , B RS
7-

6.

NG/ (m/s)
(98] =~ N

N
T

20 30 40 50 60 70 80 90
2%
B4 RE &= b TREMRIER

Fig.4 Air velocity test at different duty ratio

20 ¢ 19.37 19.80
15+
z
mfﬂ 10
]
5 -
0
SR 2Kk

B 5 2 k48 E T SRI0 B EaT bt
Fig.5 Heat dissipation rates for the same experimental

conditions

R3 TESHKETAMNE

Tab.3 The main parameters and test instruments

Yy SRS B 5 s
AR 1R Pt100, K & +0.05 °C
IR A B W <0.1%, T2 0~5 m*/h
ROSEMOUNT 3051TG 22 JEA5 3% 28 , Ky i
KR AL WA

+0.075% , i fi : —62.2~62.2 kPa

R

=

FLUKE-923 #AU G A , K5 £ +0.1 m/s

Pt100 BH A ] 2 Keithley2700 £ J7 3,6 %ﬁ&f

SR Pt100, K5 & £0.05 °C

S i AR rh S RO T AR I 2R 3 TR
ARG SCRR A 28 05 3620 b A7 0 A, TS OGRS
TEJEN 6. 5% 1 PE B AT E FE O 6. 5%, S B4,
R Hralfs .

2 ZWERSITR

2.1 EEREZNN 5
TELRFE HA S EAS AR A5 0T, 278 XU A K

)5 2 g g, AT 5 X R A% Pk RE Y S i, S
T 2 1 A% A R 23 S % 1D X A AR BORUAR
D N N B T R B =3 o R S NS B AN S 5 7
ATLLE L FE2S MK A DGR 22 A48 AT, h
30 CHAN, Bl KGH P3G, 2 M0 3R 1 X I A A
ZBOREIIN . T RGN, Al 28 RS
AT S AH B R s 20, D Ak T 3 -
T B R L RIS, 23 AR T 2 Bl R 1Y)
BT/ o Bl R 3, s Ak TR 2
PR 552 W) 28 YT /N, 5 S0 30 2 T XU e ) 3 R
/N R B AR 2% . MoK A I T 3t /N Ky
0.35 kg/s I, Z B AR AT IS, KGE M 2.1 m/s 3 &
6. 1 m/s I 25 S 2 T8 X i AL AR BOE N T 93. 6%
TEE AT R A 0. 55 kg/s T, 25 S0 22 10 % 4%
HEBEEINT 95. 3%, H7Em K 0. 45 ke/s B, 255
22 ] AT U A% IR B WR LE B B K R 1020 1% H
K6 &7 a0, 25 UG AR B SRR B EUE
AR Ak, e 40 LURH [, HlE 53 52 96 00 8 15 2 1) 5 T
3 PR L R A5 A T G 3R TR I A I AR SO
F23i , R WG PGS FRKARBER 5 5, B AL FA
IR B2 A KM AR S

110

- m=0.35 kg/s
100 -e m=0.45kg/s
- m=0.55 kg/s
_ %0rF
& 80t
< 70
Z
2 60f
50
il AT, =30 C
1.0 1.5 2.0 25 3.0 3.5 4.0 45 5.0 55 6.0 6.5

PUE/(m/s)
6 DEMREFEXIET

Fig.6 The total heat transfer coefficient versus air velocity

110

- m=0.35 kg/s
100 F —o— m=0.45 kg/S
—A m=0.55 kg/s
_ 9%r
2 g0t
£ 70
=
= 60F
50F
401
1.0 1.5 2.0 25 3.0 3540 45 505560 65

WUE/(m/s)
B7 =SMERRYMBRETH
Fig.7 The air-side heat transfer coefficient versus air velocity

_5_



Fa1 F 2 A A Vol. 47, No. 2
R _
2026 4 4 H April, 2026
ol u m=0.35 kes HOT e =035 ke/s
r o m=0.45kg/s 105 —&-m=0.45 ke/s
13r a A m=0.55 kg/s —A- m=0.55 kg/s
= L 100
iﬂ\ﬂ 12+ 2 -
E U g ° O 95t
iy L A ré
E 1 2 [ ] A = 90
H 9r z
r ¢ 4 =
{/H 8 B [ | n [} A A ~
Yo7t . e 80}
6 AT, _=30C L= 25k
2 20 25 3.0 35 40 45 50 55 60 6.5 70 2'0 2'2 2'4 2I6 2I8 3'0 3'2 3'4 3,6 3I8 4-0
JUHE/(m/s) T
M8 SR U IREBRET L 10 TSR REREREANDS
Fig.8 The temperature difference between the air inlet and e OEETY

outlet versus air velocity

2.2 KNAOE5=FHORE AT, HFN

T BFFEK A 5 s A IR 2 X R A A
PERE B B2 AL, 76 A TR R 6. 1 m/s T AT pe
AT TS50, AT AR BB AT, BTSN .
K19 10 AT AT, 2 AT, S8R, BAE R B S =R
4% PR R IR G I i Ea . Bl v A T o
R B IGN AE IR EE AT, =20 “CHEIGE I T
19.9 W/(m*-C) , $2 8 T 27. 1%, 1£ AT, _ =30 CH} &
1 28.9%, 1EAT, =40 CHHEIN T 16. 7 W/(m>-"C),
PR T 19. 1%, SEAFREIE AT, - =30 “CH e K3
T 28.9%. AT, _, Bz W AR K 55 R
P AR BT 25 o FLABAR AN AR AT, B3 R
FEAT AL IR B K ) I 52 e B 48 N SR T
M3, 23 PGB S, ik U2 R R R 2
W/ TR AL PR B 2 R . SR AL
R BEIMR RS AT, n R 220k
3HETEERSITE

R TR ST RS B U Bl 4 2R AR S [R] B
110
105
100
95t
90 r
85F
80
B
70

ISR
no

—=—m=0.35 kg/s
L —e—m=0.45 kg/s
—a—m=0.55 kg/s

K/[W/(m?C)]

20 22 24 26 28 30 32 34 36 38 40
AT, /C
B9 BERRBBEANOS=SHMIEESTW
Fig.9 The overall heat transfer coefficient varies with the

temperature difference between the water and air inlets

_6_

Fig.10 The air-side heat transfer coefficient varies with the

temperature difference between the water inlet and the air inlet

ST 5 SRR AR ELA A R LA S0 23 S 34
FRITHUERIY . 38 S BUER, JE— 2 A ECA AR
25 M B B AR RRE 0 B AS TR) L ART 2 55000 A
AR R, UL ECAER 1 LT S50

3.1 HEEE

VB R B A AL AL B B N [ 11 B,
11 Ca) A RSB &5 44 o | F 158 i 1] 0 P A7 10 B 46l
X A TS VEA T BB 58 A AE RS B0 K K
JCE PR )BT, H T B AR 080 R R d B AE HE
A EA T AT DR i sh i o7 il e o #s T
AN LAY PR A ST AN 11 (b) Fras o AR S0 B /)N
o BT HE AT BB FUECE AL, I 45 A FH D A 3 B
A, LAy B 2 A R AR v s AU Y R Bl RS A
HfE.

JUATAERL Qi 11 Ce) s, SRz A SR AR Yy
AR T[] 3 8 G2 X6 AL 4L 45 S o A M RTORS BE Y 52
M, AT B OB Sl I R 15 A% S AR IS
)R
3.2 W R&EH

ARSI )T B e 2 A = R S
JE A IR B AR, X R el AR AR R T a0 R Ak

D2 SR E YA A8 A

2) Y[ 11 B4k R TE v B 1 B A

3) ZWEE ST A SRS I AR S IR 2

SUR S SRS

1) AR IR 11 Sy 3k B E 11, 3 i 2 2 9 ELIR %
ERERREUR TS SUSSE W vd

2) [E AR X3 e A 53 R 2 3553, MR R
316L, ¥ F BARE R A, J8 RS BE T U B AR A S 08 T400
W A E R

3) Ze A 2 A v v B B O AR B AR A, R



478 2
2026 4F 4 A

AR, S5+ F AV R IR T Sl AR S 0 R O BT

Vol. 47, No. 2
April, 2026

(a) JosTiRE )

(b) BHLIX I

AERE: ol

(¢) JUfT Az
11 FEB A AR RUE R
Fig.11 Simplified model of flat fin heat exchanger

2t TR TR B R R i S 2%

4) ARG 53 i S U R f R

5) 7 S R PR ik ) B T A U [
R T, LA RE TR A 4 PARE TR

R B, SR COUPLE Sk b A7 % 5 1%
JIRRA TR, A7 T 5 AR It 300 8 HECH R FH B A
3, ¥ HR H Least Squares Cell Based #5315
HhRE iy R A O R R R 25 I CE S 107, BUE
PETHINE 4R,

FRAYEHETDR

Tab.4 Numerical simulation conditions

KA 28 S

Wik m/ (kefs g/ (s

WEAT,/C T m/ (kgls) U/ (m/s)
30 0.35.0.45.0.55 2.1~6.1
40 0.35.0.45.0.55 2.1~6.1

3.3 Mgx) 5 R TR MHEIIE
SR G RS R 1] ol P s it [ B DRAIE o A%
it , R ICEM CFD BEATAS AL A% Xl 3o O 1 4

1 B AR UL A VA AT XT38 A A 1 R B, 8 A A e
P Ab X 3 [ R A S T A 2 A g, ELAR R
S 12 Fis .

12 B4R 2 B8 ST I 4%
Fig.12 Mesh for the simulated heat exchange unit

R T AR A R B TR T A SORE A 2R T
T RKMEIAE, 7E AT, =40 °C . .m=0. 35 kg/s . X\3# Ky
2. 1m/s TOLR,RHI96 77 12275 141 J7 (158 J7 4 41
AN 7] DR A% 5 A RS TR0 A7 ST S RIS 2 S A8 A
PERETTA . G Sl ST MR IR IESS SR AN 13 T . FEA
F AR R A 1 0T, 5 A B8k 158 T 11 A5 76 A
Lo, A& E R 141 J7 (185 R B s R B i 25 /N T
1. 1%, U BHAZASE Y 11 0 At 500T 235 SR 1) 52 i vl L2 2226
AT, 562 ST EORS B RS 8] 5 2R U B0
141 J3 9 A Y 9F 47 BO0E 11 5, 7 35 I k% T i K
F0.96,

37851

37.651

3745 — e e

7/°C

37251

37.051

3685750100 110 120 130 140 150 160
WIREE T
13 P 4& I8 57 MEIGHIE

Fig.13 Verification of grid independence

3.4 XBRERSHELERITLE

K B AL 7 1, RS2 88 T b A7 0 B, 1
KA 525022 AT, 30,40 “CHE, A Ja] X
TR 23 AME R 25, PP AR 25 R S S 2 S
FXSLE, N 14 s o AT, =30 “C, 23k R
ZHET 14 °C; AT, =40 CHiZE AR FR7E 19 CLA
T o FEARRIK TG T, B XG0, 25 S

7



W4T E2 W
2026 4F 4 A

Vol. 47, No. 2
April, 2026

TR 22800, LU N A 57 L BB AR UL
N T iz MKE N 6. 1 m/s AT, =30 °C 7Kl
JoT i I o m=0. 35 kg/s B, BRI S R 5 5050 50
KIMEN9. 2% %% LG IR T B E 0 1 i
k.

2% ¢ SEHAT, BELIAT
o b m/(kg/s) 30C 40°C 30T 40T
»l 0.35 [ v o v
O 0.45 ° * o &
a 200 055 A < A <
B
= 18- ¢
g 16t
H u} N 3
# $ *
= 121 . v g
2l : s
gt B ] 4
6F [

4 1 1 1 1 1 1 1 1 L J
1.5 2.0 2.5 3.0 3.5 40 45 50 55 6.0 6.5
JKEE/(m/s)

14 BEEMER SRR HIEXT
Fig.14 Comparison of numerical simulation results with

experimental data

3.5 mBaH

R B GE TR AR P AR 2 A It Bl R E A 2
B 20 BT T AT, =30 °C K A 1 i & i m=
0. 35 kg/s , 4 FlAS [E] A F1 XU ) 90 st 48, AN ] G T
T~ E MR s iR, SR EW,
2N FRAE 22 () T T DXl A T ) 30 T ) 1
I 32 5 e A 1] 8 108 A ol JE B A e G KT 34 ¥
W BEAk, B 6 R, Bl XU 3G, B i
T2 IS ) e B A 2R R R (L T B A N 5
M) T A S R R AE e, S BUR R R A

| ___IREN e
W/ C 15.85 20.45 25.05 29.65 34.25 38.85

E15 FRNE TN EEZBERRES

Fig.15 Temperature and streamline distribution at different

air velocity

_8_

4 LAzt
4.1 ¥TER

KA 253 0E2E AT, =30 'C KA MR
N m=0. 35 ke/s & IME R 3~6 mm, AN 6] XU GH
TS S R 22 5 DA A ARG SRR L n &
16 7w . FIE 16 AT X H AT 42 4 mm B 45 L, 76
HABZAAR R R RS B0 T 8/ INE AR, 28 M0 1 22
W/, 2 AR . TEE 4R 5 mm 16 mm B %5
SN TR 25 5 BN T 8. 4%~17. 8% 1 13. 3%~
36. 2%, % M I A% P 3R BB A 480 A% 1 185 I 22 3 K
A A 6 mm KN 6. 1 m/s I, FE T X A% #R
ZHH 77.1 W/(m?-C) I 2 105. 0 W/(m?-°C) , H5Jm
T 36. 2%, MR K,

AR 15 T A A5 0 2% 1w ARG N, 5 23 UL O
FRBER o FEAH IR M 5, B A5 AR B4, 48 N
PR R AT, H X 23 S A B A SE AR IR 4
I 5 XL (18 28 AN ] 3 3 =22 ) g 3 o 10 9L 25 2 5 3%
s o
4.2 BB RS EEE

KA 5253 Ml 22 AT, =30 °C KA R

12
® 5153 mm
1nf & ® F4t4 mm
L n A 155 mm
10t v 126 mm
o]
2 o !
A 3 . M
= A v
r o7t . A
H AT, =30 C . .
6T m=0.35 kg/s .
2.0 25 3.0 35 40 45 50 55 60 65
PG/ (m/s)
(a) ZEAMEEH 122
0T B3 mm
100} - i
—h—
— 90 - 4%
o
t 80
= 701
<" 60t )
AT, =30 C
501 m=0.35 kg/s
40 1 1 1 1 1 1 1 1 1 J
20 25 3.0 35 40 45 50 55 60 65
JRUHE/(m/s)
(b) FEIMEREL

16 ¥EEREZSNEHHORBRERERRYEETN
Fig.16 Variation of temperature difference between the inlet
and outlet and heat transfer coefficient of air-side with

different pipe diameter



478 2
2026 4F 4 A

AR, S5+ F AV R IR T Sl AR S 0 R O BT

Vol. 47, No. 2
April, 2026

T A m=0. 35 kg/s R G EIEE A 7~10 mm, AN [A]
R B 25 S 103 22 5 DR 2 A R L 4 SR X L
WE 17 /iR . HE 17 0] 8 308 ) B 544 3 R 50
FEARBLIE AR SC R L 45 A8 ) i 3 K st /N5 AN g
AR - b $2 = i, A A H ] #E R 8 mm 19 mm 4 #4
SR T D i g8 28548 (H A5 R81 [B) B 8 mm [ 3%
T X AR B B T 4. 1%~18. 7% A1 T4 d 51 1]
FE 9 mm 1Y T4 55 19 4. 5%~T7. 5% , Y940 T4 551 ]
H ok 10 mm 9 E5HE . A ARG BIHE R 7 mm AHER R 4544
/N T BN RIEE , e AR AR A/ AKX B 48 24
BCRA TN TE 2. 1 m/s E/N T 6. 4%, i XU I
HIRSAE T R4 76 6. 1 m/s PG T 3. 1%, 18 249
AN B RIEE , A 25 S sh At 2 38 n , i 8 B 5
B T B R EH R) B N B R R iR S R
A A J80e 52 M 348 K, T A B i — 2D K, R B A
BT

ol = FEAEHET mm
o 1t ¢ o FH)EES mm
b - A EPHBE]EE mm
R 10 v EHGEEO.5 mm
= & EAGIHIEEL0 mm
= 7 o
= ¢ .
£
W 7 AT =0 t .
6 m=0.35kg/s $

20 2.5 3.0 35 40 45 50 55 60 65
R/ (m/s)
(a) ZAMIER LR 22

100 7 —m— 7 3flali7 mm

—o— ]S mm

90 | —a— EHAH]HE9 mm
—v— E WA )95 mm
80 | —— EHHHIHE10 mm

S

701

h[IW/(m>C)]

60t
AT, =30 C

W m=035kels

40202530 3.5 40 45 50 55 60 6.5
WG /(m/s)
(b) e REL
17 EERINEEEESMEH IBRERERRETH
Fig.17 Variation of temperature difference between the inlet
and outlet and heat transfer coefficient of air-side with

changing the spacing of the tube bundle column

4.3 T ERMERTEEE

BT Lk 2Rt %, KA D S5 Sk R 2%
AT, _ =30 C KA H 5T 3 & m=0. 35 kg/s, [ A 2028
BN R BB, 72780 3~6 mm B RG] [AIHE A
8~11 mm Z M A W S FPAS R DL A T 58, AN Tm) KUk

T 5 RS RS X e an B 18 IR . Bl RS
[i) B R A8 ) () B 34 K, 2 A s 1 9k 2 R 2% T
PG IR BN, = WG I T 00T, $e B i g
T HEAR KGR T 00 K . FEE 420 6 mm 45 H 51 (7]
FE A 911 mm B, 3% 0 A% 34 R 800 0 3 T
15. 6%~41. 7% F1 12. 4%~26. 8%, i 1%} 6 mm.
AN A 8 mm (1) T 100 2 1 %o I % B0 28 e KA
BT 11. 7% B 038 RS S 51 (8] BB A s /)il
23 A S [/ R M RSO R R 2 L A
1 FAE ARA AT 43 9300/ 2 3 mm A9 mm B, % Hb JiR
g F 1% R BOAE U N 6. 1 m/s B dc KRR T
3.5%.

131 Bf/mm E A H/mm
= 3 9
- o 4 9.5
12 A 5 10
O 11F * v 6 11
o ¥ ¢ 8
Z= 10t
O
= 9 x
# 3 *
= 38
v X *
w7 i X
AT =30°C °
1 =035 ke/s 1
3 2.0 25 3.0 3.5 40 45 50 55 6.0 65
WGE/(m/s)
(a) 2SS MEE S 113 22
110r ‘Efy/mm EHAE)HE/mm
- 95
100 F _a 5 10
. . “
5 A o
= 80f
E 70}
=
60 AT, =30 C
50 m=0.35 kg/s
20 25 30 35 40 45 50 55 6.0
JRUHE/(m/s)
(b) FEIAREL
18 MEERSIEEMEREESMBEHOBERERR

Fig.18 Variation of temperature difference between the inlet
and outlet and heat transfer coefficient with changing the

spacing of the bundle column and the diameter of the pipe

25 b TR — MU R A R G (R AR
6 mm FIE SR B [E] B K 8 mm T oL i R defE . ]
Af AR A R RS SR W] BE A 454, A2 6 mm TR
HITAEE A 9 mm B RS RO AR T 35, 5 3k 3 8
PeAb 7 Ze ARG HIEE S 8 mm ) T-40 , e AR 48
THE/N B 6 mm B EATTIRZ AN 6 mm
BRG] 9 mm e PSR R AT B AR B Ak

R 9 _



W47 8 2 P i Vol. 47, No. 2
2026 £ 4 H April, 2026
R Suping. Development strategy and future prospect of

. hydrogen energy and fuel cell in China[J]. China Industry
5 it '
=H & Information Technology, 2023(4): 36-41.)
T WFSE F B 1 B P | A S % — i [2] DONG | Feng, LIU Yajie. Pf)hcy. evolutlo‘n and. effect
T 31 6L A5 505 AN T T30 F BT T S0 evaluation ofl new—energy6 vehicle industry in China [J].
Resources Policy, 2020, 67: 101655.
LIS BFIC TV A TR BLRE 15 5 A T
bjﬁﬂﬁﬁfb ﬁ&jL < DJ"*;*EgomE% N ﬂ)"t (3] YANG Xiaolong, HU Xiaoho, CHEN Zhuo, et al. Effect
9 U 22 LB AT KGR PR of ambient dissipation condition on thermal behavior of a
A . s > s g 3 >
PEREAY M, F3 ST 251 lithium-ion battery using a 3D multi-partition model [J].
v \ o % =

DB RS I, O S R i, 2 Applied Thermal Engineering, 2020, 178: 115634
TR 2208/, BORER (AL IR BB WG N, AL R [4] WESTBROOK M H. The electric car: development and
BAE m=0. 45 kg/s A e RN T 102, 1% X Y 1 future of battery, hybrid and fuel-cell cars[M]. London :
Jon et 2 T I A IR BUM 2 S TR 25 1 S RS Institution of Engineering and Technology, 2001.
ﬁﬂ}ﬁ/]\o [5] LIU Huagiang, WEI Zhongbao, HE Weidong, et al.

2)AT. _ BT, B2 18 e B SR b 2 32 = . Thermal issues about Li-ion batteries and recent progress
I, B 278 5040 5 o Ve B 10, 5 1 X 37 A A in battery thermal management systems: a review [J].
ZR A AT, =20 °C W T 27 1%, 1F AT, =30 C . Energy Conversion and Management, 2017, 150: 304-330.

o . e 6] ZHAO G, WANG X, NEGNEVITSKY M, et al. A revi
f 42 5 T 28.9%, AT, =40 C I} 42 # T 19. 1%, PR o re“l‘:w
N , . . . ot air-cooling battery thermal management systems for
AT, RS R H H B 5 25 AU Pl 22 Ol : - N
. . . electric and hybrid electric vehicles [J]. Journal of Power
RIS AR IS AT, FEARR LML RAZ.
N a Sources, 2021, 501: 230001.

3) i BRI AT AR BB T2 (7] WANG T, TSENG K J, ZHAO J. Development of efficient
SR IR 23 S0 Y T 2 2 el ) L air-cooling strategies for lithium-ion battery module based
/NI R B 2 B AR 5% o b AN, AU B 3G o 1M X on empirical heat source model [J]. Applied Thermal
5 i 908 S JEE A0 JSE 0 R, DA T XL X R A 4B Engineering, 2015, 90: 521-529.

PN BE S M) 2 T /)N o [8] SANTA ROSA DT, PINTO D G, SILVA V S, et al. High

4) 38R AR BRI 1 PR SR 2 1R R performance PEMFC stack with open-cathode at ambient
j@ 6 mm Hﬂ-%@ﬁxﬂ‘{ﬁ,ﬁ%m%ﬁ%j{iﬂn T 36.2%., /—VE& pressure and temperature conditions [J]. International
o 51 ] 5 2 N R RO R IEAE e & L Journal of Hydrogen Energy, 2007, 32(17): 4350-4357.
S B K N R L S e, (0] MOUANMADIANS K, ZHANG Y. fhemal mansgemen

N N o N optimization of an air-coole 1-10n battery module usin
SHC A SR B4 8 o P R 2T X DA 44 P e j
ZONE T 4 1%~ 18. T%. [ i il 25 5 78 1 ok ) pin-fin heat sinks for hybrid electric vehicles [J]. Journal
=3 - =1 Ay Vainy
R, 7% I e R s of Power Sources, 2015, 273: 431-439
IV B0, B2 5 AR IR 2 (1 ] 459K, [10] HE Fan, LI Xuesong, MA Lin. Combined experimental
2ok L bt At 4R 4 T HE

ARSI AN 6 mm EHBN RN 9 mm and numerical study of thermal management of battery
XA IR B T 15. 6%~41. 7% XTI 3 Ptk module consisting of multiple Li-ion cells [J].
zlgl:ﬁg s %?éy‘:’ 6 mm\%%ﬂ 'ETJ EE%:] 9 mm B"J zﬁﬁﬂ%ﬁ%?}& International Journal of Heat and Mass Transfer, 2014,
ap H =
REJTHR TR 72: 622-629.

[11] SAWLH, YEY, TAY A A O, et al. Computational fluid

A2 R PG AR R A DR 2 G+ AR U AL A B H
(2022KXJ-001) Fl 7 &5 1 [ SR B 27 5 4 300 H (23-2-1-215-
zyyd-jch) % Bl o (The project was supported by Shaanxi Province
Qin Chuangyuan "Scientist + Engineer" Team Construction Project
(No. 2022KXJ-001) & Qingdao Natural Science Foundation
funded projects (No. 23-2-1-215-zyyd-jch). )

£ & 30k

(1] oM. P E SRS OR & J s S A R 2B
[J]. m [ Tl A {5 B4k, 2023 (4) . 36-41. (PENG

[13]

dynamic and thermal analysis of lithium-ion battery pack
with air cooling [J]. Applied Energy, 2016, 177:
783-792.

SIRTIKASEMSUK S, WIRIYASART S,

Experimental investigation of the thermal management

NAPHON P.

system of a battery pack using a thermoelectric air-cooling
module[ J]. Heat Transfer, 2022, 51(7): 6384—6402.

JISHNU A K, GARG A, SU S, et al. A novel procedure
combining computational fluid dynamics and evolutionary

approach to minimize parasitic power loss in air cooling of



478 2
2026 4F 4 A

AR, S5+ F AV R IR T Sl AR S 0 R O BT

Vol. 47, No. 2
April, 2026

Li-ion battery for thermal management system design [J].
Energy Storage, 2021, 3(1): €210.

[14] XURTJe, AF2R, S G . SO I 4o T g v 20X
PR A ALY ], KR, 2022, 49(7): 22-25.
(LIU Y L, FU S, SHIBATA T. Control strategy optimization
for radiator cooling fan of a fuel cell vehicle [J]. Tianjin
Science & Technology, 2022, 49(7): 22-25.)

[15] 5 0B T P04 B 0 IO R G2 5 BB AU AN S 36 F
FDL B AR R, 2019. (WANG Ting.
Simulation and experimental study on heat dissipation
system of fuel cell vehicle [D]. Wuhan: Huazhong
University of Science and Technology, 2019.)

[16] fHzeAd: . ATIERE S R HIM ] 2 Bz st JUA T
Jf 4t , 2007.(FU Qinsheng. Fundamentals and applications
of thermal engineering [M]. 2nd ed. Beijing: China
Machine Press, 2007.)

(17] Bgscdd s IM] Shi. dbat: m & HE Wi,
2019.(TAO Wenquan. Heat transfer[ M ]. Sth ed. Beijing:
Higher Education Press, 2019.)

[18] SHEN Shengqiang, ZHOU Shihe, YANG Yong, et al.

Study of steam parameters on the performance of a TVC-
MED desalination plant [J]. Desalination and Water
Treatment, 2011, 33(1-3): 300-308.

[19] GNIELINSKI V. On heat transfer in tubes[J]. International
Journal of Heat and Mass Transfer, 2013, 63: 134-140.

[20] e . ST A E BEPFE (M. S AR bt PIE
Jo K HY R A, 2016. (NT Yucai. Evaluation of uncertainty
in practical measurement [M]. 5th ed. Beijing: Standards
Press of China, 2016.)

BIEEEE N

O, B VSl R RE IR S B ) TR B, 029
82665445, F-mail : wentaoji@xjtu.edu.cn, WFFE 5 1]« il ¥ T
Y s 5 BELS AR A A, R AR AR BT, PR TR AR

About the corresponding author

Ji Wentao, male, professor, School of Energy and Power
Engineering, Xi'an Jiaotong University, 86-29-82665445,
E-mail: wentaoji@xjtu. edu. cn. Research fields: boiling and
condensation of refrigerants, high performance heat exchanger

design, and heat pump drying technology.



