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Heat transfer analysis and multi-objective optimization of a double-
channel Tesla valve liquid cooling plate
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Abstract: The comprehensive performance of a lithium battery thermal management system (BTMS) is critical to
battery capacity and service life. To improve the system performance after module packaging, this study proposes
a novel liquid cooling plate structure incorporating a double-channel Tesla valve. First, numerical simulations

were conducted to compare the cooling performance of same-side versus opposite-side outlets, as well as to
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evaluate the double-channel Tesla valve against the original Tesla valve and a straight channel design. Then, an
orthogonal experimental design was used to identify four key parameters with significant impact on overall
performance. A Kriging response surface model was then established to describe the relationship between design
variables and objective functions, followed by multi-objective optimization using the non-dominated sorting
genetic algorithm (NSGA-1II). Results show that the opposite-side inlet-outlet configuration provides superior
cooling performance. Under counterflow conditions, the double-channel Tesla valve reduced the maximum battery
temperature (7,,,) by 0.67 °C compared with the straight channel, while the pressure drop (Ap) was 117.67 Pa and
437.39 Pa lower than those of the original Tesla valve and the straight channel, respectively. After optimization,
the improved Tesla valve channels reduced AT and Ap by 1.52% and 11.16%, respectively, while increasing the
cooling plate thermal performance factor (CTPF) by 4.81%. These findings provide a valuable reference for the
structural design and optimization of liquid cooling systems for power batteries.

Keywords: double-channel Tesla valve; liquid cooling plate; comprehensive performance; orthogonal test; multi-

objective optimization
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Fig. 1 The proposed Tesla valve channel shape
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Fig.2 Different inlet and outlet modes of liquid cooling plate coolant and coupling modes of cold plate and battery
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Table 1 Thermal property parameters of coolant, liquid cooling plate, battery and thermal pad
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Fig. 4 Battery temperature contour map at an inlet flow velocity of 0.5 m/s
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Fig. 6 Turbulent kinetic energy contour map of each flow channel at an inlet flow velocity of 0.5 m/s
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Table 6 Sampling points and Fluent simulation results

- widl - w o dl
FAE R al(°)  p/I(°)  ATIPC  Ap/Pa | RFEM al/(®)  pI(°) AT PC  Ap/Pa
mm mm mm mm

2.54 277 31.53 13121 458 8525.10| 22  1.10 4.19 4469 141.65 4.60 8239.70
1.60 5.41 1027 10548 4.60 8164.07| 23 149 332 2490 108.18 457 8382.20
1.80 3.19 19.12 136.50 4.59 854998 | 24  1.76 4.80 33.71 14034 4.62 8433.06
232 5.09 2892 60.59 454 7990.88| 25  1.18 2.64 2289 6227 454 8090.52
260 449 2822 14991 4.62 8461.18| 26 131 524 4127 7885 459 7969.20

2
3
4
5
6 1.72 2.79 40.23 88.97 4.55 8233.27 27 1.21 571 21.88 12732 4.63 8365.49
7
8
9
0

—

1.09 593 1254 67.89 459 7878.19 28 225 295 21.07 9592 457 8311.46
1.45 3.12 2380 80.13 456 8211.45 29 1.58 222 4190 97.63 455 8273.64
248 428 15.02 10836 4.60 8252.44 30 242 374 30.54 11534 458 835230
276 457 17.82 138.10 4.63 8329.87 31 1.88 2.09 1570 6540 455 8162.28
11 1.99 3.64 37.03 9281 457 8237.42 32 1.38 4.88 11.07 9349 458 8119.17
12 2.82 563 19.88 12852 4.63 8180.68 33 227 555 14.02 6935 459 783840
13 2.10 234 17.01 8276 4.59 8267.99 34 1.05 4.03 22.70 122.68 4.59 8407.97
14 2.87 254 1329 12474 4.58 8507.43 35 2.05 3.06 43.71 11082 4.56 830841
15 237 515 1631 8729 459 801547 36 295 379 37.84 72.09 4.57 8001.93
16 1.25 2.14 3823 76.88 4.54 8164.83 37 1.67 587 3477 99.63 4.61 80855

17 1.86 4.12 2568 13299 4.60 8462.44 38 1.94 546 39.63 102.15 4.60 8116.44
18 221 472 3472 120.72  4.67 8296.82 39 272 388 26.57 11898 4.60 8331.55
19 2.69 243 4270 143.67 4.60 8521.13 40 143 438 3598 8582 4.58 8127.85
20 2.14 350 27.71 147.07 4.60 8582.33 41 2.64 498 2996 7509 458 7908.25
21 3.00 3.41 3246 113.13 459 831591
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E(ya=7.a)=0, Eﬂizizh (11)
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2) b THE S B Z 22 (4 )7 22 e/

D(}Z—yxo)=min, (12)

D(}?—yx(]):—zn:ii,ﬂ,y(xi,xj)-i-ZZn:/l,-y(x[,xo), (13)
i=1

i=1j=1

oy (xy,) 9 R, Rl BB AE Dhy 2 ) B N 2 B0~ 07 25085 9 (o, xy) A L x, e BB A Dy 2 i 18] R I 2 40
207 22 M8
Kriging i 37 B 40 9 f7is , 2R 1 R® B 22 41 4 I W i 22 1 7 vk, A
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i=1

i=1
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Fig. 9 Kriging response
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PG A BE Sy BT A &1 10 BT 7, R A9 9 LA O~1, 24 JHC P 55 0 1 5 P A S 7R 0% 3k vy, 7 TR | — i
KF 0.9 GEAL i & RS BE EoR , ST A BIS RDRS B IR 25 AITE B A9 R 4351 24 0.92 F1110.99 , 35 JE A B 5k |

4.64 8 600 .
® BUERER ,,.»". ® BUEREXR &
462f -oooo- - EEMA T B EAE LR 5
e 8 400 | -
P > £ »”
S 460} o 9t 3 o
< @ 'S Sad = /‘.5
= ./’.5 [ S 8200 .“
458 o & J
4}% o oo E‘H ,,. bd
By ) 2 ® 8000 P
B 456} ,x’° ° ¥
.'3 )’
454 : : - : - 7800 : - : :
454 456 458 4460 462  4.64 7800 8000 8200 8400 8600
HEAT/C {5 E Ap/Pa
(a) ATHEE (b) Ap¥EEE

10 KrigingEE D HE

Fig. 10 Kriging precision analysis

3.3.3 NSGA-IIi#% 4 f % % B AR#AL
FE 4 5 47 ) Kriging £ BE AL AY | SR A28 — AR 9E I HE ¥ 3 /% 5 75 (non-dominated sorting genetic
algorithm-I1, NSGA-I1) % i 2% & J [ 17 S48, NSGA-TTH NSGA 55 5 4= 8 R KR BRI, 3 FLWS & 56 mg 1 5
A G2 B FE T, HHA B 0B e L DR IR R R R
Y=f(X), Y=[ AT, Ap];
K=o d, e p); (15)

min Y
1<w<3,2<d<6,10<a<45,60<p<150,

SRR E N R 200, 3£ A0 100, 58 X3 0.9, 48 55 5 0.1, 58 XM A $5 50 10,48 40 A 45 50 30, &
EUGEARA B0 RACHT IR AT IE 1T . DR 22 22 BEOR K, DR ek R RS FT RE /N RO AR 25 R . RS 2
S Hh w=2.95 .d=5.79 .0=43.082 7 .=60.085 0.

W D8 A S 04 5 K R AT O L, 45 30X 07 1) 45 SR 55 00 G B R 85 SR R AT X L, a3k 7 B R o A LRI iR A5 R L B
SRAC A LGSR X R T, THE T 0.045% (H ATFER T 1.52% , Ap FEAIR T 11.16% , 255 PERESE T T 4.81%, £
fRJ5 T Y 25 A R RE A T AR R ks .
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Fig. 11 Pareto frontier set
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Table 7 Comparison between optimized and initial structure

EiEg T, /°C AT/°C Ap/Pa CTPF
8/ GERR ) 33.035 4.60 8610 1.04
ety 33.050 4.53 7 649 1.09
R /% -0.045 1.520 11.160 4.810

ROSE R0 T8 758 B R — B 20 00T FF BIr B 9 Ui 19 v% A0 1 R 5 1% ¢ it B 3 3 (0 3 3 A S B3t )
MIZE A PEREREAT XS LE , A2 8 s o S AU Ut 18 P Oy = vt 3l v B OIS 1 1 - O B 2R o v, OF HLHC T, RN
AT X P A A Ui 38 S T 80CR B 2% 0 BOAR DU 38 R B bE O A6 s O 3l 45 A TR eI, (B2 7, AL R i s 1
0.66°C , I HLAG AL J it 18 19 2545 P E LU B IE = 1 9%

®8 ATREIMERAERERTLL

Table 8 Comparison of cooling performance of different flow channels

it IE 2 T, /°C AT/°C Ap/Pa CTPF

L E 33.71 429 6 119.94 1.00

P AL i i 33.05 4.53 7 649.00 1.09

AR RIES 33.90 5.01 16 911.33 0.53
4 &

S T ARAIE Bl e R R 25 A AR AR SCHR T — R OBUE T R T IR VRV B A v H A R R T 2
Ty ¥4 A 225 #1047 6F L 08 P I 32 356 19 Dy 2 6 S B AT O 4 , O FH 22 H RSO AR 1) D X U T AR AT T 1
WSEAT I, R .

1) 5%t 4H [F) A9 2 T8 L A L v A0 R0 1E 1 %) Y000 B 235 4, v 00N TR0 1 0% Y0 % M 235 4 T LA A 31
R T, AT, A B 0.5 m/s B, ¥ ERCAS [F) 00 3 Hh A 98 v A 45 44 T 45 21 (4 T, R0 AT L ¥ 209 [R] i)
HE B VRV 25 F8 43  BE AR T 1.15% 1 23.12% , 156 BH ¥4 EBCAS [0 1F 1 1% 0 ¥4 B 285 #1308 B R 2%
BRI 4F

2) % L T I T R A AR AT R A, BU A T R U I A T R I A LR T, AR B N T EGE O
FLE B, RO T8 5 3 0 3 1B Ap B R IR R B R 9 1A R B AE 43 AR T 117.67 Pa fi1437.39 Pa, i B AU
R R 25 A M AR AR

3)LER S EOT T, W5 R 220N 1.61% , 1 X AT T Ap 552 10 i 2% 4 18.62% 1 11.56% , BT LA T, AT LA Z
W AR TE o AT R Ap HEFT 22 0 B, 45t B9 AR 53 50 R >R, >R, >R >R FI R>R >R >R >R, ety Xf AT Ap
(1) 5 R ERAR /N , B L 220 R 3 T w o o B X AT T Ap B9 45 S0

4) #ENT T ORI A R B I A E 0w d o BB RS AT FlAp Z A Kriging £& AL AL, R —ARHE
B 35 A% vk ok 1647 22 H AR 00, 55 A5 31 3000 I R P I 30 i e R M 25 M S 8. SRS H A H L AR S 1
LA X R T, A BT T AR A 0.045%, 1 AT FI Ap 43 M BEAR T 1.52% 1 11.16%, I H 25 & HERe4e & T
4.81%.
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