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Abstract: To enhance the temperature uniformity of the battery pack within a safe range and
reduce energy consumption, a novel waveform channel is designed based on the underdamped
second-order system unit step response curve. Using a 1pl2s (1 parallel and 12 series) 590
module with square ternary lithium as the core, a steady-state analysis of a single-factor
experiment is conducted under the condition of 2C discharge at 25 °C using the computational fluid
dynamics (CFD) numerical calculation method. The relationship between fluid flow velocity,

waveform frequency, damping, interval, liquid cooling plate cooling performance, and fluid pressure
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drop is investigated. Suitable parameters are selected through single-factor experiments to design
orthogonal experiments. Range and variance analyses are then conducted to determine significant factor
combinations and calculate the optimal combination based on comprehensive performance
indicators. The results show that the maximum temperature is positively correlated with the
damping and interval, and negatively correlated with the flow velocity and frequency. The maximum
temperature difference is positively correlated with the interval, and negatively correlated with the
flow velocity and frequency, with decreasing impact levels. Damping initially decreases and then
increases its impact. Pressure drop is positively correlated with flow velocity and frequency, and
negatively correlated with damping and interval. The orthogonal experiment analysis reveals that
the optimal factor combination is a waveform channel with a frequency of 4, damping of 0. 03,
and interval of 1. The maximum temperature, maximum temperature difference, and pressure
drop are 35.368 °C, 2.125°C, and 6. 121 kPa, respectively. In comparison to the original cosine
channel, these values increase by 1.99%., decrease by 42. 61%, and decrease by 39. 96%,
respectively. By adjusting the parameters of frequency, damping, and interval, the heat transfer
efficiency of the liquid cooling plate and the temperature uniformity of the battery pack are
significantly improved, enhancing the stability and lifespan of the battery pack while reducing energy
consumption, The flexible adjustment of the parameters of these three factors provides insights for
application in various engineering scenarios.

Keywords: lithium-ion batteries; wavy microchannel; battery thermal management; numerical

simulation; orthogonal test
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Table 1 Related thermal property parameters of each material
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Fig. 1 Battery performance test platform
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Fig. 2 Comparison between simulation and test for

temperature rise of single battery
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Table 2 The geometry parameters of the models
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2.3 BERRABLSE PR AT REAAE 2 2 10 52 AR HAT IR REAS s b
5 B B e T B R M e il BE SRR AN X SRR B IR TR LA SCE G IE A2 1 28 #1528 4 #T AR

] S, RIEARC, SRl R L ARG B BRI SEAS.

EWRFGE AR B, RoRR N s EEA 301 EXREIET

Wl s o 24 S, 22N e i K TP AR LB E i 1o 1E S 23 B A R 2 80T 998 AT RE DL K
{10 T TIOA f ie dl BE B W BN S B R BRAELS A TR AR B SO WO i RS S R, & A
30 dig ey il 7 R R B.C or 5 R A 1 e 7 R IX (] [H 1 AR 4

FL YL 2 e K 25 M A BT e KRR T 25 5 S, R R AR 3 DMK 8Lk 3 FiR,
L IEAR G L5 00 A 0 R O 2 AR G L 5 R e B K3 MERT MR T R ERT KR

Je R AR S 1 Y R #e B B R R R S, Y Table 3 Frequency factor, damping factor and level

8N Xk il 2 R0 5 22 1 5 ) AN DR s /)N o BELJE R R corresponding to frequency factor

R YN N K- A B C
iR 5 5 R A AR 5 T A O L2 g 1 3.0 0.020 s,

HEJEM S, 2P, BEE e S, i3 R ) 3.5 0. 025 s,

/N F) A T

3 IEZCIAS S BF SR L T o, BIRT 6T o,

B R 25 POV KRR B RN S, BRI K T 61 60 3 4 i 24 7 0 R
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Table 4 Orthogonal tests and different simulation results

3 4.0 0. 030 S;

i 5 A B AXB C AXC Toax/C AT,/ C Ap/kPa
1 1 1 1 1 1 35. 944 3.123 6.031
2 1 2 2 2 2 36. 484 3.052 5.239
I 3 1 3 3 3 3 37.411 3.338 4.539
R 4 2 1 1 2 2 35.709 2.832 6.180
R 5 2 2 2 3 3 36. 427 2.827 5.128
R 6 2 3 3 1 1 35.708 2. 386 5.812
s 7 3 1 2 1 3 35.114 2.628 7.014
R 8 3 2 3 2 1 35.568 2.375 5.916
W 9 3 3 1 3 2 36. 482 2.536 4,969
R 10 1 1 3 3 2 36. 610 3.278 5.208
58 11 1 2 1 1 3 35. 945 3.116 6.028
R 12 1 3 2 2 1 36. 774 2. 999 4.948
I 13 2 1 2 3 1 36.058 2.943 5. 587
S 14 2 2 3 1 2 35. 555 2.575 6. 150
K 15 2 3 1 2 3 36. 249 2.578 5.222
K5 16 3 1 3 2 3 35.334 2. 626 6.448
R 17 3 2 1 3 1 35.995 2.535 5.399
50 18 3 3 2 1 2 35. 368 2.125 6.123

AT X SRR HARR .
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Table 5 Range analysis of evaluation indicators
RVIECE T W2 A B AXB C AXC
ky; 36.528 35.628 36. 054 35.606 36. 008
ksj 35.951 35.996 36.037 35. 853 36.035
Tax/C
ks; 35.477 36.332 35. 864 36.497 35.913
R; 1. 057 0. 704 0. 190 0.891 0.122
ky; 3.151 2.905 2.787 2.659 2.727
ka; 2.690 2.747 2.762 2.744 2.733
AT, /C
ks; 2.471 2.660 2.763 2.910 2.852
R; 0. 680 0. 245 0.025 0.251 0.125
ki; 5.332 6.078 5.638 6.193 5.616
ksj 5. 680 5. 644 5.673 5. 659 5. 644
JE B/ kPa
ks; 5.978 5.268 5.679 5.138 5.730
R 0. 646 0. 810 0.041 1. 055 0.114

IS7A
2

T 2250 M 85 R DL 6, [H - X PE A 98 A 1 52 1l
A F AR AT F o 0025 (2,4) = 38 Fo 005 (2,4)
- 26. 28\F0'o](294) - 18‘F0A05<294) — 6. 949
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Table 6 Variance analysis of evaluation indicators
PEAN TR IR N fifs 22707 #1 Q HHEU ¥irikz M F Pk
A 3.324 2 1.6620 26.710
B 1. 486 2 0.7430 11. 655
T/ C AXB 0.132 2 0.066 0 1.035
C 2.542 2 1.2710 19. 937
AXC 0. 049 2 0.024 5 0. 384
A 1. 446 2 0.7230 78.162 e
B 0. 185 2 0.092 5 10. 000
AT,/ C AXB 0.002 2 0.0010 0.108
C 0.195 2 0.097 5 10. 541
AXC 0. 060 2 0.0300 3.243
A 1. 253 2 0.626 5 33.413
B 1.968 2 0.984 0 52. 480
Ap/kPa AXB 0.006 2 0.003 0 0. 160
C 3.335 2 1.667 5 88.933
AXC 0.042 2 0.0210 1.120
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Table 7 Comparison results of orthogonal factors combination

with the original model™™

HTFHE ik Tu/T AT/C Ap/kPa
JF LR AR Y 34.676 3.703 10. 195
A3B1C1 35.114 2.628 7.014
A1B3C3 #2458 37.411 3.338 4,539
A3B3C1 35. 368 2.125 6.121
A3B3C2 35. 881 2.281 5. 483
-
A3B3C3 36. 482 2.536 4.969
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Table 8 Calculation of the combined performance metric

for various combination

T
HT p1=0.18 1 =0.19 1 =0.2 u =0.21 u =0.22
HE p=0.41 £,=0.405 2, =0.4 2, =0.395 p, =0. 39
s =0.41 41y, =0.405 gy =0.4 2, =0,395 py =0. 39
A3BOC1 0.8200 0.8100

0.8000 0.7900 0.7800
A3B1C10.3389 0.3367 0.3346 0.3324 0.3302
Al1B3C3 0.4952 0.5013 0.5075 0.5136 0.5198
A3B3C10.1602 0.1613 0.1625 0.1636 0.1647
A3B3C20.1882 0.1913 0.1944 0.1975 0.2006

A3B3C3 0.256 8 0.2617 0.2666 0.2716 0.2765
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