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Abstract

Objective The development of new energy vehicles that use the lithium-ion batteries (LIBs) as the power source has brought into the
prominence of thermal safety risks arising from high-rate chargings. The accumulation of excess heat inside the batteries results in the
large temperature differences and induces the thermal runaway, thereby threatening the safety of electric vehicles. Given that the optimal
operating temperature range of LIBs is 293. 15-313. 15 K, an efficient thermal management system is critical for ensuring the battery
performance and safety. Accordingly, this study proposes a profiled spiral channel liquid cooling plate, inspired by the DNA double helix
and intertwined vine structures, to meet the heat dissipation demand of 99 Ah prismatic LIBs with a 3C charging current, and evaluates

its performance in obtaining an optimal charging scheme that balances the thermal and hydraulic performances.

Methods The internal resistance and entropy coefficient of a 99 A +h prismatic LIB were measured, and a volumetric heat source model
of the battery was constructed based on Bernardi’s heat generation theory. A three-factor four-level Lis(4’) orthogonal experiment was designed
to investigate the impacts of the length ratio, spiral angle, and width ratio on the maximum temperature, average surface temperature,, and
system pressure drop, and the optimal parameter integration was determined using the range analysis. For a consistent channel cross-sectional
area, channel number, and inlet flow rate, the spiral channel was compared with three typical structures, i. e. , parallel, corrugated,
and Tesla valve channels. The laminar flow was numerically simulated using ANSYS Fluent and verified with a grid independence study.

Finally, the desirability function method was adopted to evaluate the thermal-hydraulic performance of each scheme quantitatively.

Results and Discussion The range analysis results show that the spiral angle most affects the maximum and average surface

temperatures, whereas the width ratio and system pressure drop are positively correlated. The optimal parameter integration is determined
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as a length ratio of 0. 75, spiral angle of 160°, and width ratio of 0. 85. Also, four types of channels show the distinct heat dissipation
performances: the parallel channel delivers the worst cooling effect with a maximum LIB temperature of 319.22 K; the corrugated
channel achieves a slightly improved performance; the Tesla valve channel reduces the maximum temperature to 312. 92 K, owing to its
distinctive flow-field characteristics; and the proposed spiral channel achieves an optimal temperature control performance, limiting the
maximum temperature to 312. 65 K. The inner-outer multiring structure of the proposed spiral channel extends the fluid flow path,
optimizes the flow distribution, and improves the heat absorption efficiency of the coolant. In terms of the pressure drop, the parallel
channel has the lowest flow resistance, whereas the spiral and Tesla valve channels exhibit the higher pressure drops owing to their
complex structures. Per the desirability function calculation, the spiral channel has a desirability value of 0. 086, and ranks the first in

the heat dissipation among four structures.

Conclusions The experimental internal resistance (1. 17 m{)) and entropy coefficient ( —6.0x107 V/K) accurately characterize the
heat generation of the 99 A-h LIB, thereby supporting the numerical simulations. The structural parameters of the spiral channel exert
different degrees of influences on the thermal and hydraulic performances, and the optimized parameter integration can balance the
temperature control and flow resistance. Compared with the three conventional liquid cooling channels, the proposed spiral channel

exhibits superior heat dissipation, thus providing a new design guideline for structurally optimized liquid cooling plates in the thermal

management systems of LIBs.

Keywords battery cooling; spiral channel; plate heat exchanger; computational fluid dynamics simulation
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Tab.1 Properties of water and aluminum
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Fig.3 Voltage and current variations during cycling steps
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Fig.5 Grid independence verification results
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Fig.6 Dimensional design of the spiral structure
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Tab.2 Orthogonal experiment results

s SE S PN AR

A B C T /K T.JK  Ap/Pa
1 0.60 130° 070 31265 30670 471.97
2 0.60 140° 075 31255 30649  455.42
3 0.60 150° 080 31242 30623  467.95
4 0.60 160° 085 31225 30594  456.53
5 0.65 130° 075 31269 30662 416.30
6 0.65 140° 070 31236 30635  530.46
7 0.65 150° 085 31242  306.10 41479
8 0.65 160° 080 31214  305.88  504.97
9 0.70 130° 080 31268 30648 373.25
10 0.70 140° 085 31255 30623  369.52
11 0.70 150° 070 31211 30605  585.39
12 0.70 160° 075 31201 30582 55859
13 0.75 130° 085 31265 30633  337.08
14 0.75 140° 080 31242 30616 411.98
15 0.75 150° 075 31215 30597  519.55
16 0.75 160° 070 31186 30576  647.70
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Tab.3 Candidate program evaluation indicators
(E3WIES T, /K T /K Ap/Pa
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AB.C, 312.95 306.74 331.04
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Tab.4 Analysis of extreme differences of orthogonal experimental results
T, /K T /K Ap/Pa
| I | I I I I I I
K, 1249.87 1250.67 1 248.98 1225.36 1226.13 1224.86 1851.87 1598.60 2235.52
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k, 312.47 312.67 312.25 306.34 306.53 306.22 462.97 399.65 558.88
ky 312.40 312.47 312.35 306.24 306.31 306.23 466.63 441.85 487.47
ky 312.34 312.28 312.42 306.15 306.09 306.19 471.69 496.92 439.54
k, 312.27 312.07 312.47 306.06 305.85 306.15 479.08 541.95 394.48
R 0.20 0.60 0.22 0.29 0.68 0.08 16.11 142.30 164.40
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Fig.7 Temperature at the central cross-section of liquid cooling plates with different channel structures
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