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format battery modules with drop-contact liquid cooling. A one-dimensional fluid network/
thermoelectric coupled model was established, and constant-head overflow stabilization tests
were performed to calibrate the relationship between the drop-hole discharge coefficient and
the Reynolds number. The fitted models yielded coefficients of determination > 0.97, and the
relative errors between simulated and measured flow rates at representative holes were within
5%, indicating that the model can describe the coupled distribution process of channel
pressure drop and orifice throttling under micro-pressure-head conditions. The optimization
variables including segment number, boundary, and aperture were formulated as a tree-
structured conditional parameter space. To support manufactural design, discrete-aperture
projection, integer-hole correction, monotonic aperture compensation, and screening rules
were incorporated into the optimization process. Under the preset discrete aperture range of
1.2—1.8 mm, the longitudinal single-sided 54-hole scheme was constrained by cumulative
pressure drop and exhibited a worst-case nonuniformity of 6.18%, exceeding the engineering
limit of 5%. When the aperture search range was extended to 1—2 mm, a uniform 1.0 mm
aperture reduced the maximum average flow nonuniformity to 4.86%, but at the cost of
greater clogging risk, greater sensitivity to manufacturing error, and increased pump pressure
demand. The optimized transverse single-sided 42-hole scheme converged to a three-stage
increasing-aperture design: 1.4 mm for holes 1—12, 1.5 mm for holes 13—26, and 1.6 mm for
holes 27—42. This configuration achieved a maximum nonuniformity of 4.96% over the full
flow range and 2.80% in the commonly used operating range. TPE achieved a 100% success
rate subject to the same evaluation budget and required 32.8 evaluations on average to
obtain the first feasible solution, showing better search stability and sample efficiency than the
genetic algorithm and particle swarm optimization. Under constant-current discharge (2 C), the
optimized scheme kept the maximum battery pack temperature below 37.5°C and limited the
maximum temperature difference to 0.65°C . Under dynamic current-flow conditions, the
maximum relative temperature error was 4.92%, the maximum relative error in cumulative
outflow at measured holes was 4.55%, the maximum nonuniformity at representative dynamic
flow points was 3.49%, and the maximum intercell temperature difference was 1.56°C .
Overall, the segmented transverse short-channel design with aperture compensation
balances flow uniformity, thermal uniformity, and manufacturability.

Keywords: drop contact liquid cooling; power battery thermal management; TPE bayesian

optimization; flow uniformity
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Table 2 Key physical and electrical parameters of
NCR-18650B lithium-ion cell
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Fig.2 HPPC test for parameter identification: (a) HPPC test platform; (b) HPPC test principles
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Fig. 4 Micro-head hydraulic test bench for orifice
calibration (constant-head overflow stabilization)
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Table 4 Fitted parameters of the discharge-
coefficient model C (Re) for different apertures

dfmm C, c, c, R? RMSE
12 07721 -55489 210785 09872  0.0079
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18 0.8036 -5.0463 249645 0.9779  0.0060
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Fig. 5 Pressure-drop/flow-rate characteristics and discharge-coefficient fitting for different apertures:
(a) measured Ap-Q; (b) fitted C_-Re
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Table 5 Hydraulic model validation: comparison of

simulated and measured flow rates at representative
holes

L5 fLFdimm  PiEE/(mL/min)  SZEG{E/(mL/min)  ARXHRE %%

1 1.2 5.458 5.6 2.54
6 1.2 4.991 5.0 0.18
7 1.3 6.083 6.4 4.95
12 1.3 5.556 55 1.02
13 1.4 6.643 6.7 0.85
18 1.4 6.096 5.9 3.32
19 1.5 7.151 7.15 0.01
24 1.5 6.602 6.85 3.62
25 1.6 7.599 7.4 2.69
30 1.6 7.087 7.2 1.57
31 1.7 8.351 8.25 1.22
36 1.7 7.953 7.65 3.96
37 1.8 9.166 9.2 0.37
42 1.8 9.007 9.0 0.08
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Fig. 7 Workflow of TPE Bayesian optimization coupled with batch simulations
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Fig. 8 Optimized longitudinal single-sided supply (54 holes): (a) hole flow distribution under different q,,;
(b) nonuniformity versus q,,,
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Table 6 Comparison of optimization results for the longitudinal 54-hole scheme under different aperture-
compensation conditions
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Fig. 9 Optimized transverse single-sided supply (42 holes): (a) hole flow distribution under different q,,;
(b) nonuniformity versus q,,,
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Fig. 10 Performance gain and thermal response
verification: (a) comparison of hole flow distribution
between uniform and optimized apertures; (b) under-
hole cell temperature distribution along hole index at
2 C discharge
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Table 7 Comparison of optimization performance for
the transverse 42-hole scheme using different
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Fig. 12 Flow-distribution and inlet-gauge-pressure
characteristics of the optimized scheme under low-
temperature conditions: (a) nonuniformity-flow-rate
relationship; (b) inlet gauge pressure-flow-rate
relationship
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Fig. 13 Effects of different dielectric coolants on the performance of the optimized scheme under a typical
high-temperature condition: (a) nonuniformity-flow-rate relationship for the three coolants; (b) hole outflow
distributions for the three coolants; (c) peak under-hole temperature distributions for the three coolants
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