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Thermal accumulation during charging of lithium-ion batteries in electric bicy-
cles seriously endangers safe operation. To address the thermal management of 
18650 cylindrical battery modules, a composite liquid cooling strategy with bot-
tom-internal synergistic cooling is proposed. Among the three channels (A, B, and 
C), Type C has the best heat dissipation performance, reducing the maximum bat-
tery temperature to 58.016 °C under 2C discharge conditions. Optimization via 
16 orthogonal tests identifies the optimal parameters: channel height 3.2 mm, 
spacing 13.5 mm, and fillet radius 5 mm. This parameter combination further low-
ers the maximum battery temperature to 57.552 °C, while reducing the coolant 
temperature difference by 2.089 °C and the channel pressure drop by 131.5 Pa. 
The innovative internal symmetrical cooling layout solves the inadequacy of tra-
ditional cooling, suppressing the maximum battery temperature to 39.837 °C, 
which is 30.78% lower than the optimized bottom cooling scheme. It also reduces 
the maximum temperature difference inside the module to 13.126 °C and improves 
temperature uniformity by 40%. This synergistic cooling strategy significantly en-
hances thermal safety, offering a practical and efficient thermal management so-
lution for electric bicycle battery modules. 

Keywords: synergistic liquid cooling, serpentine channel optimization, 
internally mounted cooling layout, 18650 battery modules 

Introduction 

The 18650 lithium-ion battery (LIB) is widely used in electric bicycles, portable en-

ergy storage systems, and power tools due to its high energy density, excellent power output, 

long cycle life, and environmental friendliness [1]. However, during rapid charging processes, 

battery modules often exceed their optimal operating temperature range and develop substan-

tial temperature gradients between cells. Extensive studies suggest that lithium-ion batteries 

operate most efficiently within a narrow temperature window of 20-40 °C, and it is critical to 

minimize the temperature variation among cells inside a battery pack [2, 3]. Such thermal man-

agement challenges can accelerate capacity degradation and raise serious safety concerns, un-

derscoring the urgent need for effective thermal control strategies to ensure operational safety 

and extend service life. 
_____________ 
*Corresponding author, e-mail: justcailihua@163.com 
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Current cooling methods for battery packs primarily include air cooling [4, 5], liquid 

cooling [6, 7], and PCM cooling [8]. Among these, air cooling offers structural simplicity and 

low cost [9], yet its limited heat dissipation capacity often fails to meet the demands of high-

temperature operating conditions. Liquid cooling, by contrast, leverages higher thermal con-

ductivity and specific heat capacity, delivering superior cooling performance. Sen et al. [10] 

used an optimized random forest model to estimate battery surface temperature, improving 

thermal management input accuracy and demonstrating the potential of data-driven methods. 

The PCM cooling represents a passive thermal management solution with low energy con-

sumption; however, due to inherent limitations in thermal conductivity, PCM often serve as 

thermal buffers to improve temperature uniformity rather than as primary cooling mechanisms 

[11]. Hmidi et al. [12] developed a hybrid cooling scheme integrating nano-PCM, copper foam, 

and aluminum mini channels, significantly improving heat dissipation and temperature uni-

formity, aligning closely with this study's synergistic liquid cooling concept. As a result, liquid 

cooling has been widely adopted in battery thermal management systems [13-15], with ongo-

ing research focusing on the optimization of structural parameters, system layout, and coolant 

flow rate [16, 17] to achieve optimal thermal performance. The high efficiency and rapid heat 

dissipation capability of liquid cooling systems make them particularly suitable for engineering 

applications, especially under high-rate discharge conditions. 

As the core component of liquid cooling systems, the cold plate has been extensively 

investigated. Researchers have pursued structural and parametric optimizations to enhance its 

thermal performance. For instance, Kokkula et al. [18] numerically evaluated six different 

channel configurations: serpentine, U-bend, straight (parallel), pumpkin-shaped, spiral, and 

hexagonal, for cooling pouch cells. Jarrett et al. [19] employed parametric modeling to opti-

mize the path, width, and length of serpentine cooling channels. Chen et al. [20] conducted 

numerical studies on parallel microchannel cold plates with I-type, Z-type, and U-type layouts, 

demonstrating that symmetric designs lead to more uniform temperature distributions and 

lower power consumption. Madani et al. [21] reviewed advanced battery modeling technolo-

gies, including data-driven and multi-physics approaches, highlighting AI and digital twins in 

next-generation battery management system and supporting the intelligent direction of this 

study's structural optimization. With battery packs generating considerable heat during high-

rate discharge, liquid cooling systems have become a focal point of research due to their ex-

cellent thermal management capabilities.  

This study proposes an orthogonally optimized composite liquid cooling system for 

electric bicycle 18650 modules. Bottom channels (a-, b-, and c-serpentine) are compared to 

establishing the baseline. Orthogonal design optimizes height, spacing, and fillet radius. An 

internal symmetric layout enables bottom-side synergistic cooling, overcoming heat accumu-

lation in traditional external designs. This work offers an efficient thermal management solu-

tion for safer, longer-lasting batteries. 

Figure 1. Battery module structure layout 
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Model establishment 

Model background 

This study models a 3P8S module of 24 18650 cells (2.2 Ah each, fig. 1). Each eight-

cell group sits in a silicone pad, with 5 mm gel layers between groups. A bottom aluminum 

cold plate with liquid channels provides cooling. Material properties and battery parameters 

are in tabs. 1-3 [22]. 

Numerical model 

Heat production model of lithium-ion battery 

The energy conservation equation of LIB [23] is: 

2 2 2

hrb x y z2 2 2b

T T T T
C k k k Q

t x y z


   
= + + +

   
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Table 1. Material Properties 

Material Density [kgm⁻³] Thermal conductivity [Wm⁻¹K⁻¹] Specific heat [Jkg⁻¹K⁻¹] 

Aluminum 2702 236 903 

Heat conducting glue 1550 1.4 1.457 

Cooling liquid 1069.4 0.4 3358 

Table 2. Material parameters of each part of the battery 

Component 
Thickness 

[mm] 
Density 
[kgm-3] 

Specific Heat 
[Jkg⁻¹K⁻¹] 

Thermal Conductivity 
[Wm-1K-1] 

Cathode 0.120 2895 1270 1.58 

Anode 0.120 1555 1437 1.04 

Separator 0.003 1017 1978 0.43 

Aluminum foil 0.060 2702 903 238.00 

Copper foil 0.030 8933 385 398.00 

Casing 0.150 1150 1900 0.23 

Table 3. Basic parameters of cylindrical batteries 

Parameter Value 

Dimensions (diameter × height) 18 × 65 mm 

Mass 50 g 

Capacity 2200 mAh 

Nominal voltage 3.7 V 

Discharge cut-off voltage 2.7 V 

Charge cut-off voltage 4.2 V 

Thermal conductivity (x, y-axis) 0.93 Wm-1K-1 

Thermal conductivity (z-axis) 2.73 Wm-1K-1 

Specific heat capacity 1382 Jkg⁻¹K⁻¹ 

Volumetric heat generation rate (1C) 25071 Wm-3 

Volumetric heat generation rate (2C) 96962 Wm-3 

Volumetric heat generation rate (3C) 215670 Wm-3 
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where rb, Cb, T, and Qhr are the density, specific heat capacity, temperature, and volumetric 

heat production rate of the cell, respectively, and kx, ky, and kz – the thermal conductivities in 

the x-, y-, and z-directions, respectively. 

The Qhr can be determined via the Bernardi equation [24]: 

hr

b

b

( )
I E

Q E U T
V T

I E
IR T
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 
= −   
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(2) 

where I, Vb, E, U, T, ¶E/¶T, and R are the operating current, volume, open-circuit voltage, 

working voltage, temperature, entropy coefficient, and internal resistance of the cell, respec-

tively. 

Liquid cooling model 

Liquid flow and heat transfer are governed by the continuity equation, momentum 

conservation equation, and energy conservation equation, respectively [25]: 
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where rw, wv


, Cp,w, mw, P, and kw are the density, flow velocity, specific heat capacity, dynamic 

viscosity, hydrostatic pressure, and thermal conductivity of water, respectively. 

Model assumptions 

The following assumptions were adopted to simplify the computational model while 

maintaining physical relevance: 

− No slip at coolant-channel walls is assumed for low-velocity laminar flow, simplifying cal-

culation without loss of accuracy. 

− Gravity and viscous dissipation are neglected for horizontal low-velocity laminar flow, 

which simplifies calculation without affecting accuracy. 

− Battery materials are homogeneous and isotropic, with constant density and specific heat 

within the operating range, meeting engineering accuracy. 

− Thermal conductivity is modeled as anisotropic with directionally averaged values, which 

accurately captures heat transfer and axial temperature gradient. 

− Terminal temperature is neglected due to its negligible effect on the overall temperature 

field, improving simulation efficiency. 

Boundary conditions 

Boundary conditions were applied to the interfaces between the battery, silicone pad, 

heat sink, coolant, and ambient environment, as defined. 
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The control equation for the contact interface between the silicone pad and the cell is 

[26]: 

b sp

T T
k k

n n

 
− = −

 
  (6) 

The control equation for the contact interface between the silicone pad and the ther-

mal sink is [27]: 
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Heat transfer at the contact interface between the coolant and the thermal sink is 

mainly through convection, and the control equation is [28]: 
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T
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The control equation for the contact interface between the thermal sink and the envi-

ronment is [29]: 

( )ts ts amb

T
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n


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where kb, ksp, and kts are the thermal conductivities of the cell, silicone pad, and thermal 

sink, respectively, h and hw – the natural convection heat transfer coefficient and the cool-

ant convective heat transfer coefficient, respectively, n – the temperature gradient, and Tts, 

Tw, and Tamb – the temperatures of the thermal sink, water, and ambient environment,  re-

spectively. 

The Reynolds number is an important parameter to distinguish the flow state (laminar 

or turbulent) of the coolant [30], which can be calculated according to: 

w w h w w

w w

Re
r d 4Ar

= =
m Lm

 
 (10) 

where dh, A, and L are the hydraulic diameter, cross-sectional area, and circumference of the 

capillary flow channel, respectively: 

h

2
3.333 mm

ab
d

a b
= =

+
(11) 

Based on the channel geometry (a = 2.0 mm, b = 10.0 mm) and coolant properties 

(ρ = 1069.4 kg/m³, μ = 0.0028 Pa·s, v = 0.05 m/s), the hydraulic diameter dh = 3.333 mm. 

Substituting into eq. (10) yields Re = 63.64, which is far below the laminar-to-turbulent thresh-

old of 2300, confirming the laminar flow assumption in section Model assumptions. 

Coolant (50% ethylene glycol) entered at 25 °C and 0.05 m/s and exited at 0 Pa. 

Convection was modeled between coolant and cold plate. Natural convection (5 W/m²K) was 

applied between module and ambient. The constant current-constant voltage charging mode 

followed actual e-bike operation. 

Grid independence verification 

Figure 2 presents the mesh generation results of the cold plate. A grid independence 

study showed that above 0.65 million cells, Tmax and Tmin stabilized at 58.016 °C and 28.308 °C, 
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fig. 3, with less than 0.72% variation upon refinement to 3.0 million cells. Thus, 0.65 million 

cells were adopted for all simulations, exhibiting aspect ratios of 1.014-5.5 and orthogonal 

qualities of 0.442-1. 

Simulation and comparative analysis of 

heat dissipation for different bottom 

liquid cooling channel configurations  

Simulation scheme design 

This study first compared three bottom liquid cooling channel configurations: 

Type a, Type b, and Type c (serpentine), as shown in fig. 4. For fair comparison, channel 

height, inlet cross-sectional area, and inlet/outlet positions were kept consistent across all  

simulations. 

Comparison of simulation results 

Figure 5 shows Type C serpentine cold plate had the lowest module maximum 

temperature at 1C, 2C, and 3C discharge rates. The C-rate is battery charge/discharge rate 

relative to rated capacity (1C = full charge/discharge in 1 hour), and this study focuses on 

2C discharge. 

Serpentine Channel C achieved the lowest battery max temperature of 58.016 °C, 

outperforming A (58.306 °C) and B (58.313 °C); its extended cooling path enhanced heat dis-

sipation, temperature uniformity and cell safety, thus being selected for further parameter op-

timization. All configurations presented upper-module thermal accumulation, fig. 6, due to cell 

bottoms being closer to the cold plate heat sink. 

Figure 2. Result of grid division for 

cooling plate 
Figure 3. Grid independence verification 

Figure 4. Three types of flow channels 
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Orthogonal optimization and range analysis of 

the serpentine channel parameters 

Orthogonal experimental design 

Channel height, W, spacing, L, and fillet radius, Rf, were chosen as key optimization 

variables. Based on the initial configuration in fig. 4(c), their effects on thermal distribution 

were analyzed via simulation and an L16(43) orthogonal array, tab. 4, to optimize the serpentine 

channel. 

Figure 5. Simulation under 
different discharge rates 

Figure 6. Cloud images under different discharge rates 
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Metrics included Tmax, tmax and ΔP. Simulations under identical boundary conditions 

yielded data for 16 parameter combinations in tab. 5. 

Range analysis 

Range analysis was conducted for Tmax, tmax, and ΔP, tab. 6. The Kij is the index av-

erage at level i of factor j for optimal level determination. The Rj represents factor influence; 

larger Rj implies greater effect, enabling factor ranking. 

Table 4. Orthogonal factor level table 

Level 
Factor 

Channel height, W [mm] Channel spacing, L [mm] Fillet Radius, Rf [mm] 

1 1.4 11.5 2.0 

2 2.0 13.5 3.0 

3 2.6 15.5 4.0 

4 3.2 17.5 5.0 

Table 5. Orthogonal experiment results 

Exp. No. 
Factor Evaluation Indicators 

W [mm] L [mm] Rf [mm] Tmax [℃] tmax [℃] ΔP [Pa] 

1 1.4 11.5 2 58.8 33.478 419.12 

2 1.4 13.5 3 58.538 33.078 421.1693 

3 1.4 15.5 4 58.786 33.442 422.428 

4 1.4 17.5 5 58.538 33.006 422.89 

5 2.0 11.5 3 58.016 31.13 245.418 

6 2.0 13.5 2 58.003 31.133 266.989 

7 2.0 15.5 5 58.167 31.265 246.78 

8 2.0 17.5 4 58.129 31.217 268.717 

9 2.6 11.5 4 57.707 30.002 164.808 

10 2.6 13.5 5 57.718 29.942 166.888 

11 2.6 15.5 2 57.801 29.991 168.029 

12 2.6 17.5 3 57.826 29.948 168.702 

13 3.2 11.5 5 57.593 29.231 114.188 

14 3.2 13.5 4 57.599 29.221 114.36 

15 3.2 15.5 3 57.667 29.216 122.9167 

16 3.2 17.5 2 57.684 29.165 124.304 

Table 6. Range analysis of orthogonal experiment results 

Evaluation 
indicator 

Factor K1j K2j K3j K4j Rj Order Combination 

Tmax [℃] 

W 58.665 58.079 57.763 57.636 1.029 1st 

W4L2R4 L 58.029 57.964 58.105 58.044 0.141 2nd 

Rf 58.072 58.012 58.055 58.004 0.068 3rd 

Δtmax [℃] 

W 33.251 31.186 29.971 29.208 4.043 1st 

W4L4R2 L 30.960 30.843 30.978 30.834 0.126 3rd 

Rf 30.942 30.843 30.970 30.861 0.127 2nd 

ΔP [Pa] 

W 421.4 256.97 167.11 118.94 302.46 1st 

W4L1R4 L 235.88 242.6 240.04 246.16 10.272 2nd 

Rf 244.61 239.55 242.58 237.69 6.924 3rd 
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Table 6 shows factor order as W > L > Rf for Tmax and ΔP, and W > Rf > L for Δtmax, 

with W as the dominant factor. Optimal combinations for minimum Tmax, tmax, and ΔP are 

W4L2Rf4, W4L4Rf2, and W4L1Rf4, respectively. Validating simulations are listed in tab. 7. 

Validation and performance of 

the optimal serpentine channel 

Among the tested configurations, 

W₄L₂Rf₄ exhibits the best overall perfor-

mance, lowering Tmax, tmax, and ΔP to 

57.552 °C, 29.041 °C, and 113.877 Pa, 

fig. 7. Channel height is dominant, while 

spacing and radius are secondary. As 

57.552 °C remains unsafe for e‑bike bat-

tery charging, combined bottom and side 

cooling is proposed for further cooling. 

Heat dissipation simulation and compar-

ative analysis of different 

liquid cooling plate locations 

Simulation scheme design 

Although bottom cooling is effec-

tive for 18650 modules at 2C discharge, 

thermal mitigation remains necessary for 

e-bike charging. Per fig. 8, two side-cool-

ing layouts are proposed based on the op-

timized serpentine cold plate: internal scheme replaces thermal grease with serpentine alumi-

num cold plate with 3.2 mm height, 5 mm radius, 10.5 mm spacing and 50% channel area ratio; 

external scheme retains grease and adds identical cold plate.  

Comparison of simulation results 

Internal and external cooling performances are evaluated by maximum battery tem-

perature and temperature difference. Figure 9 shows module peak temperature is 39.837 °C for 

internal cooling and 48.435 °C for external cooling, and internal cooling ensures safe thermal 

conditions. 

Advantages of the internally mounted cooling layout 

The internally mounted cooling, fig. 10, layout limits the maximum module temper-

ature to 39.837 °C, achieving a 40% reduction in temperature spread compared to external co- 

Table 7. Analysis of the results of additional tests 

Exp. No. Factor level combination Remarks Tmax [℃] tmax [℃] ΔP [Pa] 

17 W4L2Rf4 
Optimal for minimum 

battery temperature 
57.552 29.041 113.877 

18 W4L4Rf2 
Optimal for minimum 
coolant temperature 

57.636 29.123 116.415 

19 W4L1Rf4 
Optimal for minimum 

pressure drop 
57.644 29.338 114.125 

Figure 7. Comparison of additional test results 

Figure 8. Comparison of two cooling methods
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oling. It ensures uniform aging and ex-

tends pack life by eliminating hotspots and 

synchronizing cell degradation, with all 

temperatures remaining within the safe 

range for lithium batteries. 

Analysis of the optimized model 

under different operating conditions 

Analysis under different flow rates 

Simulations of the optimized model 

at coolant flow velocities of 0.05 m/s, 0.1 

m/s, 0.15 m/s, and 0.2 m/s show corre-

sponding maximum battery temperatures, 

Tmax, of 39.837 °C, 38.601 °C, 38.307 °C, and 38.093 °C as in fig. 11, indicating that higher 

flow velocity effectively suppresses Tmax. 

Analysis under different heat transfer coefficients 

The heat transfer coefficient affects battery heat dissipation. This section discusses 

its impact on battery temperature: set to 2 W/m2K, 5 W/m2K, 10 W/m2K, 20 W/m2K, fig. 12 

Figure 9. Comparison of cloud images using inner and 

outer side cooling methods 

Figure 10. Comparison of results from internal and

external flow channels in the battery 

Figure 11. Temperature distribution of the optimized model under different flow rates; 
(a) 0.05 m/s, (b) 0.1 m/s, (c) 0.15 m/s, and (d) 0.2 m/s 
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shows that when it increases to 20 W/m2K, Tmax decreases from 40.749-36.443 °C. Thus, if 

conditions permit, increasing the heat transfer coefficient between the battery module and air 

benefits cooling. 

Conclusions 

This study proposes a novel composite liquid cooling strategy with bottom-internal 

synergistic cooling for 18650 battery modules in electric bicycles. The main findings are: 

• Under 2C discharge, Type C serpentine channel for bottom liquid cooling minimizes bat-

tery Tmax to 58.016 °C.

• Orthogonal optimization gives optimal channel parameters (3.2 mm height, 13.5 mm spac-

ing, 5 mm fillet radius), cutting battery Tmax to 57.552 °C, coolant ΔT by 2.089 °C and

pressure drop by 131.5 Pa.

• Internally mounted symmetrical cooling controls battery Tmax at 39.837 °C, module ΔT at

13.126 °C and boosts temperature uniformity by 40%.

The synergistic cooling strategy significantly enhances thermal safety. However, this 

study lacks consideration of thermal responses under extreme conditions. Future research will 

expand operating conditions, explore integration with PCM and heat pipes, and conduct exper-

imental validation. 
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Nomenclature 

A – cross-sectional area, [m2]
h – convective heat transfer

coefficient, [Wm–²K⁻¹]

I – operating current, [A]
k – thermal conductivity [Wm⁻¹K⁻¹]
L – channel spacing, [mm]

Figure 12. Temperature distribution of the optimized model 
under different heat transfer coefficients; (a) 2 W/m2K, 
(b) 5 W/m2K, (c) 10 W/m2K, and (d) 20 W/m2K 
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DP – pressure drop, [Pa]
R – fillet radius, [mm], fig. 4
R – internal resistance, [Ω], eq. (2)
T – temperature, [°C]
ÑT – temperature gradient [Km⁻¹]
U – operating voltage, [V]
V – volume, [m3]
W – channel height, [mm]
x,y,z – co-ordinate directions

Greek symbols 

m – dynamic viscosity [Pa·s]
r – density [kgm–³]
n – kinematic viscosity, [m2s–1]

Subscripts 

amb – ambient environment
b – battery cell
i,j – index in horizontal and

vertical directions
sp – silicone pad
ts – thermal sink
w – water

Acronyms 

LIB – lithium-ion battery
C-rate (1C/2C/3C) – charge/discharge rate
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