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Effective thermal management is essential for ensuring the safety and high
performance of electric vehicle battery packs. This paper investigates the
optimization of a fishbone flow channel structure through three strategies: a
tapered main channel, reduced rear branch width, and the addition of branch
flow channels. Numerical results from ANSYS Fluent indicate that compared
to the baseline fishbone channel, a tapered design with a 2 mm outlet width
reduces the maximum temperature to 37.21 °C, a 0.12 °C decrease, and
lowers the temperature standard deviation by 0.04 °C to 0.51 °C. However, a
12% pressure drop increase offsets the 7% gain in the heat taken away by the
coolant, limiting the improvement in the comprehensive performance
evaluation factor to only 0.7%.Reducing the rear branch width to 2 mm
constrains the temperature standard deviation to 0.50 °C, which is
0.05 °C lower than the original channel, with minimal impact on other
metrics. Expanding branch channels is the most effective strategy for
heat transfer enhancement. Specifically, a structure with a 6 mm branch
length reduces the maximum temperature by 0.54 °C to 36.79 °C and
decreases the temperature standard deviation to 0.52 °C.Furthermore,
this configuration achieves an 18% reduction in pressure drop, while
the heat taken away by the coolant and the comprehensive performance
evaluation factor increase by 3% and 15%, respectively. These findings
provide a quantitative basis for designing high-efficiency liquid cooling
plates.

Key words: battery thermal management system, a tapered main channel,
reduced rear branch width, added branch flow channels, numerical
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1. Introduction

Currently, there are four primary cooling methods for BTMS: air cooling , liquid cooling, and
phase change material (PCM) cooling[1,2]. Liquid cooling technology has received widespread
attention due to its high heat transfer efficiency [3], low cost, and excellent stability. Most research on
liquid cooling systems focuses on optimizing the cold plates and cooling channels. Qi et al. [4] designed
a multi-U-shaped microchannel cold plate, which showed better overall and heat transfer performance
than traditional series and parallel channels. Fan et al. [5] added unidirectional secondary channels and
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grids to a traditional serpentine channel. Although this increased the battery temperature, it drastically
reduced pump power consumption by 92.6%, and the cooling efficiency coefficient jumped by a factor
of 12.32. Aldawi [6] found that wavy channels outperformed straight and zigzag channels in both
parallel and counter-flow setups. Wu et al. Wu et al. [7] found that cylindrical channels provided better
heat dissipation than straight, elliptical, and prismatic channels. Gan et al. [8] proposed a symmetrical
double-helical channel that prevented localized hotspots by creating a uniform flow field and alternating
hot and cold fluid streams. Through the clever design of fins within liquid cold plate channels,
convective heat transfer performance can be significantly improved, a method that many scholars have
studied. Xie et al. [9] added separators to the flow channel to intensify coolant turbulence. Their cold
plate, with 20 double-sided separators, effectively reduced the maximum temperature and temperature
difference but inevitably increased system energy consumption. Zhu et al. [10] proposed a cold plate
with alternately staggered ribs and grooves that lowered the battery pack temperature with only a slight
increase in pressure drop. Zhang et al. [11] introduced six new letter-shaped fins, finding that the novel
letter-shaped fins exhibit a superior field synergy effect, effectively minimizing heat transfer's
irreversibility. Ahmed et al. [12] optimized the geometric parameters of a grooved microchannel,
achieving a significant 51.59% enhancement in heat transfer performance at a Reynolds number of 100
while increasing the friction coefficient by only 2.35%. Mohapatra et al. [13] investigated the improved
mini-channel cold plate and fragmented design. The modified design enhances heat transfer
performance while reducing pressure drop.

The effectiveness of a liquid cooling system for battery thermal management depends heavily on
the design of its flow channels and the thermal-flow properties of the coolant. The fishbone flow channel,
inspired by nature, uses its distinctive branching structure to optimize flow resistance and heat transfer.
This approach significantly reduces system pressure drop and the maximum temperature difference,
improving temperature uniformity and energy efficiency. However, a major limitation of traditional
fishbone channels is their tendency to create a noticeable temperature gradient, especially downstream,
where lower flow velocity greatly decreases heat transfer. To address this, this paper proposes several
optimization strategies based on the basic fishbone design. We aim to enhance overall temperature
uniformity and lower the maximum battery temperature by introducing a tapered main channel, reducing
the width of downstream branches, and adding the number of branch flow channels. This study will
systematically evaluate key parameters such as the maximum battery pack temperature and temperature
standard deviation, as well as the cold plate's pressure drop, heat transfer rate, and performance
evaluation criterion, to comprehensively analyze the cooling performance of the optimized design.

2. Model and Methods

2.1. Physical Model

The battery pack used in this study was assembled using commercial prismatic lithium-ion
batteries(L1Bs), each with a nominal capacity of 45 Ah, a nominal voltage of 3.2 V, and dimensions of
200 mm x 150 mm x 30 mm. The electrode materials consist of a lithium iron phosphate (LiFePO.)
cathode and a graphite anode. The electrolyte used is 1 M LiPF6—PC/EC/EMC (1/3/5 in weight ratio).
The BTMS was simplified to simplify finite element simulations by excluding internal electrodes,
localized heat generation at the battery tabs, and some electrical and mechanical auxiliary parts to
prioritize macro-level thermal behavior and improve computational efficiency.2 mm thick thermal pads
were used to reduce contact thermal resistance between batteries. The aluminum liquid cold plate
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featured a single-inlet, dual-outlet fishbone flow channel design, following the method described in
Reference [14]. Its overall size was 402 mm long, 158 mm wide, and 4 mm thick. All internal channels
were rectangular: the main central channel and the two converging channels on either side measured 12
mm wide, while the 24 dendritic branches were each 4 mm wide. The liquid cooling channels were
consistently 2 mm thick, as shown in Fig. 1. A 40% ethylene glycol aqueous solution was used as the
coolant inside the cold plate.

Qutlet

Battery
module

\

Cold plate
Fluid

ALLLLLLLALLERA VAL LA

i

L]
i,
LLLELLLL L LBV AT

Inlet
- - Fish bone channel
4mm (Thickness:2mm)

Fig.1. Schematic diagram of the battery pack and liquid cooling plate
2.2. Mathematical Model
2.2.1 Governing equations

The flow in the liquid-cooled plate is an incompressible transient flow. The continuity,
momentum, and energy equations[15] in the fluid domain are represented by Eq. (1), Eg. (2), and Eq.
(3), respectively, where the influence of gravity is neglected. The specific forms are as follows:

%+V-(p~\7)=0 (1)
g(pv)w-(pv-v):—vavzv ()
g(pCpT)+V'(pCp\TF)=V'(ﬂVT) 3)

Where p (J-K?) is the density; ¢, (J-kg™-K™) is the specific heat capacity; v ( m-s?) is the
velocity vector; T (K) is the temperature; P (Pa) is the hydrostatic pressure, the unit is Pa; x ( N-s-m)
is the dynamic viscosity; A (W-m-K?) is the thermal conductivity.

The Reynolds number was calculated using the formula in Eq. (4).

_ pvinde
Re P (4)
Where d, (m)is the hydraulic diameter, and v,, ( m-s?)is the inlet velocity.



Based on a critical Reynolds number of 2300[16], when the mass flow rate exceeds this threshold,
the flow transitions from laminar to turbulent. After calculation, when the mass flow rate is 0.04 kg/s,
Re = 2532. The standard x— & turbulence model has been widely used in numerical simulations of
battery liquid cooling [17,18]. The standard x —& turbulence model was chosen. The governing
equations for turbulent kinetic energy ( « ) and turbulent dissipation rate (& ) [14]in the model are given
by Egs. (5) and (6), respectively.
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where G, represents the turbulent kinetic energy caused by the mean velocity gradient. C,,andC,,
are constants (C,,=1.44, C,,=1.92, C =0.09, o, and o_are the turbulent Prandtl numbers for x and
¢ , respectively (o, =1.0, 0,=1.3).

A constant heat generation rate is assumed to simplify the battery pack's cooling design. The
battery is presumed to have a steady and uniform internal heat source, and thermal radiation is neglected.

The temperature distribution of a single cell can be solved by the energy Eq. (7)[19]:
oT

2.Cop o V(2 VT )+Qqe (7

Where is Qqen the heat generated during the battery charging and discharging process, o, (J-K™)
is the battery density, Cp, b (J-kg*-K™) is the battery specific heat capacity, and 2, (W-m™-K™) is the
thermal conductivity of the battery.

The heat generated during battery charging and discharging is related to parameters such as
current, voltage, and battery state of charge (SOC). In this study, the discharge intensity is expressed by
the C-rate (C), which is defined as the measurement of the charge or discharge current normalized
against the battery's nominal capacity (e.g., a 1C rate dispatches the full rated capacity in one hour).
Using multiple experimental data, Li [20] fitted the experimental correlation between heat generation
and discharge time, given by Eq. (8). The polynomial coefficients are shown in Tab .1.

Quen = At + AtS+ Attd + A3+ At2+ At + A, (8)
Table 1
Polynomial coefficients of heat generation during the battery discharging process

Discharge rates AL Az As As As As Ar
1C 4.9132x1016 -3.7742x10%? 1.0679x108 -1.3417x10°  0.0076 -2.2208  17151.7482
2C 1.2578x1013  -4.8310x101°  6.8347x107  -4.2934x10* 0.1216 -17.763  66623.3365

2.3. Boundary conditions

The numerical model was developed and solved using the finite volume method within the
ANSYS Fluent environment. The battery pack was simulated at a constant 2C discharge rate, with each
cell treated as a uniform heat source. For the thermal environment, the ambient temperature was set to
25 °C, and natural convection was applied to the outer surfaces of the battery and the cold plate with a
heat transfer coefficient of 5 W-m=-K™!, while thermal radiation was neglected. Regarding the fluid
domain, the coolant inlet was defined as a mass flow inlet with a constant rate of 0.04 kg/s at 25 °C, and
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the outlet was set as a pressure outlet with a gauge pressure of 0 kPa. To resolve the near-wall flow,
Standard Wall Functions were employed, and the Viscous Heating option was enabled to account for
the thermal effects of fluid friction within the narrow channels. The interface between the fluid and solid
domains was configured as a no-slip wall with coupled thermal conditions to ensure accurate heat
transfer. Detailed material properties used in the simulation are provided in Tab. 2.

Table 2
Material properties used in the simulation.

arameters 40% Aluminum Battery [21] Thermal
P Ethanol Solution y pad
Density p
] 1055.39 2719 2090 2000
(kg-m®)
Heat capacity c;
3502 872 1014.4 1270
(-K* kg
Thermal
.. M=A=29.94
conductivity A 0.412 202.4 2
1 1.=1.696
(W-m?t.kt)
Dynamic viscosit
Y yu 0.00226
(kg-ms™)
Nominal Capacit
pactty 45
(Ah)
Nominal Voltage
J 3.2
V)
Charge Cut-off 36
Voltage (V) '
Discharge Cut-off 25
Voltage (V) '
Maximum charging <
current (A) -
Maximum discharge
<4
current (A) -
Internal resistance
<10

(mQ)




2.4. Performance Indicators

This study uses multiple performance indicators to describe the performance of the power battery
thermal management system. The maximum temperature T . (°C) of the battery and the standard
temperature deviation T_ (°C) are used to measure the temperature distribution characteristics of the
battery pack. The lower these two values, the more effective the cooling capacity of the liquid-cooled

plate is. The definition of T_is given by Eq. (9):

T J 20 (T~ Tas) )

’ n

Where T, is the average temperature of the battery pack, and T; is the average temperature of
each battery.

The flow pressure loss /AP (Pa) of the liquid cold plate and the comprehensive performance
evaluation factor (PEC) are important parameters for assessing the thermal performance of the cold plate.
PEC is typically expressed as the dimensionless heat transfer coefficient j ratio to the friction coefficient

f . The coefficient j represents the dimensionless surface heat transfer capability, while f is the
dimensionless surface friction coefficient, reflecting the channel's flow resistance. Their definitions are
as follows Eq. (10), Eq. (11), Eq. (12), Eq. (13):

aP= Pin - Pout (10)
PEC :% (11)
. Nu
j=—— (12)
Re-Pr3
- 2d2eAP (13)
Vin pL

Where P, (Pa) and P, (Pa)represent the inlet and outlet pressures. Nu represents the Nusselt
number, Re represents the Reynolds number, Pr represents the Prandtl constant.
Q (W)is the heat taken away by the coolant, as given by Eq. (14).
Q=Cp0n (Toue = Tin) (14)
Where q,, (kg-s?) is the mass flow rate at the inlet of the liquid cold plate, T,, (°C) and T, (°C)
are the inlet and outlet temperatures of the fluid.

2.5. Numerical Verification

To validate the numerical model, simulation results for lithium-ion battery thermal behavior were
compared with experimental data from a LiFePO. battery [20]. The experiment measured the average
temperature at five points on the battery during 1C and 2C discharge cycles. The simulation used the
same parameters. As shown in Fig. 2(a), the deviation between the simulated and experimental
maximum temperatures was less than 3% at both discharge rates, confirming the accuracy of the heat
generation calculations and the model's reliability.

2.6. Grid independence verification

The computational mesh was generated using Fluent Meshing. The computational mesh was
generated using Fluent Meshing with a Poly-Hexcore structure. To ensure numerical stability and
accuracy, the mesh quality was strictly controlled: the maximum skewness was kept below 0.7, the

6



minimum orthogonal quality exceeded 0.3, and the maximum aspect ratio was maintained within 40. To
accurately resolve the heat transfer at the fluid-solid interface, a three-layer prism boundary mesh was
implemented with a first-layer height of 0.18 mm and a growth rate of 1.1. A mesh independence
analysis was conducted to balance simulation accuracy and computational efficiency. Poly-Hexcore
cells were used at a 2C discharge rate with a 0.04 kg/s mass flow rate. As depicted in Fig. 2(b), it was
found that as the mesh count increased from approximately 2.2 million to 6.6 million, the average battery
temperature decreased by about 5%. Further increases in mesh count resulted in only a minor
temperature change of roughly 0.9%. Based on these results, a mesh count of 6,624,423 was selected as
the optimal size for the numerical simulations. This process was repeated for each cold plate design to

identify its specific optimal mesh size.
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Fig. 2. (a) Changes in battery heating rate over time at different discharge rates.(b) Relationship
between the average temperature of the battery and the number of grids.

3. Results and Discussion

3.1. Effect of liquid cooling plate structure

On the premise that the three flow channel structures have the same heat transfer area, a
comparative analysis was conducted on the thermal management performance of fishbone, serpentine
and parallel flow channels. By eliminating the influence of heat transfer area, the performance
differences can more directly reflect the effects of geometric structure and flow organization.

As illustrated in Fig. 3, the fishbone flow channel exhibits the most superior performance in terms
of cooling effect and temperature uniformity, with the maximum temperature Tmax reaching only
37.33 °C and the temperature standard deviation T, dropping to as low as 0.55 °C. Regarding the liquid
cooling plate performance, compared to the serpentine flow channel which generates an extremely high
pressure drop AP ,exceeding 100,000 Pa, the fishbone flow channel maintains a significantly lower AP
of only 4,929 Pa, effectively reducing the system's pumping power consumption. Furthermore, the
comprehensive performance evaluation factor PEC results indicate that the fishbone structure 0.056 far
outperforms the other two configurations. This fully demonstrates that the proposed optimization
scheme achieves an excellent balance between heat transfer enhancement and energy consumption,
showcasing its significant technical advantages.
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3.2. Effect of main channel tapering

The tapered main channel's design strategy is to reduce its width along the flow direction
gradually. The main channel width varies continuously, with the inlet fixed at 12mm. The outlet width
is denoted as D. The baseline cold plate has a uniform main channel width of D=12mm, while other
structures have outlet widths of D=6mm, D=4mm, and D=2mm, respectively.

As shown in Fig. 4(a), when the outlet width D is gradually decreased from 12 mm to 2 mm, the
maximum battery temperature T, initially decreases before slightly increasing. The observed values
are 37.33°C, 37.23°C, 37.19 °C, and 37.21 °C, respectively, indicating reductions of approximately
0.10°C, 0.14 °C, and 0.12 °C compared to the D=12 mm baseline. At D=2 mm, there is a slight increase,
suggesting that moderate tapering can enhance heat transfer by increasing flow velocity. Excessive
tapering may cause flow separation and localised heat buildup, restricting the cooling effect. The
temperature standard deviation T_ consistently decreases as D decreases, reaching 0.47 °C. At D=2 mm,
there is a 0.04 °C decrease from D=12 mm, indicating better temperature uniformity. As shown in Fig.
3(b), the pressure drop AP and heat transfer capacity Q increase as D decreases. When D=2 mm, AP
increases by 638.42 Pa compared to D=12mm, about 12%. Meanwhile, Q increases by 26.99 W, about
7%. The tapering barely affected the Performance Evaluation Criterion PEC, with a maximum increase
of only 0.7% observed at a main channel outlet width of D = 2 mm.
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Fig. 5 shows that as the cooling channel diameter D decreases, the high-temperature zone at the
end of the battery pack shrinks, and the temperature distribution becomes more uniform. This occurs
due to solid-solid conduction and solid-liquid convection between the batteries and the coolant, which
continuously dissipates heat [22]. As shown in Fig. 6(a), a smaller D (4 mm and 2 mm) significantly
lowers the coolant temperature at the channel's end, increasing the temperature difference with the
battery surface and boosting heat transfer. Additionally, as illustrated in Fig. 6(b), a minor D raises the
flow velocity in the downstream section of the main channel. According to the continuity equation, the
reduced cross-sectional area velocity up the flow, thins the boundary layer, and enhances convective
heat transfer between the channel wall and the adjacent battery surfaces. For a tapered main runner with
D =2 mm, the cooling fluid flow becomes more concentrated, leading to intensified heat exchange in
localized regions. As a result, some areas of the battery are not sufficiently cooled, which in turn causes
a higher maximum battery temperature [23].For D less than 6 mm, the heat transfer performance
improvement outweighs the pressure drop increase, enhancing the PEC and slightly boosting overall
performance.

/////////////////////
\\\\\\\\\\\\\\\\\\\

Fig. 6 Effect of D on the coolant: (a) Temperature and (b) Velocity distribution.
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3.3. Effect of reducing the width of the rear branch flow channel

To improve heat transfer, this design reduces the width of the downstream branches while keeping
the heat exchange area relatively constant. The main channel width is fixed at 12 mm, and the baseline
branch width is 4 mm. For the optimized design, the width of the branches near the outlet is reduced,
while the branches near the inlet remain 4 mm wide. The width of the branches near the outlet is denoted
as W. Table 3 provides the detailed structural parameters.

Table3

Structural parameters for reducing the width of the rear branch of the fishbone flow channel.
aats o Nt rarbrarn i (o) e
W=4mm 12mm 48 4 0.0252
W=3mm 12mm 56 3 0.0252
W=2mm 12mm 72 2 0.0253
W=4-2mm 12mm 66 3.5,3,2.52 0.0257

As shown in Fig.7, performance changes are observed with a reduction in branch channel width.
Compared to the W=4 mm configuration, the battery pack T, does not change significantly. However,
for both the W=2 mm and W=4-2 mm designs, T_ decreases by 0.05 °C. The changes in AP andQ are
also minimal. Additionally, the W=4-2 mm configuration, the Q and PEC decreased by 3% and 6%,

respectively.
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Fig. 7. Effect of W on system performance. (a) battery pack T,., and T, . (b) liquid cooling plate
AP, Q and PEC.

As shown in Fig. 8, the W=2 mm and W=4-2 mm designs reduced the high-temperature regions at
the end of the battery pack, indicating improved heat transfer performance in the downstream channels.
Fig.9 further elucidate this phenomenon: while the overall high-temperature area of the coolant showed
little change, the increased flow velocity in the downstream channels (particularly in the branches near
the outlet) lowered the local coolant temperature. This enhanced local convective heat transfer and
reduced the temperature gradient. However, these localized improvements contributed little to the
overall system's heat exchange, so reducing the branch width had a minor impact on the total BTMS
performance.
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3.4. Effect of adding branch channels

Adding two branch channels at the inlet redirects some cold fluid to the downstream section. This
effectively improves coolant distribution within the channels and further boosts the cooling
performance. In this study, abbreviate the width of the added branch as L. Four branch widths were
chosen: L=2 mm, L=4 mm, and L=6 mm, with L=0 mm representing the baseline liquid cold plate.

As depicted in Fig. 10, as L increases, T,,, gradually decreases to 37.01 °C, 36.87 °C, and 36.79
°C, representing reductions of 0.32 °C, 0.46 °C, and 0.54 °C compared to the L=0 mm baseline. T_ first
increases and then decreases, with values of 0.53 °C and 0.52 °C at L=4 mm and L=6 mm, which are
reductions of 0.02 °C and 0.03 °C, respectively. AP also decreases as L increases. The AP for the L=6
mm structure is 4064.77 Pa, a reduction of 864.57 Pa compared to the D=0 mm baseline, representing a
decrease of approximately 18%. Conversely, bothQ and PEC increase as L grows. At L=6 mm, Q and
PEC are 372.04 W and 0.65, respectively. This shows an increase of 9.14 W and 0.0085 compared to

11



the D=0 mm baseline, representing approximately 3% and 15% increases. This indicates that adding
diversion branches increases the heat transfer rate and significantly improves the heat transfer efficiency
with the same pumping power.

As shown in Fig. 11 and Fig. 12(a), the high-temperature regions of the battery pack are
significantly reduced as the branch width L increases. This effect works together with a more uniform
coolant temperature distribution. Specifically, wider branches promote a more balanced coolant flow
inside the battery pack, preventing localized overheating and enhancing heat removal. Fig. 12(b) shows
that adding the branches decreases the flow velocity near the main channel. In contrast, the velocity
inside the branches increases, leading to more uniform flow distribution within the channels. Although
this adjustment partly weakens the convective heat transfer in specific areas, the added branches
effectively expand the heat transfer area of the cold plate. At the same time, a reasonable flow velocity
distribution improves coolant coverage. It increases residence time in heat-concentrated regions [24],
enabling more complete heat exchange with the battery surface and effectively removing accumulated
heat. Without branch channels, the coolant is concentrated in the main channel, forcing it to flow at a
high velocity and causing a significant pressure drop due to increased frictional losses. As L increases
from 4mm to 6mm, the flow distribution stabilizes, leading to minimal changes in coolant temperature
and velocity and thus, no significant improvement in cooling.
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Fig. 10. Effect of L on system performance. (a) battery pack T, and T, . (b) liquid cooling
plate. AP, Q and PEC.
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4. Conclusions

This study optimized the fishbone-shaped liquid cold plate through three strategies to enhance the
thermal management of a battery pack. The main findings are summarized as follows:

(1) Tapering the main channel effectively reduces both T, and T, . The lowest T, of 37.19
°C is achieved at D=4mm, representing a reduction of 0.14 °C compared to the baseline. At D=2mm,
T, reaches its minimum of 0.51°C, which is a decrease of 0.04 °C. However, AP increases by 12%.
Although Q increases by 7%, the PEC only improves by 0.7%.

(2) Reducing the downstream branch width has no significant impact on T, , AP, or Q. In the
W=4-2mm configuration, T_ is 0.50 °C, which represents a reduction of 0.05 °C. However, this
strategy leads to a 3% decrease in Q and a 6% decrease in the PEC, indicating a decline in overall
efficiency.

(3) Adding branch channels is the most effective strategy for enhancing thermal performance
while improving energy efficiency. As the branch length L increases, both T, and T_ continuously
decrease. At L=6 mm, T_,, is 36.79 °C, which is 0.54 °C lower than the baseline, and T, is 0.52 °C,
showing an improvement of 0.03 °C. Simultaneously, AP is reduced by 17%, while Q and PEC
increase by 3% and 15% respectively, demonstrating superior overall thermal management
performance.
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C discharge rate
Cp specific heat[J-K™]
D outlet widths[mm]
de hydraulic diameter
f resistance coefficient
Q the heat taken away by the coolant[W]
Om mass flow rate
Qgen heat generated during the battery charging
] heat transfer coefficient
L width of the added branch[mm]
Nu Nusselt Number
PEC comprehensive performance evaluation factor
h heat transfer coefficient{W-m2 -K-1]
Re Reynolds number
T temperature[K]
Tmax maximum battery temperature[°C]
Ts standard temperature deviation[°C]
0 velocity[m/s]
W width of rear branch of the fishbone channel[mm]
AP pressure drops [Pa]
Greek symbols
p density [kg-m3]
A thermal conductivity[W-m*-K-1]
u dynamic viscosity coefficient[N-s-m]
Subscripts
b battery
in inlet
max maximum
out outlet
Acronyms
BTMS battery thermal management system
EVs electric vehicles
LIBs lithium-ion batteries
PCM phase change material
SOC state of charge
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