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Abstract: For a bottom-liquid-cooled battery thermal management system (BTMS), the small contact
area between the battery bottom and the cold plate leads to a large temperature difference in the
battery height direction. In addition, the increase in coolant temperature from the inlet to the outlet
results in an excessive temperature difference in the battery module in the coolant flow direction. In
order to solve the above issues, a wavy channel was first designed to strengthen the heat exchange
between the battery bottom and the cold plate. The maximum battery module temperature for
the wavy-channel design is 29.61 ◦C, which is a reduction of 1.75 ◦C compared to the straight-
channel design. Then, the transverse temperature difference in the battery module was reduced by
introducing a composite-channel design. Finally, on the basis of the composite channel, phase change
material (PCM) was added to the battery’s top surface to reduce the temperature difference in the
battery height direction. The results show that the maximum temperature and maximum temperature
difference in the battery module of the composite-channel/PCM design proposed in this study are
reduced by 6.8% and 41%, respectively, compared with the conventional straight-channel design.

Keywords: BTMS; wavy channel; composite channel; phase change material; temperature uniformity

1. Introduction

To better control the maximum temperature and temperature uniformity of lithium-ion
batteries, a large number of scholars have proposed various battery thermal management
systems (BTMSs) [1–3]. Based on different cooling methods, BTMSs mainly involve air cool-
ing [4,5], liquid cooling [6,7], phase change material cooling [8] and coupled cooling [9–11],
which are implemented in various ways. Liquid cooling is widely applied due to its good
cooling effect and high technological maturity [12]. Figure 1 shows that the liquid-cooled
BTMS mainly includes the battery and the cold plate, in which the arrangement of the cold
plate mainly comes in two forms. One is the cold plate placed between two batteries, which
is defined as the side-liquid-cooled BTMS. The other is the cold plate placed on the bottom
of the battery module, which is defined as the bottom-liquid-cooled BTMS.

In recent years, many researchers have reported on the side-liquid-cooled BTMS.
Rao et al. [13] proposed a mini-channel cold plate. The influence of the inlet mass flow
rate, flow direction, channel number and channel width on the battery temperature was
investigated. The results indicated that the battery temperature can be well controlled
with five channels. Considering that a rise in the coolant temperature in the flow direction
leads to a decrease in its heat transfer capacity, Rao et al. [14] further developed a wedge-
shaped channel to improve the heat transfer performance of the downstream channel. By
investigating parameters such as the aspect ratio of the outlet, the inlet flow rate and the
branching structure, it was found that the wedge-shaped channel possesses good cooling
efficiency and temperature uniformity. To reduce the maximum battery temperature
difference (4Tmax) and the pressure drop simultaneously, the authors of [15] designed a
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divergent-shaped-channel cold plate, with the cross-sectional area of the channel increasing
in the flow direction. The downstream flow velocity is reduced, while the heat transfer of
the downstream channel is enhanced, thus reducing the flow resistance. To further reduce
the battery temperature difference, Sheng et al. [16] reported a serpentine channel cold
plate with a dual inlet and outlet. The results showed that the channel width has a greater
effect on the temperature uniformity and system energy consumption and a smaller effect
on the maximum battery temperature.
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Figure 1. Schematic diagram of (a) the side-liquid-cooled BTMS; (b) the bottom-liquid-cooled BTMS.

Many scholars have also investigated the thermal performance of battery modules
based on the side-liquid-cooled BTMS. Deng et al. [17] investigated the thermal performance
of a battery module consisting of four batteries and five cold plates under 3 C and 5 C
discharges. It was discovered that the middle battery was hotter, and more heat dissipation
channels should be provided. Ding et al. [18] studied a BTMS with rectangular and
circular flow channels. The results indicated that a lower Tmax was achieved using a
rectangular channel. Xu et al. [19] analyzed the difference between U-shaped channels and
serpentine channels. The results suggested that the serpentine channel performed better in
reducing the maximum temperature difference in the battery module. In the case of a 3 C
discharge, the4Tmax of the battery was 3.74 ◦C, which was 0.26 ◦C smaller than that of the
U-shaped channel.

The battery’s side area is several times larger than its bottom area, resulting in a much
higher heat transfer efficiency between the battery and the cold plate in a side-liquid-cooled
BTMS than in a bottom-liquid-cooled BTMS. However, the cold plate is placed between
two batteries, so there is a potential battery safety issue caused by coolant leakage. The
bottom-liquid-cooled BTMS effectively avoids this issue, is safer and has been practically
applied in vehicles such as GM Bolt, BMW i3 and Rongwei ERX5. The bottom-liquid-cooled
BTMS has meanwhile gained a lot of attention from researchers. Xu et al. [20] designed
a cold plate with splitters. Five structural factors of the splitters were investigated using
orthogonal experiments. Chung et al. [21] reported that the large thermal resistance in the
height direction of the battery was one of the main factors that hindered the efficient heat
dissipation of the battery. In response to the large temperature difference in large battery
modules, Chen et al. [6] proposed a parallel bi-directional microchannel cold plate for
large battery modules, which reduced the temperature difference and energy consumption
of the module by 52% and 82%, respectively, compared with the conventional structure.
Li et al. [22] proposed a U-shaped liquid-cooled BTMS with heat pipes, which utilizes
heat pipes to export the accumulated heat inside the battery module and cool it uniformly
through a cold plate. Compared to the cold plate without heat pipes, the average battery
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module temperature was decreased by 7.66%, and the maximum temperature difference
was reduced by 73.02%.

The profile of the channel significantly affects the cooling performance of the cold plate.
Therefore, to enhance the heat dissipation capacity of the conventional straight channel,
numerous novel channel designs have been proposed, such as leaf-like channels [23–26],
tree-like channels [27,28], topological channels [29,30] and spiral channels [31,32]. Although
the advantages of these novel channel designs have been demonstrated in terms of reducing
the maximum battery temperature and improving the battery temperature uniformity,
from the application point of view, these novel channel designs are quite complex, which
increases the cost and creates some obstacles to practical application. As a result, the
conventional straight channel is used more widely in the literature.

However, the bottom-liquid-cooled BTMS design has the following two issues. On the
one hand, the small area of the battery bottom limits the heat exchange efficiency between
the battery and the cold plate, resulting in a large temperature difference in the height
direction of the battery. On the other hand, the large temperature difference between the
coolant inlet and outlet leads to an excessive temperature difference in the battery module
in the coolant flow direction. In this study, a wavy-channel cold plate is proposed in order
to reduce the maximum temperature of the battery module and to strengthen the heat
exchange between the battery and the cold plate. Compared with the above-mentioned
channel designs, the wavy channel is simple, making its practical application easy. In
order to reduce the temperature difference in the battery module in the direction of coolant
flow, a composite channel was designed. Finally, on the basis of the composite channel,
phase change material (PCM) was added to the top of the battery to further reduce the
temperature difference in the battery height direction.

2. Model
2.1. Geometry

The model geometry includes the battery, aluminum plate and cold plate. As the
part marked by the yellow dashed line in Figure 2a, a repetitive unit was selected as the
calculation domain in this study due to the symmetry. Figure 2b,c show the schematic
diagrams of the conventional straight channel and the wavy channel, respectively. The
detailed dimensions of the wavy channel are shown in Figure 2d. The model parameters
are shown in Table 1. In addition, the batteries are labeled as 1 to 12 in order along the
direction of coolant flow, as shown in Figure 2d.

Table 1. Model parameters [33,34].

Parameters PCM (RT27) Battery Aluminum Coolant

Specific heat capacity
(J kg−1 K−1)

2400 (Solid Phase)
1800 (Liquid Phase) 1633 871 4182

Thermal conductivity
(W m−1 K−1)

0.24 (Solid Phase)
0.15 (Liquid Phase) 29/29/1 202.4 0.6

Density (kg m−3)
870 (Solid Phase)

760 (Liquid Phase) 2136.8 2719 998.2

Viscosity of liquid phase
(kg m−1 s−1) 0.00324 0.001003

Latent heat of phase change of PCM
(J kg−1 K−1) 179,000

Phase change temperature (◦C) 28
Phase change interval (◦C) 2
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2.2. Equations and Boundary Conditions

Based on the coolant inlet rate, density, viscosity and characteristic length, the Reynolds
number is 133, which is much less than 2300. Therefore, the laminar flow model was used
for the coolant region [35].

The equations in the coolant region are:
Continuity equation:

∂ρw

∂t
= ∇ · (ρw

→
vw) (1)

Momentum equation:

ρw
∂
→
vw

∂t
+ ρw(

→
vw · ∇)

→
vw = −∇pw + µw∇2→vw (2)

Energy conservation equation:

ρwCp,w
∂Tw

∂t
+∇ · (ρwCp,w

→
vwTw) = ∇ · (kw∇Tw) (3)

where ρw, Cp,w, Tw, µw and kw in the above equation represent the density (kg m−3),
specific heat capacity (J kg−1 K−1), temperature (K), kinetic viscosity (pa·s) and thermal
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conductivity (W m−1 K−1) of the coolant, respectively. vw represents the velocity vector of
the coolant.

The equation of energy conservation in the battery region is:

ρbatCp,bat
∂T
∂t

= kbat∇2Tbat + q (4)

where ρbat, Cp,bat, Cp,bat and Tbat in the above equation are the density (kg m−3), specific
heat capacity (J kg−1 K−1), thermal conductivity (W m−1 K−1), and temperature (K) of the
battery, respectively. q (W m−3) is the heat source of the battery.

The analysis of heat transfer processes in the PCM region uses the enthalpy-porosity
method [36]:

∂(ρpcmHpcm)

∂t
+∇ · (ρpcm

→
u Hpcm) = kpcm∇2Tpcm (5)

Hpcm = h0 +
∫ T

T0

Cp,pcmdT+βγ (6)

where ρpcm, kpcm, Tpcm, Hpcm and γ represent the density, thermal conductivity, tempera-
ture, enthalpy (J) and latent heat of phase change (J kg−1 K−1) of the PCM, respectively.
h0 and Cp,pcm represent the reference enthalpy and the specific heat capacity of the PCM,
respectively. In addition, since the thermal properties of the PCM are largely determined
by its state, the liquid-phase volume (β) can be given as follows:

β = 0 Tpcm ≤ Ts

β = 1 Tpcm ≥ Tl

β =
Tpcm−Ts

Tl−Ts
Ts < Tpcm < Tl

(7)

where Ts and Tl represent the onset and termination temperatures of the phase transition
of the PCM, respectively. In addition, the natural convection of the phase change material
is described by the continuity equation and the momentum equation [36].

∇ · (ρ→u ) = 0 (8)

∂(ρ
→
u )

∂t
+∇ · (ρ→u→u ) = −∇p +∇ · τ + ρα[1− ξ(T − T0)]

→
g +

(1− β)2

β2 + 0.001
Amush

→
u (9)

In the above equation, τ is the stress tensor, ρα represents the density of the PCM at
ambient temperature, ξ is the coefficient of thermal expansion with a value of 0.0008161 K−1,
and Amush is the fuzzy region constant with a value of 105.

The energy equation for the aluminum plate region is represented by the follow-
ing equation:

ρalCp,al
∂Tal
∂t

= kal∇2Tal (10)

where ρal, Cp,al, kal and Tal in the above equation are the density (kg m−3), specific heat
capacity (J kg−1 K−1), thermal conductivity (W m−1 K−1) and temperature (K) of the
aluminum plate, respectively.

The initial temperature of each component of the model is set to 25 ◦C. The inlet
temperature is 25 ◦C. The coolant flow rate at the inlet is set to 1 g/s, and the direction is
perpendicular to the inlet boundary. The boundary equation between the components can
be expressed as follows:

− kw
∂Tw

∂n
= −kbat

∂Tbat
∂n

= −ki
∂Ti
∂n

(11)
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2.3. Model Validation

In this study, Fluent was used to build the above model. The SIMPLE algorithm and
second-order windward format were selected to solve the model [37]. The relaxation factor
was the default value, and the standard initialization method was adopted to initialize the
model. In addition, in order to verify the grid independence, five models with different
numbers of grids were built, as shown in Table 2. The effect of the number of grids on the
results is illustrated in Figure 3. As shown in Figure 3, when the grid number is increased
from 2,524,904 to 3,041,312, the changes in Tgmax and 4Tgmax of the battery module are
less than 0.2%. Therefore, a grid number of 2,524,904 meets the accuracy requirement, and
the grid parameter setting was adopted for the other models. To further verify the accuracy
of the model, a model was established using the parameters reported in Reference [34], as
shown in Table 1. The discharge rate was 2.5 C, and the initial temperature of the model
was 25 ◦C. All boundaries were adiabatic. The calculated data agreed with the measured
data, and the error remained within 5%, as shown in Figure 4, which proves the accuracy
of the model.
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Table 2. Grid independence verification.

Mesh 1 Mesh 2 Mesh 3 Mesh 4 Mesh 5

Number of meshes 414640 845958 1313585 2524904 3041312

3. Results and Discussion
3.1. Wavy-Channel Design

Figure 5 shows the temperature distribution of the battery module. It is obvious
that the temperature distributions of the two designs are similar. The lowest temperature
is located at the bottom of battery 1 near the coolant inlet, and the highest temperature
appears at the top of battery 12 near the coolant outlet. In addition, the maximum bat-
tery module temperature Tgmax for the wavy-channel design is 29.61 ◦C, a reduction of
1.75 ◦C compared to the straight-channel design. The reason is that, on the one hand, the
wavy channel increases the heat transfer area between the coolant and the cold plate, which
in turn enhances the cooling performance of the cold plate. On the other hand, as shown
in Figure 6, it is difficult to transfer heat to the center of the straight channel due to the
large heat resistance of the boundary layer. For the wavy channel, when the coolant flows
along the channel, the secondary flow (Dean vortex) is generated due to the centrifugal
force, which promotes the mixing of hot and cold fluids in the channel and strengthens the
heat transfer.
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Figure 7 compares the 4Tmax and Tmax of each battery for the two designs. It is
clear that the Tmax of each battery with the wavy-channel design is lower than that of
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the straight-channel design. For example, the Tmax of battery 1 near the inlet of the
wavy-channel design is 28.86 ◦C, which is 1.16 ◦C lower than that of the straight-channel
design. In addition, it can be found that the Tmax of the battery gradually increases
along the coolant flow direction. For instance, the Tmax of battery 1 near the inlet is
28.67 ◦C, while the Tmax of battery 12 near the outlet is 29.59 ◦C. In terms of 4Tmax,
the difference in 4Tmax between the two designs is not significant. The 4Tmax values
for battery 1, battery 6 and battery 12 are 2.54 ◦C, 2.51 ◦C and 2.45 ◦C for the straight-
channel design, respectively, which are 2.46 ◦C, 2.42 ◦C and 2.44 ◦C for the wavy-channel
design, respectively.
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Figure 7. The maximum temperature difference (4Tmax) and maximum temperature (Tmax) of
each battery.

3.2. Composite-Channel Design

For the wavy-channel design, the temperature inhomogeneity of the battery module
is mainly reflected in two directions: the height direction of the battery, which is defined
as the longitudinal temperature difference, and the flow direction of the coolant, which is
defined as the transverse temperature difference. Because the coolant temperature is lowest
at the inlet, the minimum temperature of the battery module occurs near the coolant inlet
region. To improve the minimum temperature of the battery module, a composite-channel
design is proposed, as shown in Figure 8. The front end of the composite channel is a
straight channel, and the rear end is a wavy channel, where the straight-channel length
is denoted by d. To study the effect of straight-channel length, models with d of 31 mm,
46 mm and 61 mm were developed and are described in this section.
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As shown in Figure 9, as the straight-channel length d increases, the maximum tem-
perature of the battery near the inlet gradually increases. When d increases from 31 mm
to 61 mm, the maximum temperature of battery 1 increases from 29.04 ◦C to 29.39 ◦C, as
shown in Figure 10b. This is due to the fact that the heat transfer capacity of the straight
channel is weaker than that of the wavy channel, so the longer the straight channel, the
worse the cooling effect of the battery near the inlet region. In addition, as shown in
Figure 10, the temperature uniformity between batteries increases as d increases. When
d = 61 mm, the difference between the lowest temperatures Tmin of battery 1 and battery
12 is 0.39 ◦C, which is much smaller than 1.03 ◦C for the wavy channel, and the difference
between the maximum temperatures Tmax of battery 1 and battery 12 is 0.26 ◦C, which is
much smaller than 0.94 ◦C for the wavy channel.
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Figure 11 presents the variation in the maximum temperature Tgmax and the maximum
temperature difference4Tgmax of the battery module. On the one hand,4Tgmax decreases
continuously as the value of d increases. 4Tgmax is only 2.81 ◦C for the d = 61 mm
composite channel, which is 0.65 ◦C less than the 3.46 ◦C of the wavy channel. On the
other hand, the straight-channel length in the composite channel has a negligible effect
on the maximum temperature of the battery module. Therefore, the composite-channel
design significantly improves the temperature uniformity of the battery module, and the
recommended straight-channel length d is 61 mm.
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3.3. Composite-Channel/PCM Design

Although the composite-channel design reduces the transverse temperature differ-
ence in the battery module, the longitudinal temperature difference in the battery height
direction is still large, with a low temperature at the bottom of the battery and a high
temperature at the top, as shown in Figure 9. This is because the heat transfers from the
battery top to the coolant over a long distance with large thermal resistance, which results
in slow heat dissipation and a high temperature at the top of the battery. Therefore, a
composite-channel/phase change material (PCM) design is proposed in this section. PCM
with a thickness of 2 mm is added to the top of each battery based on the composite-channel
design, as shown in Figure 12. As shown in Figure 9, the maximum temperature of the
battery is about 29 ◦C. Thus, RT27 paraffin wax was selected as the PCM, with a phase
change temperature of 28 ◦C. When the temperature reaches the phase change tempera-
ture during battery discharge, the PCM will melt and quickly absorb the heat generated
by the battery, which in turn reduces the maximum battery temperature. As shown in
Figure 13, Tmax per battery for the composite-channel/PCM design is significantly lower
than that for the composite-channel design. The temperature difference per battery for
the composite-channel/PCM design is also significantly improved due to the reduction
in Tmax. In addition, for the composite-channel/PCM design, the maximum temperature
of the battery module is 29.22 ◦C, a reduction of 6.8% compared with the conventional
straight-channel design (31.36 ◦C). Meanwhile, the maximum temperature difference in the
battery module is 4.08 ◦C for the conventional straight-channel design, which is reduced
by 41% for the composite-channel/PCM design (2.4 ◦C).
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4. Conclusions and Future Work

In this work, a wavy channel is proposed to strengthen the heat exchange capacity of
the cold plate. To further reduce the temperature difference in the battery module in the
coolant flow direction, a composite channel was designed. Finally, in order to reduce the
temperature difference in the height direction of the battery, PCM is added to the top of the
battery on the basis of the composite channel. The main conclusions obtained are as follows:

(1) The wavy-channel design significantly strengthens the heat transfer between the
battery bottom and the cold plate. The maximum battery module temperature
Tgmax for the wavy channel is 29.61 ◦C, a reduction of 1.75 ◦C compared to the
straight-channel design.

(2) The composite-channel design significantly enhances the temperature uniformity
between batteries.
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(3) The straight-channel length in the composite channel has a significant effect on the
maximum temperature difference in the battery module.

(4) Adding the PCM to the top of the battery significantly reduces the maximum tem-
perature of the batteries, which in turn improves the temperature uniformity in the
height direction of the battery.

Future work will include the optimization of the composite-channel/PCM design.
There are many parameters influencing the cooling performance of the cold plate, such as
the straight-channel length, cross-sectional shape, turning angle, wavelength and ampli-
tude, and PCM thickness. Therefore, optimizing this many parameters of the composite-
channel/PCM design is a challenge, which will be studied in the following work.
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