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A new design of minichannel cooling is developed for battery thermal management system.
Parametric studies of minichannel cooling for a cell are conducted at different discharge rates.
Minichannel cooling can maintain almost uniform temperature (Tdiff < 1 °C).
Pumping power assumption is only about 5 milliwatt.
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A B S T R A C T

Lithium-ion batteries are widely used for battery electric (all-electric) vehicles (BEV) and hybrid electric vehicles (HEV) due to their high energy and power density. An battery thermal management system
(BTMS) is crucial for the performance, lifetime, and safety of lithium-ion batteries. In this paper, a novel
design of BTMS based on aluminum minichannel tubes is developed and applied on a single prismatic
Li-ion cell under different discharge rates. Parametric studies are conducted to investigate the performance of the BTMS using different ﬂow rates and conﬁgurations. With minichannel cooling, the maximum
cell temperature at a discharge rate of 1C is less than 27.8 °C, and the temperature difference across the
cell is less than 0.80 °C using ﬂow rate at 0.20 L/min, at the expense of 8.69e-6 W pumping power. At
higher discharge rates, e.g., 1.5C and 2C, higher ﬂow rates are required to maintain the same temperature rise and temperature difference. The ﬂow rate needed is 0.8 L/min for 1.5C and 2.0 L/min for 2C, while
the required pumping power is 4.23e-4 W and 5.27e-3 W, respectively. The uniform temperature distribution (<1 °C) inside the single cell and eﬃcient pumping power demonstrate that the minichannel cooling
system provides a promising solution for the BTMS.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction
While the traditional transportation vehicle with an internal combustion engine contributes about 13% of annual world greenhouse
gas (GHG) emissions [1], battery electric vehicles (BEV) and hybrid
electric vehicles (HEV) are emerging replacements for traditional
vehicles to reduce GHG emissions [2]. EVs and HEVs are not only
cleaner and more environmentally friendly, but are also more economically effective as the operating cost is reduced dramatically [3].
Due to their high energy density, high power density, long life, and
environmental friendliness, Li-ion batteries are widely used for BEVs
and HEVs. However, poor performance at low temperature, degradation of electrodes at high temperature, and safety issues due to
thermal runaway associated with the Li-ion batteries will directly
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inﬂuence the performance, cost, reliability, and safety of EVs. Therefore, a battery thermal management system (BTMS) is crucial for
the EVs [4–10].
During thermal management study for lithium-ion batteries, adequate knowledge of heat generation and thermal behavior inside
the battery is required to predict battery temperature. Studies have
been done on the thermal modeling of batteries at different operating conditions, i.e., at normal discharge rates and thermal abuses
[8,11–20]. For normal operating conditions, Pesaran et al. [11] developed a lumped capacitance battery thermal model to predict the
thermal performance and impact of the temperature on vehicle level
performance. Based on this lumped model, the thermal behavior
of modules and packs were evaluated. In another study by Chen et al.
[12], a detailed three-dimensional thermal model was developed
to examine the thermal behavior of a lithium-ion battery, considering the layered-structure of the cell stacks, the case of a battery
pack, and the gap between both elements. Using this detailed model,
the asymmetric temperature proﬁle and the anomaly of temperature
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distribution on the surface can be simulated precisely. Besides these
modeling techniques for normal conditions, different models were
also developed for oven exposure testing. A one-dimensional predictive model for a 18,650 lithium-ion cell was developed by
Hatchard et al. using the kinetics of jelly-roll material decomposition reactions [13]. To consider geometrical features, a threedimensional model was developed by Kim et al. to determine the
local hot spot propagation through the cell [14]. Their results showed
that cell size greatly affected the thermal behavior of a cell due to
different heat transfer area per unit volume. Guo et al. proposed
another three-dimensional model to predict the thermal abuse performances of lithium-ion batteries with high capacity, and analyzed
the temperature distribution under the abuse conditions [15]. The
model predictions were compared to experimental test results and
a good agreement was observed. For other abuse situations, thermal
modeling for the battery pack has also been developed in a onedimensional lumped model [16] and further in a three-dimensional
model [17]. Thermal runaway caused by nail penetration was experimentally studied by Doh et al. [18] and Chiu et al. [19], who also
modeled the complex reactions and mechanisms during the thermal
runaway.
With profound understanding of the thermal behavior of battery
cells at different operating conditions, different battery thermal management systems (BTMS), e.g., air cooling, liquid cooling, and phase
change material (PCM) cooling, have been applied to avoid the safety
issues from thermal aspect and to maintain the optimal operating
temperature. Forced air cooling with different structures has been
applied by manipulating the position of the air-inlet and the airoutlet along with longitudinal or horizontal battery packs [21–26].
However, compared with the effectiveness of passive cooling by PCM,
the active forced air cooling is not a proper thermal management
system to keep the temperature of the cell in the desirable operating range without expending signiﬁcant fan power [27]. Another
advantage of the PCM cooling is that the heat generated during the
discharge can be stored as latent heat in the PCM and transferred
back to the cell module during the relaxation. Therefore, the battery
temperature can be kept above the environment temperature, which
can increase the overall energy eﬃciency of the battery system
[28–31]. Compared with the PCM cooling and air cooling, liquid
cooling systems can provide more effective heat transfer with different channel designs [32–34]. The cold-plate structure of the S-type
with guide plates was introduced by Zhang et al. to avoid the heat
concentration and increase the heat transfer area [32]. To enhance
the performance of the conventional channel with minimum pressure penalty, an oblique minichannel liquid cold plate was developed
by Jin et al. to cool down the EV batteries without over-designing
the cooling system [33]. In spite of these studies, a safer and more
cost-effective thermal management system is still required.
In the present study, a new battery thermal management system
using aluminum minichannel tubes was designed. Different designs
of tube systems were parametrically studied at different discharging rates. The numerical modeling of the battery and cooling system
design is introduced in the next section. To examine the performance of this BTMS at different discharge rates, different designs
of tube systems are applied and the results are shown in the third
section. The conclusion on the applicability of the minichannels
cooling system is given in the last section.
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(e) Details of the minichannel geometry

Fig. 1. Different designs of minichannel cooling system: (a) one strip with four
minichannels; (b) one strip with eight minichannels; (c) two strips with four
minichannels each; and (d) four strips with four minichannels each (blue arrows
indicate the inﬂow direction and orange ones represent outﬂow direction); (e) details
of the minichannel geometry.

55 Ampere-hours. The heat generation inside battery is assumed
uniform, but the thermal conductivity is anisotropic. Other properties of the battery are assumed homogenous. The aluminum
minichannel tubes wrap around three sides of the battery, as shown
in Fig. 1(a)–(d). The geometry of the tubes is shown in Fig. 1(e): the
height of channel (h) is 3 mm, and width (w) is 3 mm. The thickness
of aluminum between the outer surface and channel (δ) is 1 mm, and
the thickness between two neighbor channels will be twice δ [35].
With this minichannel cooling system, the temperature distribution
across the battery is studied at different discharge rates. The desired
temperature range for battery performance is between 15 °C and 35 °C
[36]. If the battery temperature is below this range, battery performance
will be lowered due to poor ion transport. On the other hand, a temperature higher than that range will cause faster side reactions, leading
to higher dissipation rates of cyclable lithium and active materials.

2. Method
2.2. Governing equations
2.1. Physical problem
The computational domain consists of a prismatic geometry as
the representative of one single battery cell, the minichannel cooling
system, and the ﬂuid. The dimensions for the cell are 173 mm (z: height)
by 168 mm (x: width) by 39 mm (y: depth), and the capacity is

The energy conservation equation of the battery cell is given as
follows:

ρbC b

∂Tb ∂ ⎛ ∂Tb ⎞ ∂ ⎛ ∂Tb ⎞ ∂ ⎛ ∂Tb ⎞
+ ⎜ kz
= ⎜ kx
ky
⎟ + Qb
⎟+
∂t ∂x ⎝ ∂x ⎠ ∂y ⎜⎝ ∂y ⎟⎠ ∂z ⎝ ∂z ⎠

(1)
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Table 1
Material properties [13,19].
Parameter

Aluminum

Battery

k (W m−1 K−1)
ρ (kg m−3)
Cp (J kg−1 K−1)

238
2700
900

3.4 (cross-plane)/34.0 (in plane)
1700
830

Table 2
Heat generation rate of 55 Ah lithium-ion battery monomer at different discharge
rates [22].
Discharge rate

1C

1.5C

2C

Heat generation rate Qb (W)

7.60

15.60

23.89

where ρb and Cb are the average density and average speciﬁc heat
of the battery, respectively; kx, kz are the in-plane thermal conductivity along the width and height direction, and ky is the crossplane thermal conductivity in the depth direction. These battery
material parameters are given in Table 1 [13,19]. Qb is the uniform
volumetric heat generation rate across the whole battery. Its value
at different discharge rates for the lumped model of a single cell is
extracted from Xu’s work [22], as listed in Table 2.
Liquid water is used as the cooling ﬂuid inside the aluminum
minichannels. The energy conservation equation for water is:

ρw C w


∂Tw
+ ∇ ⋅ ( ρwC w vTw ) = ∇ ⋅ (kw ∇Tw )
∂t

(2)

where ρw, Cw and kw are the average density, speciﬁc heat and thermal
conductivity of water, respectively. Tw is the water temperature and

v is the velocity vector of water. The motion of incompressible
liquid water is governed by the mass and momentum conservation equations:


∇⋅v = 0

(3)


⎤

⎡ ∂v 
ρw ⎢ + ( v ⋅∇ ) v ⎥ = −∇P + μ∇ 2v
⎣ ∂t
⎦

(4)

where P and μ are the static pressure and dynamic viscosity of water.
2.3. Initial and boundary conditions
The initial temperatures of the battery, the cooling channels, and
the water are set at 27 °C. At ﬂow inlets, the velocity and temperature of water are assumed to be uniform and constant. For the ﬂow
outlet, a constant zero pressure is speciﬁed and an outﬂow boundary condition is used for energy equations. No slip boundary
condition is used for the inside surfaces of minichannels. Thermal
contact resistance between aluminum minichannels and the battery
is not taken into consideration in this study. Since the battery is
usually located in a narrow and tight space, the air surrounding the
battery can be quickly heated up without effective ventilation. Therefore, in this study, convective cooling by surrounding air is assumed
to be negligible in the situation of having no fans installed. In other
words, a thermal insulation boundary condition is applied to all the
outer surfaces of the battery. As a result, the minichannel cooling
is the only way for the heat dissipation of the battery.
2.4. Numerical method
The commercial ﬁnite element software package COMSOL is used
to solve the conjugate heat transfer problem. Each simulation is
performed in two steps. In the ﬁrst step, ﬂow ﬁelds are solved using
a stationary iterative solver with relative tolerance set as 0.001, since
the effect of heat transfer on ﬂow ﬁelds is quite small and can be

neglected (water density is assumed constant). After the convergence of ﬂow ﬁelds, in the second step, the heat transfer in both
solid domain and ﬂuid domain are solved together. Direct solver is
used for time dependent simulation and the absolute tolerance is
set as 0.001. Time step is set as one second since temperature ﬁeld
advances smoothly and monotonously. In this way, the simulation
can be much faster than solving coupled ﬂow and heat equations.
2.5. Model validation
In this study, free tetrahedral mesh is used for the mesh construction. A mesh independence check is ﬁrst performed. Most
elements are assigned to the ﬂuid domain and the meshes at two
corners are specially reﬁned. Sparse mesh is used for the heat transfer in the solid battery domain. Two meshes with different numbers
of elements are used for the mesh independence check. The geometry in Fig. 1(a) is used for the validation case. Uniform inlet
velocity is set as 0.023 m/s and the discharge rate is 1C (Qb = 7.60 W).
For the ﬁne mesh, 418,192 elements are used in total, 303,492 of
which are used for ﬂuid domain. For the coarse one, 202,778 elements are used in total, 135,312 of which are used for ﬂuid domain.
For the results, the maximum velocity obtained by ﬁne mesh is
0.0378 m/s and pressure drop is 34.54 Pa. The maximum temperature in the battery is 34.87 °C. Using the coarse mesh, the maximum
velocity obtained is 0.0374 m/s and pressure drop is 35.63 Pa. The
maximum temperature in the battery is 34.57 °C. The difference in
the maximum velocity and difference in maximum temperature are
both 1%, while the pressure difference is about 3%. These results validate the mesh independence, and the coarse mesh design is used
in this study.
After validating the mesh design, the numerical result of heat
transfer and laminar ﬂow also needs validation. As for the heat transfer simulation, energy conservation can be checked for the whole
system. The input heat generation rate is 7.60 W from the battery
at a discharge rate of 1C, and the thermal power carried away by
the water is 7.67 W, which is the only option for heat loss from the
system. The difference is 1%, thus validating the results for energy
conservation. As for the laminar ﬂows inside minichannels, the friction loss at the end of the long section before reaching the bend
can be compared with analytical solutions. The long straight section
of the minichannel is long enough for the ﬂow to be fully developed before reaching the bend. For fully developed laminar ﬂow
inside rectangular channels with geometrical aspect ratio α (w/h),
the friction factor (f) can be predicted by [37]:

( f Re) fd = 24 (1 − 1.3553 α + 1.9467 α 2 − 1.7012 α 3 + 0.9564 α 4 − 0.2537 α 5 )
(5)
where Re is Reynolds number and f is Darcy friction factor, respectively, given as: Re = ρwU 0 Dh μ , and f = ( ΔP ∗ Dh ) ( 21 ρwU 0 2 ∗ 4 L ). Dh is
the hydraulic diameter of the rectangular minichannel, U0 is the
average velocity at the channel inlet, μ is the dynamic viscosity of
water, ΔP is the pressure drop, and L is the length. For a square duct,
(f Re)fd is calculated to be 14.23 as α = 1. The result from simulations is f Re = 13.36, which differs from predictions by 6%.
In the end, the pressure drop of laminar ﬂow through the whole
minichannel with two 90° bends is calculated and the result is compared with theoretical predictions. To account for the entrance length
effect, the apparent friction factor is calculated for both the developing
and fully developed laminar ﬂow regions in the channel, given as

{

fapp Re = ⎡ 3.2 ( x + )
⎣⎢

}

0.57 2

1

+ ( f Re)

2
fd

⎤2
⎦⎥

(6)

In this equation, entrance length is deﬁned as: x + = L ( Dh ⋅ Re) .
More details for theoretical predictions are given in Liu’s work [38].
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As for the excess pressure loss due to 90° square bends, for slow
ﬂow or negligibly small Re, the pressure loss is linear in the velocity rather than quadratic, given as [39]:

ΔPexcess = K L

μU 0
Dh

(7)

where KL is the coeﬃcient given for different bend geometries, which
is 4.2 for a 3D square corner [39]. To validate the pressure loss based
on this equation, a small inlet velocity is applied as U0 = 0.00579 m/s.
The total pressure loss calculated from simulation is 6.58 Pa, which
is 6% different from the predicted value 7.03 Pa based on Eq. (5), (6)
and (7). All the above mentioned tests for energy conservation and
pressure drop comparison indicate that the numerical model used
in this study is valid.
3. Results and discussions
After validating the numerical model, the effects of different
minichannel designs at different discharge rates, as well as the effects

of different ﬂow rates, are studied here. The maximum temperature of the battery and the temperature difference between the
maximum temperature and minimum temperature of the battery,
denoted as Tmax and Tdiff, will be mainly discussed for different cases.
Uniformity index Tuni, which is used to quantify the temperature difference inside the whole battery is also discussed. It is deﬁned as:

Tuni = Tdiff Tavg

3.1. Thermal management at a discharge rate of 1C (Qb = 7.60 W)
3.1.1. Different designs for minichannel system
Four different minichannel cooling systems with a different
number of strips and a different number of minichannels are chosen
to study the effect of different geometric designs, as shown in

3
Tdiff ( C)

Tmax ( C)

(8)

where Tavg is the average temperature of the whole battery. According to the deﬁnitions, the smaller these values are, the better
performance it is for the thermal management system design.
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0
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Fig. 2. (a) Temporal history of maximum temperature; (b) temporal history of temperature difference; (c) temperature distribution after 1 hour of discharging at 1C (Qb = 7.60 W)
with a ﬂow rate at 0.05 L/min; (d) temperature distribution of the top one-eighth of the battery. Since no heat ﬂux goes through the dashed plane in (c) due to symmetry
and the thermal insulated outer surfaces of the battery, the simulation can be performed on this much smaller geometry than the original whole shape, thus saving computational resources and showing enlarged views.
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Fig. 3. Design with different ﬂow directions. Blue arrows indicate the ﬂow inlet and orange ones represent ﬂow outlet.

Fig. 1(a)–(d). In design (a), one strip with four minichannels is
wrapped in the middle of the battery; in design (b), one strip with
eight minichannels is used; in design (c), two strips with four
minichannels each are located in the upper and lower parts of the
battery, respectively; in design (d), four strips with four minichannels
each are distributed uniformly. All the ﬂow inlets are set on one side
of the battery and ﬂow outlets on the other side.
The maximum temperatures of the battery Tmax for the four different designs are shown in Fig. 2(a). The discharge rate is ﬁxed at
1C (Qb = 7.60 W), and the ﬂow rate is 0.05 L/min. Since the total
number of minichannels is different for designs (a)–(d), the inlet
ﬂow velocity varies accordingly for different designs due to different total cross-section areas. Design (a), which uses one strip with
four minichannels, shows the highest temperature rise from 27.0 °C
to 30.08 °C, after 1 hour of discharging. Compared to design (a), Tmax
for design (b) (one strip with eight minichannels) changes from
27.0 °C to 29.75 °C. This indicates that a strip with more minichannels
can reduce the temperature rise, though the ﬂow rate is lower. For
design (c), which has the same total number of minichannels as
design (b), Tmax increases from 27.0 °C to 29.35 °C. This temperature increase is smaller than that of design (b). From the comparison
between design (b) and design (c), it can be seen that a wider distribution of minichannels has better thermal management
performance than concentrating all minichannels at one place. For
design (d), which has four strips evenly distributed, Tmax has the
minimum increase from 27.0 °C to 29.20 °C. These results show that
the design using more minichannels and a wider distribution has
the minimum temperature increase. This is reasonable since the heat
can be more easily dissipated by minichannels when the contact
areas are larger and more distributed.

The temperature differences Tdiff across the whole battery are
shown in Fig. 2(b). It can be seen that the temporal change of Tdiff is
similar to Tmax for each corresponding case. This is because near the
minichannels inlet, the local battery temperature is always close to
the inlet water temperature since the battery and the inlet water
are only separated by a thin layer of aluminum (Fig. 2(c)). However,
near the minichannels outlet, as the water is warmed up, the heat
dissipation eﬃciency for the battery is reduced and the maximum
battery temperature occurs. Since the local battery temperature near
the minichannels inlet is the minimum battery temperature and
remains almost unchanged after 1 hour of discharging, the variation of temperature difference depends mainly on the maximum
temperature variation. Tdiff, Tmax and Tuni after 1 hour of discharging
at 1C are shown in Table 3, as well as pressure drop and pumping
power required. The pumping power for design (a) is more than 5
times larger than design (b), and more than 23 times larger than
design (d). From the comparison in Table 3, design (d) requires
minimum pumping power and obtains the best thermal management performance (minimum Tdiff, Tmax and Tuni), while the only
shortcoming is the cost of the channel materials. Therefore, design
(d) will be used for all the remaining subsections.
3.1.2. Different ﬂow directions for performance enhancement
Based on design (d) in Fig. 1(d), ﬁve designs with different ﬂow
directions are compared to study the effect of ﬂow direction, as
shown in Fig. 3. The blue arrows indicate the ﬂow inlets, and the
orange arrows indicate the ﬂow outlets. The design “Direction 1”
has been used in Subsection 3.1.1.
The temporal variations of Tmax and Tdiff are shown in Fig. 4. Similar
trends for Tmax and Tdiff are observed for all cases. Among the ﬁve
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Fig. 4. Temporal history of (a) maximum temperature and (b) temperature difference using different ﬂow directions, at a discharge rate of 1C (Qb = 7.60 W).
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Table 3
Comparison of pressure drop, pumping power, temperature difference, maximum
temperature and uniformity index for different designs at a discharge rate of 1C
(Qb = 7.60 W) with a ﬂow rate at 0.05 L/min.
ΔP (Pa)

Pumping Power (W)

Tdiff (°C)

Tmax (°C)

Tuni

1 by 4
1 by 8
2 by 4
4 by 4

41.8
15.8
15.8
7.03

8.71e-6
1.66e-6
1.66e-6
3.66e-7

3.04
2.72
2.30
2.18

30.08
29.75
29.35
29.20

0.102
0.093
0.079
0.076

29
Tmax ( C)

Case

designs, case ‘Direction 1’ obtains the minimum Tmax and Tdiff. Considering the complexity and cost of the inlet manifold, the case
‘Direction 1’ is also the best choice. The worst thermal performance occurs for case ‘Direction 2’, which has alternative ﬂow
direction. For the other three cases, variations of Tmax and Tdiff show
close performance. Based on these results, the design ‘Direction 1’
will be used for all the remaining subsections.

28

0.05 L/min
0.10 L/min
0.15 L/min
0.20 L/min

27
0

1200

t (s)

2400

3600

(a)

2

T diff( C)

3.1.3. Different ﬂow rates for performance enhancement
Since the pressure drop and the required pumping power are
quite small as observed in Table 3, the ﬂow rate can be increased
to further improve the thermal management performance. In this
study, the ﬂow is kept in laminar regime.
The maximum temperatures and temperature differences of the
battery at different ﬂow rates are shown in Fig. 5. It can be seen that
Tmax and Tdiff get lower as the ﬂow rate increases. Using ﬂow rates
as 0.15 L/min and 0.20 L/min, Tmax becomes stable in no more than
1200 s. From Fig. 5(c), it can be seen that the high temperature area
of the battery is close to the minichannel outlet, since the water
near the outlet is already heated up and the water temperature is
close to the maximum temperature of the battery. When ﬂow rate
is 0.15 L/min, Tmax is kept at 28 °C and Tdiff is less than 1 °C. Once the
ﬂow rate is increased to 0.20 L/min, Tmax gets to 27.81 °C and Tdiff
becomes 0.80 °C after 1 hour of discharging at 1C (Qb = 7.60 W). As
the ﬂow rate increases, the uniformity index Tuni also reduces as Tmax
and Tdiff, as shown in Table 4. These results demonstrate that the
minichannel cooling system can maintain Tdiff to be less than 1 °C,
and it only requires 4.28e-6 W and 8.69e-6 W pumping power for
0.15 L/min and 0.20 L/min ﬂow rate, respectively.
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1
0.05 L/min
0.10 L/min
0.15 L/min
0.20 L/min
0
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1200

t (s)

2400

3600

(b)

3.2. Thermal management at a discharge rate of 1.5C (Qb = 15.60 W)
In this subsection, the thermal performance for a higher discharge rate at 1.5C (Qb = 15.60 W) is studied. Based on the results
in Subsection 3.1, ﬂow rates higher than 0.20 L/min are used. The
results are shown in Fig. 6. Both Tmax and Tdiff decrease as the ﬂow
rate increases; however, the effect of ﬂow rate on cooling
performance gets smaller as ﬂow rate increases. From Fig. 6(c), it
can be seen that the high temperature area of the battery is near
the center of the battery in cross-plane (y) direction, slightly closer
to the minichannel outlet. Due to the high ﬂow rates used, the outlet
temperature of the minichannel is much lower than the maximum
temperature of the battery. When the ﬂow rate increases from
0.20 L/min to 0.40 L/min, the Tmax drops from 28.66 °C to 28.16 °C

Table 4
Comparison of pressure drop, pumping power, temperature difference, maximum
temperature and uniformity index using different ﬂow rates at a discharge rate of 1C.
Flow rate
(L/min)

ΔP (Pa)

Pumping
power (W)

Tdiff (°C)

Tmax (°C)

Tuni

0.05
0.10
0.15
0.20

7.03
15.8
27.4
41.8

3.66e-7
1.64e-6
4.28e-6
8.69e-6

2.18
1.31
0.97
0.80

29.20
28.32
27.98
27.81

0.076
0.047
0.035
0.029

(c)
Fig. 5. Temporal history of (a) maximum temperature and (b) temperature difference using different ﬂow rates, at a discharge rate of 1C (Qb = 7.60 W). (c) Temperature
distribution after 1 hour of discharging at 1C (Qb = 7.60 W), using a ﬂow rate at
0.20 L/min.
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29

Tdiff ( C)

Tmax ( C)

1.5

28

0.20 L/min
0.40 L/min
0.60 L/min
0.80 L/min
1.00 L/min

27

0

800

t (s)

1600

1
0.20 L/min
0.40 L/min
0.60 L/min
0.80 L/min
1.00 L/min

0.5

2400

(a)

0
0

800

t (s)

1600

2400

(b)

(c)
Fig. 6. Temporal history of (a) maximum temperature and (b) temperature difference using different ﬂow rates, at a discharge rate of 1.5C (Qb = 15.60 W). (c) Temperature
distribution after 2400s of discharging at 1.5C (Qb = 15.60 W), using a ﬂow rate at 1.00 L/min.

at t = 2400 s. When the ﬂow rate is further increased to 0.6 L/min,
Tmax reduces to 28.01 °C. Finally, when ﬂow rate increases from
0.80 L/min to 1.00 L/min, Tmax only reduces 0.04 °C and Tuni only
reduces 3% while the required pumping power increases nearly twice
as much as shown in Table 5. There is no more potential beneﬁt by
increasing the ﬂow rate further, since the heat conduction rate inside
the battery is limited by the material property, and the maximum
temperature cannot be reduced any more by the minichannel cooling
system. This will be explained in more detail in Subsection 3.3. Concerning the pumping power cost, 0.80 L/min is the best option for
cooling performance at a discharge rate of 1.5C (Qb = 15.60 W).

Table 5
Comparison of pressure drop, pumping power, temperature difference, maximum
temperature and uniformity index using different ﬂow rates at a discharge rate of
1.5C (Qb = 15.60 W).
Flow rate
(L/min)

ΔP (Pa)

Pumping
power (W)

Tdiff (°C)

Tmax (°C)

Tuni

0.20
0.40
0.60
0.80
1.00

41.8
160
314
508
743

8.74e-6
6.66e-5
1.96e-4
4.23e-4
7.74e-4

1.65
1.15
1.00
0.94
0.90

28.66
28.16
28.01
27.94
27.90

0.058
0.041
0.036
0.034
0.033

3.3. Thermal management at a discharge rate of 2C (Qb = 23.89 W)
A harsher situation is studied in this subsection as the discharge
rate increases to 2C (Qb = 23.89 W). According to the previous discussion for a discharge rate of 1.5C (Qb = 15.60 W), ﬂow rates at no
less than 1.00 L/min are used for the cooling system performance analysis at a discharge rate of 2C.
Results for Tmax and Tdiff using different ﬂow rates at a discharge
rate of 2C (Qb = 23.89 W) are shown in Fig. 7, respectively. At a ﬂow
rate of 1.00 L/min, Tmax reaches to 28.38 °C. As ﬂow rate increases
to 2.00 L/min, Tmax reduces to 28.27 °C, but the required pumping
power becomes seven times larger (Table 6). When the ﬂow rate
increases further to 4.00 L/min, there is not much improvement for
cooling performance as Tmax, Tdiff and Tuni remain almost unchanged.
However, the pumping power is doubled to 3.61e-2 W. Concerning the pumping power cost, 2.00 L/min is the best option for cooling
performance at a discharge rate of 2C (Qb = 23.89 W).
To further explore the cooling system improvement using higher
ﬂow rate, the temperature contour of the battery and minichannels
using a ﬂow rate at 4.00 L/min is shown in Fig. 7(c). The temperature of the minichannels is quite low at both the inlet and the outlet,
due to the large ﬂow rate. The maximum battery temperature is at
the center of the battery in the y (depth) direction, due to the low
cross-plane thermal conductivity of the battery. Though the heat
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Fig. 7. Temporal history of (a) maximum temperature and (b) temperature difference using different higher ﬂow rates, at a discharge rate of 2C (Qb = 23.89 W). (c) Temperature distribution of battery and minichannels after 1800 s of discharging at 2C (Qb = 23.89 W), using a ﬂow rate at 4.00 L/min.

can be quickly taken away by the large ﬂow rate, the heat transfer
inside the battery is constraint by the (cross-plane) thermal conductivity of the material and the geometrical thickness in crossplane (y) direction. Increasing the ﬂow rates for the minichannels
is not an effective solution for this high discharge rate. However,
reducing the thickness of the cross-plane (y) direction should be
an applicable solution. Though there is not much room to improve
the cooling performance, maintaining Tmax as low as 28.38 °C and
Tdiff as low as 1.38 °C is still acceptable for thermal management
performance.

Table 6
Comparison of pressure drop, pumping power, temperature difference, maximum
temperature and uniformity index using different ﬂow rates at a discharge rate of
2C (Qb = 23.89 W).
Flow rate (L/min)

ΔP (Pa)

Power (W)

Tdiff (°C)

Tmax (°C)

Tuni

1.00
2.00
3.00
4.00

743
2.53k
5.19k
8.66k

7.74e-4
5.27e-3
1.63e-2
3.61e-2

1.38
1.26
1.23
1.21

28.38
28.27
28.23
28.21

0.049
0.045
0.044
0.044

4. Conclusion
Parametric studies were carried out to demonstrate the feasibility of adopting the minichannels cooling system for high-capacity
lithium-ion battery thermal management. Effects of different geometric designs, ﬂow directions, and ﬂow rates, were studied through
parametric study by monitoring maximum temperature rise of the
battery Tmax, temperature difference across the battery Tdiff and temperature uniformity Tuni. Under the same total ﬂow rate inside the
cooling system, the more minichannels are used, the better cooling
performance can be achieved, though the inlet ﬂow speed is reduced
accordingly. Additionally, with the same total number of
minichannels, the case using distributed distribution of minichannels
shows better cooling performance than the case using concentrated distribution. Moreover, the effects of the ﬂow rate and ﬂow
direction were studied. Results indicate that the best performance
is achieved when all the ﬂow inlets are aligned along one side of
the battery, instead of alternating inlets and outlets.
In addition, this study shows that at a discharge rate of 1C, using
a ﬂow rate of 0.20 L/min, Tmax is well controlled at 27.81 °C and Tdiff
is 0.80 °C after 1 hour of discharging, with only 8.69e-6 W pumping
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power required. At a discharge rate of 1.5C, as ﬂow rate increases
to 0.80 L/min, Tmax is 27.94 °C. Because only slight improvement on
cooling performance can be achieved using ﬂow rates higher than
0.80 L/min, 0.80 L/min is adopted as the best solution for cooling
performance at a discharge rate of 1.5C, considering the pumping
power cost for higher ﬂow rates. When the discharge rate increases to 2C, at a ﬂow rate of 1.00 L/min, Tmax reaches to 28.27 °C
and Tdiff is 1.26 °C, with 5.27e-3 W pumping power required. Further
increase in ﬂow rate cannot reduce the temperature near the battery
center in cross-plane (y) direction, but can only reduce the water
temperature at the outlet.
In conclusion, we have demonstrated that the minichannels
cooling system can be applied for the battery thermal management. This system can reduce both the maximum temperature rise
and temperature difference across the whole battery, at little expense
of pressure drop and pumping power.
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