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Abstract: In electric vehicles, the battery pack is one of the most important components that strongly
influence the system performance. The battery thermal management system (BTMS) is critical
to remove the heat generated by the battery pack, which guarantees the appropriate working
temperature for the battery pack. Air cooling is one of the most commonly-used solutions among
various battery thermal management technologies. In this paper, the cooling performance of the
parallel air-cooled BTMS is improved through choosing appropriate system parameters. The flow
field and the temperature field of the system are calculated using the computational fluid dynamics
method. Typical numerical cases are introduced to study the influences of the operation parameters
and the structure parameters on the performance of the BTMS. The operation parameters include the
discharge rate of the battery pack, the inlet air temperature and the inlet airflow rate. The structure
parameters include the cell spacing and the angles of the divergence plenum and the convergence
plenum. The results show that the temperature rise and the temperature difference of the batter pack
are not affected by the inlet air flow temperature and are increased as the discharge rate increases.
Increasing the inlet airflow rate can reduce the maximum temperature, but meanwhile significantly
increase the power consumption for driving the airflow. Adopting smaller cell spacing can reduce the
temperature and the temperature difference of the battery pack, but it consumes much more power.
Designing the angles of the divergence plenum and the convergence plenum is an effective way to
improve the performance of the BTMS without occupying more system volume. An optimization
strategy is used to obtain the optimal values of the plenum angles. For the numerical cases with fixed
power consumption, the maximum temperature and the maximum temperature difference at the end
of the five-current discharge process for the optimized BTMS are respectively reduced by 2.1 K and
4.3 K, compared to the original system.

Keywords: battery thermal management; air cooling; system parameters; plenum angle;
numerical study

1. Introduction

In recent years, electric vehicles (EVs) and hybrid electric vehicles (HEVs) have attracted
worldwide attention due to their cleanness. The lithium battery pack is one of the most important
components, which provides the power for EVs and HEVs. Much research has shown that the lithium
battery cell performs well at the temperatures ranging between 0 ◦C and 40 ◦C and at a temperature
difference below 5 ◦C [1,2]. However, a large amount of heat is generated when the lithium battery is
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working. If the heat cannot be removed quickly, the temperature and the temperature difference of the
battery pack will increase, finally making the performance worse and shortening the service life of the
battery pack. Therefore, the battery thermal management system (BTMS) is critical to dissipate the
heat, which can guarantee that the battery pack works within the appropriate temperature range.

Many battery thermal management technologies have been developed in previous studies,
including air cooling [3–5], liquid cooling [6–8] and phase change material cooling [9–12]. Compared
to other cooling methods, air cooling requires less cost, and the relevant system has a simple structure.
Thus, air cooling has become one of the most commonly-used solutions in battery thermal management.

In air-cooled BTMS, the air is the cooling medium and removes the heat generated by the battery
cell. The cooling performance is strongly influenced by the airflow pattern in the system, while the
flow pattern is determined by the parameters of the BTMS. Efforts have been made to investigate
the influences of the parameters on the performance of the BTMS. The status of the inlet air is one
of the most important factors that strongly influence the cooling performance of the BTMS, which
contains the inlet air temperature and the inlet airflow rate. Yi et al. [13] developed a modeling
procedure to study the effects of operating conditions on the thermal performance of a battery module.
Various inlet airflow rates and various discharge rates were considered and compared. In the study of
Cho et al. [14], the results showed that as the inlet air temperature increased, the maximum temperature
of the battery pack was increased and the maximum temperature difference was reduced due to less
heat generation of the battery pack. Fan et al. [15] found that the maximum temperature and the
maximum temperature difference of the battery pack were both reduced as the inlet flow rate was
increased. The increase of the flow rate increased the flow rate in the cooling channels, leading to a
large convective heat transfer coefficient. Thus, the cooling performance of the system was improved.
However, the study of Liu et al. [16] showed that when the inlet airflow rate was increased for a
certain value, the influence of the further increase of the flow rate on the cooling performance will be
weakened. He et al. [17] also found that the increase of the inlet velocity reduces the field synergy
number, which led to a reduction in the air utilization efficiency.

The structure of the BTMS is another important factor that influences the velocity distribution
and temperature distribution of the system. Pesaran et al. [18] compared the performances of the
BTMSs with serial ventilation cooling and parallel ventilation cooling. The result showed that the
maximum temperature of the battery pack for the parallel ventilation cooling was reduced by 4 ◦C,
and the temperature difference was reduced by 10 ◦C compared to the serial ventilation cooling.
Mahamud et al. [19] adopted the two-dimensional computational fluid dynamics (CFD) model to
study the performance of the BTMS with the reciprocating airflow. The numerical result showed that
the reciprocating flow can reduce the temperature difference of the battery system by about 4% and
the maximum cell temperature by 1.5% for a reciprocation period of 120 s when compared to the
unidirectional flow situation. Wang et al. [20] used the CFD method to explore the influence of the
battery cell arrangement structure on the thermal performance of the battery module. The numerical
result indicated that the performance was better with the axisymmetric battery module structure.
Further study showed that the fans that drove the cooling air were suggested to be placed on the top
of the module. Yong et al. [21] investigated the influence of the cell spacing on the performance of the
lithium-ion battery system, finding that the cell temperature increased as the cell spacing increased
when fixing the airflow rate. Park et al. [22] maintained the arrangement of the existing battery pack
and improved the cooling performance of the BTMS by adopting the tapered manifold and pressure
relief ventilation. Sun et al. [23] also improved the performance of the parallel air-cooled BTMS with
Z-type flow through using the tapered inlet and outlet ducts. The maximum lumped cell temperature
difference of the battery pack was reduced by 7.2 ◦C, and the maximum lumped peak cell temperature
was reduced by 6.3 ◦C. Chen et al. [24] introduced the flow resistance network model to calculate the
velocities in the cooling channels of the parallel air-cooled BTMS. Then, the model was combined with
the Newton method to optimize the angles of the divergence plenum and the convergence plenum for
cooling performance improvement. The results showed that the maximum temperature difference of
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the battery pack was reduced by 30% or more after optimization. Shahid et al. [25] introduced inlet
plenum, multiple vortex generators and jet inlets into the BTMS to remarkably reduce the maximum
temperature and the maximum temperature difference of the battery pack.

Previous studies have shown that the CFD method is an effective method to evaluate the
performance of the BTMS [26–29]. Many scholars have explored the influences of the parameters of
the BTMS on the cooling performance of the system. However, the existing research rarely compares
the influences of different parameters on the cooling performances and also rarely gives a suggestion
for the optimal parameters. In this paper, the influences of different parameters on the performance
of the parallel air-cooled BTMS are investigated and compared. The performance of the system is
evaluated through CFD calculation. Typical numerical cases are employed to investigate the influences
of the operation parameters and the structure parameters on the temperature and the temperature
difference of the battery pack. The main parameters hat influence the performance most are found.
Finally, an optimization strategy is used to optimize the main parameters without increasing the total
volume and the power consumption of the system, obtaining the optimal parameters of the BTMS for
performance improvement.

The remainder of the paper is organized as follows. Section 1 introduces the models to calculate
the flow field and temperature field of the parallel air-cooled BTMS. Section 2 introduces the numerical
procedure of the test cases. Section 3 studies the influences of the operation parameters and structure
parameters on the cooling performance of the system, then the optimal parameters of the system are
obtained using an optimization strategy. Section 4 presents the conclusions.

2. Models

2.1. Illustration of the Parallel Air-Cooled BTMS

In the present study, the battery pack with N ×M prismatic battery cells is considered, which is
included in the parallel air-cooled BTMS. The schematics of the battery cell and the battery pack are
shown as Figure 1. The schematic of the three-dimensional system is depicted in Figure 2a, and the
relevant side view of the system is shown in Figure 2b. The cooling air is pumped into the system from
the inlet on the left-hand side. In the inlet duct, the air is distributed into the cooling channels, and the
heat generated by the battery cells is removed. Then, the air in each cooling channel is converged into
the outlet duct and leaves the system from the outlet. For the battery pack, the maximum temperature
(Tmax) and the maximum temperature difference (∆Tmax) are two important indices, which are used to
evaluate the cooling performance of the BTMS. When designing the system, it is desirable to minimize
these two indices. As the cross-sectional areas of the cooling channels are identical, it is easy to know
that Tmax and ∆Tmax can be reduced through homogenizing the airflow rates in the cooling channels.
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Figure 1. Schematic of the battery pack.
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Figure 2. Schematic of the parallel air-cooled battery thermal management system (BTMS).
(a) Orthographic view of the BTMS; (b) Side view of the BTMS.

2.2. Computational Fluid Dynamics Calculation

In order to evaluate the cooling performance of the parallel air-cooled BTMS, the flow field and
the temperature field should be obtained. In the present study, the computational fluid dynamics
(CFD) method is introduced for velocity calculation and temperature calculation. The solid domain is
the area of the battery cells, and the airflow domain is the area of the BTMS except the battery cells,
including the inlet duct, the outlet duct and the cooling channels, shown in Figure 2. The governing
equation for the airflow is the Navier–Stokes (N-S) equations. The typical orders of the air density,
the air dynamic viscosity, the inlet velocity and the inlet width of the system are respectively
1.29 kg/m3, 1.86× 10−6 kg/(m · s), 5 m/s and 0.01 m, so the typical Reynolds number of the inlet
air velocity is larger than 3000. The status of the air flow in the system is usually turbulence flow.
Thus, the Reynolds-averaged N-S equations with the k-ε turbulence model and without the buoyancy
term are employed to calculate the turbulence flow. The governing equations for the airflow are
expressed as follows.

Continuity equation:
∂ui
∂xi

= 0 (1)

Momentum equation:

ρuj
∂ui
∂xj

= − ∂p
∂xi

+
∂

∂xj

[
(µ + µt)

∂ui
∂xj

]
(2)

Turbulent kinetic energy (k) equation:

ρuj
∂k
∂xj

=
∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+

µt

2

(
∂ui
∂xj

+
∂uj

∂xi

)2

− ρε (3)
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Turbulent kinetic energy dissipation (ε) equation:

ρuj
∂ε

∂xj
=

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ C1

µt

2

(
∂ui
∂xj

+
∂uj

∂xi

)2
ε

k
− C2ρ

ε2

k
(4)

The expression of µt:

µt = ρCµ
k2

ε
(5)

where ui and uj are the Reynolds-averaged velocity components. p is the Reynolds-averaged pressure.
ρ is the density of the air. k and ε are the turbulent kinetic energy and the dissipation rate of the
turbulent kinetic energy, respectively. µ and µt are the molecular dynamic viscosity coefficient and
the turbulent dynamic viscosity coefficient, respectively. Cµ, σk and σε are the parameters of the k-ε
turbulence model.

The heat generated by the battery cell depends on the cell temperature, the discharge rate and
the state of the charge (SOC). Therefore, the heat generation rate changes with time. Therefore,
the unsteady temperature equations are introduced to calculate the temperature fields of the air and
the battery pack, shown as follows.

Temperature equation for airflow:

cp,air
∂Tair

∂t
+ρcp,airuj

∂Tair

∂xj
=

∂

∂xj

[(
λair +

µt

σT

)
∂Tair

∂xj

]
(6)

Temperature equation for the battery pack:

ρbcp,b
∂Tb
∂t

=
∂

∂xj

[(
λb

∂Tb
∂xj

)]
+ φb (7)

where Tair and Tb are the temperatures of the air and the battery cell, respectively. λair and λb are the
thermal conductivity of the air and the battery cell, respectively. cp,air and cp,b are the heat capacities of
the air and the battery, respectively. ρb is the density of the battery cell. φb is the heat generation rate
of the battery cell. σT are the parameters of the k-ε turbulence model. Typical values of the parameters
are shown as below.

Cµ = 0.09, C1 = 1.44, C2 = 1.92, σk = 1.0, σε = 1.3, σT = 0.85 (8)

Besides the governing equations, boundary conditions are essential for velocity calculation and
temperature calculation. The mass flow inlet is set as the inlet condition, and the pressure outlet is
set as the outlet condition. On the surrounding wall, non-slip conditions and the adiabatic conditions
are imposed. On the interface of the air and the battery cells, the temperature continuity and heat
flux continuity conditions are imposed. The boundary conditions for the governing equations are
expressed as:

Inlet : ux = uz = 0, uy = u0, Tair = T0

Surrounding wall : ux = uy = uz = 0, ∂Tair
∂~n = 0,

Interface wall : ux = uy = uz = 0, (λair + µt/σT)
∂Tair
∂~n = λb

∂Tb
∂~n .

(9)

The software GAMBIT is used to mesh the calculation domain. As the domain is cuboid,
the three-dimensional cuboid structural grid system is introduced to discretize the domain. The grids
near the walls are refined, and the size of the first layer grids is less than 0.1 mm. The enhanced
wall function is used to calculate the velocity distribution inside the boundary layer. The solver type
is chosen as the pressure-based type. The governing equations and the boundary conditions are
discretized by the finite volume method. The diffusive terms and the convective terms of the equations
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are discretized by central-differencing scheme and the second-order upwind scheme, respectively.
The discretized equations are solved using the SIMPLE (Semi-Implicit Method for Pressure Linked
Equation) algorithm. Finally, the governing equations are solved using the software FLUENT.

3. Numerical Procedure

3.1. Parameters of the Numerical Cases

The parallel air-cooled BTMS shown as Figure 2 is investigated using the CFD method in the
present study. The battery pack with 12× 2 prismatic battery cells is included in the system. The
battery cell in the study of Park [22] is introduced. The detailed properties of the cell and the air
are summarized in Table 1. The inlet width (win) and the outlet width (wout) of the system are both
set as 20 mm. The cell spacings among the battery cells (the widths of the cooling channels) are
3 mm. The inlet region and the outlet region are enlarged to reduce their influences on the calculation
results. The lengths of these two regions (Lin and Lout) are set as 100 mm. The inlet airflow rate is
set as 0.012 m3/s, with the air temperature at 300 K. The Reynolds number relative to the inlet air
velocity is Re = ρud/µ = 2ρQ0/µ(2wb + win) = 10,022. Thus, the air flow in the system is turbulence
flow. The unsteady heat generation model developed by experiment for a 2.2-Ah LiPePO4 is used to
calculate the heat generation rate of the battery, shown as [16].

φb = I2R/Vcell (10)

R = 27.54− 27.68× exp (−1.91/Tcell) +
223.71

1+21.61×SOC − 225.06× exp(−1.91/Tcell)
1+21.61×SOC (11)

where I is the discharge current. R and Vcell are the equivalent resistance and the volume of the battery
cell, respectively. Tcell is the battery cell temperature. In the present study, a high current discharge
rate is considered, so the heat generation rate expressed in Equation (10) only contains the Joule heat.
The discharge process with the five-current (5C) constant discharge rate from 95% SOC to 5% SOC is
considered. The one-current (1C) discharge process represents that the battery cell with full capacity
finishes the discharge in 1 h. The n-current (nC) discharge process represents that the battery cell with
full capacity finishes the discharge in 1/n h. When the residuals of the discretized equations all fall
below 10−6, the simulation is stopped, and the final numerical result is obtained.

Table 1. Properties of the battery cell and air.

Property Air Battery Cell [22]

Density (kg/m3) 1.165 2700
Specific heat (J/(kg ·K)) 1005 900

Dynamic viscosity (kg/(m · s)) 1.86× 10−5 -
Thermal conductivity (W/(m ·K)) 0.0267 240

Initial temperature (K) 300 300
lb (mm) - 16
hb (mm) - 151
wb (mm) - 65

3.2. Grid Dependence Analysis

Before analyzing the calculation result, grid dependence analysis is conducted to determine the
appropriate grid size for the CFD calculation. As the calculation domain and the boundary conditions
are both symmetric with the plane at x = 0, half of the domain is considered as the calculation domain.
Various grid sizes are used to discretize the domain, and the maximum temperatures of the battery
pack (Tmax) at the end of the 5C discharge process for various grid sizes are shown in Figure 3. It can
be seen that the values of Tmax do not change when the number of the grids is larger than 2.3× 106.
Finally, the schematic of the grid system at a certain x cross-section is depicted in Figure 4. Moreover,
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the maximum y+ value of the wall is 1.0, which meets the demand of the enhanced wall function
(y+≤ 1). Therefore, the grid number of 2.3× 106 is the appropriate grid number for calculation domain
discretization, and a similar grid size is adopted for the following numerical cases.
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Figure 3. Grid dependence analysis result.
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Figure 4. Schematic of the grid system at a certain x cross-section.

As the length of the BTMS along the x-axis is large, the two-dimensional (2D) calculation is
performed to approximate the three-dimensional (3D) CFD calculation. The calculation domain of the
2D calculation is shown in Figure 2b. Figure 5 shows the comparison of the maximum temperature
(Tmax) and the maximum temperature difference (∆Tmax) of the battery pack with time for the 2D
calculation and 3D calculation. It can be observed that the results of the 2D calculation agree well with
the ones of the 3D calculation. The average relative errors of Tmax and Tmin during the 5C discharge
process between the two calculations are both only 0.03 K, respectively. Table 2 lists the comparison
of Tmax and ∆Tmax at the end of the 5C discharge process for various inlet airflow rates. The errors
of Tmax and ∆Tmax for different situations are no more than 0.2 K. Furthermore, the 2D calculation
needs much less calculation time to obtain the numerical result than the 3D one. Therefore, the 2D
calculation is used to evaluate the cooling performance of the BTMS for the following study.
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Table 2. Comparison of numerical results at the end of the five-current (5C) discharge process by 2D
calculation and 3D calculation.

Q0 3D Calculation 2D Calculation

(m3/s) Tmax (K) ∆Tmax (K) Tmax (K) ∆Tmax (K)
0.005 329.5 4.4 329.5 4.4
0.010 327.1 6.6 327.2 6.6
0.012 326.4 7.2 326.5 7.3
0.015 325.4 8.0 325.6 8.2
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Figure 5. Comparison of the numerical results by 2D calculation and 3D calculation. (a) Maximum
temperature; (b) maximum temperature difference.

3.3. Validation of the CFD Method

A previous study [30] has compared the velocity calculation by the present CFD method with
the one in Park’s study [22]. The results showed that the average error between them was only 2%,
which validated the effectiveness of the present CFD method for velocity calculation. In order to test
the effectiveness of the CFD method for temperature calculation, the numerical result of the present
method is compared to the experimental data in the reference. In Wu’s study [31], the 5C discharge
process for the battery cell was tested, and the temperature of the cell was measured. The experimental
data are used to validate the result of the present CFD method. The prismatic battery cell with the
size of 70 mm × 27 mm × 90 mm used in Wu’s study is introduced. The relevant properties of the
battery cell are listed in Table 3. The cell is surrounded with air with the temperature at 304.15 K, and
the relative convective heat transfer coefficient is 5 W/(m2 ·K). Figure 6 shows the comparison of
surface temperature of the battery cell with time by the present CFD method and by the experiment in
Wu’s study [31]. It can be observed that the numerical result in the present study agrees well with the
experimental data. The average error and the maximum error between the two results are respectively
0.7 K and 1.3 K, validating the effectiveness of the present CFD method for temperature calculation.

Table 3. Properties of battery cell used for testing the temperature calculation [31].

Property Value [31]

Size (mm ×mm ×mm) 70 × 27 × 90
Density (kg/m3) 2335

Specific heat (J/(kg ·K)) 935
Thermal conductivity (λx, λy, λz, W/(m ·K)) 0.26/0.7/0.26

Equivalent heat generation rate (W/m3) 1.27× 105
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Figure 6. Comparison of the numerical results of the present study and the experiment data in
the reference.

4. Influences of the System Parameters on Performance

For the parallel air-cooled BTMS, the values of Tmax and ∆Tmax strongly depend on the operation
parameters and the structure parameters of the system. The operation parameters include the discharge
rate, the inlet air temperature (T0) and the inlet airflow rate (Q0). The structure parameters include
the cell spacing (d0) and the angles of the divergence plenum and convergence plenum (θ1 and θ2).
In the following content, the influences of these parameters on the cooling performance of the BTMS
are explored using the CFD method. Finally, an optimization strategy is introduced to obtain the
optimal parameters.

4.1. Influence of the Discharge Rate

The heat generation rate of the battery cell depends on the discharge rate. This section considers
various discharge rates as 3-current (3C), 4-current (4C), 5-current (5C) and 6-current (6C) and conducts
the CFD calculation respectively. The comparison of the numerical results is shown in Table 4.
It can be observed that Tmax and ∆Tmax both increase as the discharge rate increases. In the BTMS,
the temperature difference of the air is not large, so the properties of the air can be treated to be
independent of temperature. That means the temperature calculation is decoupled from the velocity
calculation. Therefore, the change of discharge rate does not affect the flow field in the BTMS.
When the discharge rate increases, the discharge current increases and the heat generation rate
increases, which will increase the temperature and the temperature difference of the battery pack.
Therefore, reducing the discharge rate can help to reduce Tmax and ∆Tmax of the battery pack. In reality,
when the EV starts or accelerates, more power is needed from the battery pack, and the discharge
rate is larger. In these situations, the temperature rise and the temperature difference of the battery
pack are large, and thermal runaway is likely to be induced. However, the power consumption of the
battery pack usually depends on the properties of the battery cell and the actual power requirement of
the EV. The discharge rate cannot be controlled effectively. Therefore, reducing the discharge rate is
not a realizable way to reduce the temperature of the battery pack.
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Table 4. Numerical results for various discharge rates of the battery pack.

Discharge Rate Tmax (K) Tmin (K) ∆Tmax (K)

3C 313.5 308.5 5.0
4C 320.0 313.7 6.3
5C 326.5 319.2 7.3
6C 333.5 325.1 8.4

4.2. Influence of the Inlet Air Temperature

Consider various situations of the inlet air temperature (T0) as 290 K, 295 K, 300 K, 305 K and
310 K and respectively conduct the CFD calculation. The comparison of the numerical results is shown
in Figure 7, and the values of Tmax, (Tmax − T0) and ∆Tmax at the end of the 5C discharge process
are shown in Table 5. It can be observed that the maximum temperature rise (Tmax − T0) and the
maximum temperature difference ∆Tmax are independent of T0. Note that T0 does not affect the flow
field in the BTMS. When T0 is increased or decreased by a certain value, the whole temperature field is
increased or decreased by the same value. In reality, the inlet air temperature can be reduced through
refrigeration equipment, such as the air conditioner. However, reducing the inlet air temperature can
only reduce the absolute temperature, but cannot reduce the temperature difference of the battery pack.
Moreover, the introduction of the refrigeration equipment will require additional power consumption.
Therefore, it can be concluded that reducing the inlet air temperature is not an effective way to reduce
the temperature difference of the battery pack.

Table 5. Numerical results for various inlet air temperatures.

T0 (K) Tmax (K) (Tmax − T0) (K) ∆Tmax (K)

290 316.5 26.5 7.3
295 321.5 26.5 7.3
300 326.5 26.5 7.3
305 331.5 26.5 7.3
310 336.5 26.5 7.3
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Figure 7. Comparison of numerical results for various inlet air temperatures. (a) Maximum
temperature; (b) maximum temperature difference.
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4.3. Influence of the Inlet Airflow Rate

Consider various situations of the inlet airflow rates (Q0) as 0.005 m3/s, 0.010 m3/s, 0.012 m3/s,
0.015 m3/s and 0.020 m3/s, and conduct the CFD calculation respectively. Figure 8 depicts the
comparison of the airflow rates in the cooling channels and the values of Tmax and ∆Tmax with
time for various values of Q0. Table 6 summarizes the results at the end of the 5C discharge
process for various values of Q0. As Q0 increases, the airflow rate in the cooling channel increases,
which increases the convective heat transfer coefficient between the air and the battery, reducing the
cell temperatures. Thus, the values of Tmax are reduced when Q0 is increased. However, when Q0

is large, the improvement of Tmax is not obvious when increasing Q0 further. Moreover, it can be
observed from Figure 8 that the uniformity of the airflow rates among the cooling channels is worse
when Q0 is increased, leading to the larger temperature difference of the battery pack. Furthermore,
when Q0 increases, the power consumption to drive the airflow increases due to the increase of the
drag force exerted by the walls. The power consumption for each situation is also listed in Table 6,
which is calculated through:

Wp = (pin − pout) ·Q0 (12)

where pin and pout are the average pressures at the inlet cross-section and outlet cross-section,
respectively. It can be seen from Table 6 that when Q0 is increased from 0.012 m3/s to 0.020 m3/s,
Tmax is reduced by 2.1 K, but ∆Tmax is increased by 2.0 K and Wp is increased by more than three-times.
Therefore, increasing the inlet airflow rate can effectively reduce the maximum temperature, but it
will increase the temperature difference of the battery pack and cost much additional power. It is
not an effective way to improve the cooling performance of the BTMS through increasing the inlet
airflow rate.

Table 6. Numerical results for various inlet airflow rates.

Q0 (m3/s) Tmax (K) ∆Tmax (K) Wp (W)

0.005 329.5 4.4 0.0371
0.010 327.2 6.6 0.2295
0.012 326.5 7.3 0.3794
0.015 325.6 8.2 0.7094
0.020 324.3 9.3 1.6132
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Figure 8. Comparison of results for various inlet airflow rates. (a) Flow rate in the cooling channel;
(b) maximum temperature; (c) maximum temperature difference.

4.4. Influence of Cell Spacing

Consider various situations of the cell spacings (d0) as 1 mm, 2 mm, 3 mm, 4 mm and 5 mm,
and conduct the CFD calculation respectively. Figure 9 shows the comparison of the airflow rates in
the cooling channels and the values of Tmax and ∆Tmax for various values of d0. Table 7 summarizes
the values of Tmax and ∆Tmax at the end of the 5C discharge process for various values of d0. It can
be seen from Figure 9 that as d0 decreases, the uniformity of the airflow rates among the cooling
channels is improved, which can help to reduce the temperature difference of the battery pack.
Meanwhile, the velocities in the cooling channels increase as d0 decreases, which will increase the
convective heat transfer coefficient on the surface of the battery cells and reduce the cell temperatures.
In the parallel air-cooled BTMS, the pressure drop of the airflow is caused by the drag force along
the inlet duct and the outlet duct, the drag force along the cooling channels and the local pressure
loss due to the swerve of the flow. The reduction of d0 will remarkably increase the drag force along
the cooling channel, making the drag force along the cooling channel dominate compared to other
pressure losses. Therefore, the discrepancy of the airflow rates among the cooling channels is reduced
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when d0 is reduced. Meanwhile, the increase of the drag force along the cooling channel increases the
power consumption to drive the airflow. It can be seen from Table 7 that compared to the system with
d0 = 3 mm, Tmax and ∆Tmax of the system with d0 = 1 mm are reduced by 3.8 K and 2.8 K respectively,
but Wp are increased by more than 10-times. Therefore, it is not an effective way to improve the cooling
performance of the BTMS through reducing the cell spacing.

Table 7. Numerical results for various cell spacings.

d0 (mm) Tmax (K) ∆Tmax (K) Wp (W)

1 322.7 4.5 4.0044
2 324.0 4.7 0.7023
3 326.5 7.3 0.3794
4 329.5 11.0 0.3149
5 330.5 12.4 0.3056
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Energies 2017, 10, 1677 14 of 22

0 200 400 600
0

2

4

6

8

10

12

Time (s)

M
ax

im
um

 te
m

pe
ra

tu
re

 d
if

fe
re

nc
e 

(K
)

 

 

 d
0
 = 1 mm

 d
0
 = 2 mm

 d
0
 = 3 mm

 d
0
 = 4 mm

 d
0
 = 5 mm

(c)

Figure 9. Comparison of the results for various cell spacings. (a) Flow rate in the cooling channel;
(b) maximum temperature; (c) maximum temperature difference.

4.5. Influence of the Angles of the Divergence Plenum and Convergence Plenum

In this section, the angle of the divergence plenum (θ1) and the angle of the convergence plenum
(θ2) are deduced from the plenum widths (w1 and w2), shown in Figure 2b. In the present study,
w1 and w2 are values between 1 mm and 20 mm. Smaller w1 and w2 correspond to larger θ1 and
θ2, respectively. The system with w1 and w2 both valued at 20 mm is treated as the original BTMS.
Three situations are performed to investigate the influences of w1 and w2 on the system performance,
shown as follows.

• Situation 1: Let w1 = 20 mm, and consider the value of w2 as 1 mm, 5 mm, 10 mm, 15 mm and
20 mm, respectively.

• Situation 2: Let w1 = w2, and consider the values as 1 mm, 5 mm, 10 mm, 15 mm and
20 mm, respectively.

• Situation 3: Let w2 = 20 mm, and consider the value of w1 as 1 mm, 5 mm, 10 mm, 15 mm and
20 mm, respectively.

For each combination of w1 and w2, CFD calculation is conducted, and the results are summarized
in Table 8. For Situation 1, as w2 decreases (θ2 increases), Tmax, ∆Tmax and Wp all increase. That means,
reducing w2 makes the cooling performance of the BTMS worse and the relevant power consumption
increases. For Situation 2, w1 is equal to w2. The results show that the values of w1 and w2 do not
influence the Tmax and ∆Tmax of the system much. In this situation, the cooling performance of the
system cannot be improved effectively through changing the angles of the divergence plenum and the
convergence plenum. For Situation 3, it can be observed that Tmax and ∆Tmax are remarkably reduced
when w1 decreases while the power consumption of the system increases only a little. Compared to
the original BTMS, Tmax of the system with w1 = 1 mm and w2 = 20 mm is reduced by 2.5 K, and
∆Tmax is reduced by 4.2 K. The improvement ratio of ∆Tmax is 58%, while the power consumption is
only increased by 23%.
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Table 8. Numerical results for various angles of the divergence plenum and convergence plenum.

w1 (mm) w2 (mm) Tmax (K) ∆Tmax (K) Wp (W)

20 1 329.1 11.0 0.4721
20 5 328.0 9.5 0.4361

Situation 1 20 10 327.2 8.4 0.4097
20 15 326.8 7.8 0.3922
20 20 326.5 7.3 0.3794

1 1 326.3 6.7 0.6296
5 5 326.2 7.7 0.4991

Situation 2 10 10 326.3 7.6 0.4379
15 15 326.5 7.5 0.4032
20 20 326.5 7.3 0.3794

1 20 324.0 3.1 0.4682
5 20 325.0 5.8 0.4315

Situation 3 10 20 325.7 6.7 0.4063
15 20 326.2 7.1 0.3905
20 20 326.5 7.3 0.3794

The cooling performance of the BTMS is strongly influenced by the homogenization of the flow
rates among the cooling channels, which is determined by the homogenization of the pressure drops
among the cooling channels. Figure 10 depicts the comparison of the numerical results of the typical
BTMSs for the three situations. Figure 10a shows the cross-sectional average pressures at the beginning
(denoted as “divergence”) and at the end (denoted as “convergence”) of each cooling channel. For the
original BTMS, the cross-sectional areas along the inlet duct and the outlet duct are constants. Consider
Point A and Point A’ in the inlet duct in Figure 11; along the inlet duct, the airflow speed gradually
reduces towards the closed end as the air flows into the cooling channels, so the velocity at A (uA) is
larger than the one at A’ (uA′ ). According to Bernoulli’s equation, the pressure at A (pA) is smaller than
that at A’ (pA′ ). Conversely, consider Point B and Point B’ in the outlet duct in Figure 11; along the
outlet duct, the airflow speed gradually increases towards the outlet as the air flow converges into
the outlet duct, so the velocity at B (uB) is smaller than the one at B’ (uB′ ). According to Bernoulli’s
equation, the pressure at B (pB) is larger than that at B’ (pB′ ). Therefore, (pA − pB) < (pA′ − pB′). The
pressure drop of the cooling channel near the outlet is much larger than that near the inlet for the
original system, which can be seen in Figure 10b. The large discrepancy of the pressure drops among
the cooling channels leads to nonuniformity of the airflow rates among the cooling channels and a
large temperature difference for the battery pack. For Situation 1, when w2 decreases, the pressures at
Points A, A’, B and B’ are all increased, while the one at Point B is increased most significantly. Thus,
the discrepancy between (pA − pB) and (pA′ − pB′) is enlarged. The uniformity of the airflow among
the cooling channels and the cell temperature for the situation with w2 decreasing is worse than that of
the original system. Conversely, for Situation 3, the cross-sectional areas near the closed end of the inlet
duct are reduced, causing uA′ to be increased and pA′ to be reduced. Meanwhile, the pressures along
the outlet duct only change a little. Reducing w1 will decrease the value of (pA′ − pB′) and reduce the
discrepancy of the pressure drops among the cooling channels, which can be observed in Figure 10b.
Therefore, reducing w1 when fixing w2 can effectively reduce Tmax and ∆Tmax of the BTMS through
arranging the pressure drop distribution among the cooling channels.
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Figure 10. Comparison of numerical results for various angles of the plenums. (a) Pressure;
(b) pressure drop.
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Figure 11. Schematic of the characteristic points in the air-cooled BTMS.

4.6. Optimization of Plenum Widths

In this section, an optimization strategy is used to optimize the plenum widths (w1 and w2).
First, the value of w2 is fixed, and the value of w1 is optimized. Then, the value of w1 is fixed and
the value of w2 is optimized. Take the optimization of w1 as an example, the detailed steps of the
optimization strategy are shown as follows.

1. Set w2 as the fixed value and set the initial range of w1 as [w11, w12]. Calculate the middle point
of the range [w11, w12] as w13 = (w11 + w12) /2.

2. Let w1 equal w11, w12 and w13, respectively. Evaluate the values of ∆Tmax of these three BTMSs
using the CFD calculation, respectively, denoting them as ∆Tmax,1, ∆Tmax,2 and ∆Tmax,3.

If ∆Tmax,1 < ∆Tmax,3,

let w11 = w11, w12 = w13, w13 = (w11 + w12) /2, then return to Step 2 and continue the process.

else if ∆Tmax,2 < ∆Tmax,3,

let w11 = w13, w12 = w12, w13 = (w11 + w12) /2, then return to Step 2 and continue the process.

else

go to Step 3.
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3. The range for w1 is reduced through using the following strategy. Let w14 = (w11 + w13) /2
and w15 = (w13 + w12) /2. Evaluate the values of ∆Tmax of the two BTMSs with w1 = w14 and
w1 = w15 using CFD calculation, respectively, denoting them as ∆Tmax,4 and ∆Tmax,5.

If ∆Tmax,4 < ∆Tmax,3,

let w11 = w11, w12 = W13, w13 = w14, ∆Tmax,1 = ∆Tmax,1, ∆Tmax,2 = ∆Tmax,3, ∆Tmax,3 =

∆Tmax,4.

else if ∆Tmax,5 < ∆Tmax,3,

let w11 = w13, w12 = w12, w13 = w15, ∆Tmax,1 = ∆Tmax,3, ∆Tmax,2 = ∆Tmax,2, ∆Tmax,3 =

∆Tmax,5.

else

let w11 = w14, w12 = w15, w13 = w13, ∆Tmax,1 = ∆Tmax,4, ∆Tmax,2 = ∆Tmax,5, ∆Tmax,3 =

∆Tmax,3.
4. If (w13 − w11) and (w12 − w13) are both smaller than a specified threshold, the optimization

process is stopped; otherwise, return to Step 3, and continue the process.

When the process is stopped, the optimal value of w1 is w1,opt = w13 and the relevant maximum
temperature difference of the battery pack is ∆Tmax,3. The value of w2 when w1 is fixed can also be
optimized using the same strategy.

In the present study, the ranges of w1 and w2 are both set as [1.0 mm, 20.0 mm]. The threshold
to stop the process is set as 0.1 mm. Considering the numerical results in Table 8, let w2 = 20.0 mm
and set the initial range of w1 as [1.0 mm, 5.0 mm]. The detailed processes for the optimization of
w1 are listed in Table 9. Note that ∆Tmax increases as w1 increases, and the final optimal value of w1

is w1,opt = 1.0 mm. Then, considering the numerical results in Table 8, let w1 = 1.0 mm, and set
the initial range of w2 as [15.0 mm, 20.0 mm]. The detailed processes for the optimization of w2 are
listed in Table 10. Note that ∆Tmax decreases as w2 increases, and the final optimal value of w2 is
w2,opt = 20.0 mm. Therefore, the final optimal values of the plenum widths are w1,opt = 1.0 mm and
w2,opt = 20.0 mm.

Table 9. The process of the optimization of w1 (w2 = 20.0 mm).

Step

w11 w14 w13 w15 w12

w1
(mm)

∆Tmax
(K)

w1
(mm)

∆Tmax
(K)

w1
(mm)

∆Tmax
(K)

w1
(mm)

∆Tmax
(K)

w1
(mm)

∆Tmax
(K)

1 1.00 3.08 - - 3.00 5.10 - - 5.00 5.80
2 1.00 3.08 - - 2.00 4.43 - - 3.00 5.10
3 1.00 3.08 - - 1.50 3.92 - - 2.00 4.43
4 1.00 3.08 - - 1.25 3.61 - - 1.50 3.92
5 1.00 3.08 - - 1.13 3.32 - - 1.25 3.61
6 1.00 3.08 - - 1.06 3.21 - - 1.13 3.32
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Table 10. The process of the optimization of w2 (w1 = 1.0 mm).

Step

w11 w14 w13 w15 w12

w1
(mm)

∆Tmax
(K)

w1
(mm)

∆Tmax
(K)

w1
(mm)

∆Tmax
(K)

w1
(mm)

∆Tmax
(K)

w1
(mm)

∆Tmax
(K)

1 15.00 3.45 - - 17.50 3.25 - - 20.00 3.08
2 17.50 3.25 - - 18.75 3.16 - - 20.00 3.08
3 18.75 3.16 - - 19.38 3.12 - - 20.00 3.08
4 19.38 3.12 - - 19.69 3.10 - - 20.00 3.08
5 19.69 3.10 - - 19.84 3.09 - - 20.00 3.08
6 19.84 3.09 - - 19.92 3.09 - - 20.00 3.08

4.7. Performance with Fixed Power Consumption

The system with the optimal values of w1 at 1 mm and w2 at 20 mm is named the optimized BTMS
in this section. It can be seen from Table 8 that the optimized BTMS requires more power consumption
than the original system. The increased power consumption will increase the cost of the BTMS, which
is not expected in the application. In order to evaluate the cooling performance of the optimized BTMS
under the same power consumption, the inlet airflow rate of the optimized system is decreased to
match the power consumption of the original BTMS. When the inlet airflow rate is set as 0.01112 m3/s,
the relevant power consumption is 0.3794 W, the same as the one of the original system. The final
inlet flow rate of the optimized BTMS is only reduced by 7% compared to the original inlet flow rate.
Though the inlet flow rate is reduced, the maximum temperature and the maximum temperature
difference of the battery pack for the optimal BTMS are still remarkably lower than the ones of the
original BTMS, which can be observed from Figure 12. Tmax and ∆Tmax of the optimized BTMS with
the fixed power consumption are respectively 324.4 K and 3.0 K, which are respectively 2.1 K and 4.3 K
lower than the ones of the original system. Furthermore, the reduction of the angle of the divergence
plenum will not increase the total volume of the BTMS. In summary, choosing appropriate values of
the plenum widths (the angles of the plenums) can help to homogenize the pressure drops among the
cooling channels and to improve the cooling performance of the BTMS remarkably.
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Figure 12. Comparison of the maximum temperature and the maximum temperature difference of
the battery pack with time with fixed power consumption. (a) Maximum temperature; (b) maximum
temperature difference.

5. Conclusions

In the present study, the cooling performance of the parallel air-cooled BTMS is improved through
using appropriate system parameters. The CFD method is introduced to evaluate the performance of
the system. Typical numerical cases are employed to explore the influences of the operation parameters
and the structure parameters on the cooling performance of the BTMS. Then, an optimization strategy
is proposed to obtain the optimal parameters of the system.

1. The temperature rise and the temperature difference of the battery pack increase as the discharge
rate increases, but the discharge rate cannot be controlled effectively.

2. Reducing the inlet air temperature can reduce the absolute temperature of the battery pack,
but cannot effectively reduce the temperature rise and the temperature difference of the system.

3. As the inlet airflow rate increases, the maximum temperature of the battery pack is reduced,
but the temperature difference of the battery pack and the power consumption to maintain the
flow rate are both increased.

4. As the cell spacings decrease, the temperature and the temperature difference of the battery
pack are both reduced effectively. However, the decrease of the cell spacing increases the power
consumption of the system significantly.

5. The angles of the plenums remarkably influence the performance of the BTMS. The maximum
temperature and the maximum temperature difference of the battery pack can be reduced
effectively through optimizing the angles of the plenums, without increasing the total volume
and the power consumption of the BTMS.

Through the analysis above, it can be concluded that the performance of the BTMS can be
improved through arranging the flow pattern of the system, where changing the angles of the plenums
is one of the most effective approaches. This approach can reduce the temperature and temperature
difference of the battery pack when maintaining the power consumption and the volume of the BTMS,
which is expected to be applied to design the structure of the BTMS.
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Nomenclature

C1, C2 parameters of the k ∼ ε turbulence model, 1
Cµ parameter of the k ∼ ε turbulence model, 1
cp,air heat capacities of the air, J/(kg ·K)

cp,b heat capacities of the battery cell, J/(kg ·K)

d0 cell spacing among the battery cells, m
lb, wb, hb length, width and height of the battery cell, m
I discharge current of the battery cell, A
k turbulent kinetic energy, m2/s2

M number of the rows for the battery pack, 1
N number of the columns for the battery pack, 1
p Reynolds-averaged pressure, Pa
Q0 inlet airflow rate, m3/s
R the equivalent resistance of the battery cell, Ω
T0 temperature of the inlet airflow, K
Tair temperature of the air, K
Tb temperature of the battery cell, K
Tmax maximum temperature of the battery pack, K
∆Tmax maximum temperature difference of the battery pack, K
ui, uj the i-th and the j-th Reynolds-averaged velocity components, m/s
Vcell volume of the battery cell, m3

w1 width of the divergence plenum, m
w2 width of the convergence plenum, m
win inlet width, m
wout outlet width, m
Wp power consumption of the BTMS, W
x, y, z coordinates of the domain, m

Greek Symbols

λair thermal conductivity of the air, W/(m ·K)

λb thermal conductivity of the battery cell, W/(m ·K)

µ the molecular dynamic viscosity coefficient of the air, kg/(m · s)
µt the turbulent dynamic viscosity coefficient, kg/(m · s)
φb heat generation rate of the battery cell, W/m3

ρ density of the air, kg/m3

ρb density of the battery cell, kg/m3

σε parameter of the k ∼ ε turbulence model in the ε equation, 1
σk parameter of the k ∼ ε turbulence model in the k equation, 1
σT parameter of the k ∼ ε turbulence model in the temperature equation, 1
θ1 angle of the divergence plenum, degree
θ2 angle of the convergence plenum, degree
ε turbulent kinetic energy dissipation, m2/s3
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Subscripts

b battery cell
in inlet cross-section
max maximum
out outlet cross-section
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