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Abstract: To boost the performance of the air-cooling battery thermal management system, this study
designed a novel vortex adjustment structure for the conventional air-cooling battery pack used
in electric vehicles. T-shape vortex generating columns were proposed to be added between the
battery cells in the battery pack. This structure could effectively change the aerodynamic patterns and
thermodynamic properties of the battery pack, including turbulent eddy frequency, turbulent kinetic
energy, and average Reynolds number, etc. The modified aerodynamic patterns and thermodynamic
properties increased the heat transfer coefficient with little increase in energy consumption and almost
no additional cost. Different designs were also evaluated and optimized under different working
conditions. The results showed that the cooling performance of the Design 1 improved at both low
and high air flow rates. At a small flow rate of 11.88 L/s, the Tmax and ∆T of Design 1 are 0.85 K and
0.49 K lower than the conventional design with an increase in pressure drop of 0.78 Pa. At a relative
high flow rate of 47.52 L/s, the Tmax and ∆T of the Design 1 are also 0.46 K and 0.13 K lower than the
conventional design with a slight increase in pressure drop of 17.88 Pa. These results demonstrated
that the proposed vortex generating design can improve the cooling performance of the battery pack,
which provides a guideline for the design and optimization of the high-performance air-cooling
battery thermal management systems in electric vehicles.

Keywords: electric vehicle; air cooling; battery thermal management system; vortex generating
column; cooling performance

1. Introduction

In recent years, lithium-ion batteries (LIB) have been dominating the energy storage
component market for electric vehicles (EV) [1]. For every EV original equipment manufac-
turer (OEM), their product reliability and safety are always the priority in list of company
missions and responsibilities [2]. Thermal runaway is a serious safety concern for all the
LIB systems [3]. The fire and explosive failures of the LIB system due to the ineffective
battery thermal management can cause catastrophic losses to OEMs and EV owners [4]. To
tackle this problem, battery thermal management system (BTMS) plays a critical role to
provide a suitable operating thermal environment for the LIB cells [5].

The major cooling methods for the commercial EV BTMS are air cooling and liquid
cooling [6]. Just like every other cooling technology, both technical paths have their unique
pros and cons [7]. Liquid-cooling BTMS performs better than other technologies due to its
superior control of the maximum temperature and temperature difference performances
within the battery packs to prolong battery cell cycle life [8]. Especially for the cold-plate
liquid-cooling technique, Pulugundla et al. [9] had proven the higher heat transfer rate
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of a liquid-cooling cold-plate design with optimal channel size and configuration over
passive or forced-air cooling BTMS by three dimensional time-accurate computational fluid
dynamics simulations. Bakhshi et al. [10] developed novel face liquid-cooling configuration
to achieve an optimal overall cooling performance with the lowest cell temperature and
thermal gradient across battery pack under all operating conditions. Dubey et al. [11]
compared cold-plate based and immersion liquid-cooling BTMS designs by three dimen-
sional time-accurate methods and found that immersion liquid-cooling could deliver lower
maximum temperature and temperature gradients at high discharging rates in addition
to a smaller coolant pressure drop. Admittedly, liquid-cooling has been adopted as the
mainstream battery cooling approach for many North American and European OEMs due
to its extraordinary cooling capacity and compact arrangement [12].

On the hand, air-cooling BTMS is well-known for its robust performance, low cost,
simple structure, and safe character (no coolant leakage risk) [13]. With more and more
fierce competitions in the global EV industry, cost reduction becomes a fundamental
methodology for each OEM to make some profits and survive in the market. It is still
favored by many Asian OEMs such as Toyota and SAIC for their small vehicle models.
Current EV air-cooling BTMS are all designed for pouch or prismatic cells. There are almost
no air-cooling applications for cylindrical cells. To find the missing piece of the puzzle,
this research will be focusing on optimizing the cooling performance of a basic air-cooling
BTMS design of cylindrical cells for the EV battery thermal management to improve this
existing gap.

The air-cooling BTMS improvement has been a hot research topic in the last decade.
The major improving methods are categorized as battery pack design, cooling channel,
inlet/outlet design, thermally conductive materials, and secondary channel design im-
provement [14]. Zhao et al. [15] proposed a novel variable cell spacing layout for the
battery pack design and improved the cooling performance of the conventional constant
spacing one. They also created an innovative trapezoid layout for the battery pack design
to increase the heat transfer coefficient [16]. For the cooling channel improvement method,
Liu et al. [17] combined Z-type and U-type channel designs into a J-type one to optimize
the control strategy according to the feedback of the thermal conditions of the battery pack.
By alternating the positions and sizes of the inlets and outlets, Zhao et al. investigated
a double inlets double outlets battery pack and optimized the outlet dimension to reach
the highest cooling performance. Li et al. [18] invented a double silica plates with copper
mesh inside structure to enhance the heat dissipation performance of the pouch cell battery
pack. Zhang et al. [19] added an additional double-layer plates to increase the thermal
conductivity between battery cells and the cooling air. The plate is made of anodized
Aluminium 6061, which is a very effective thermally conductive material.

The vortex adjustment structure design can be categorized into the secondary channel
design improvement. Early in 2006, Chomdee et al. [20] designed a delta winglet vortex
generator for the air cooling of electronic modules. It was proven to enhance the adiabatic
heat transfer coefficients. Ye et al. [21] developed a cylinder vortex generator at the inlet
of the air flow channel and improved the temperature uniformity of the battery pack
effectively. In recent years, the vortex generator designs are becoming more popular for
the air-cooling BTMS improvement. Mondal et al. [22] added winglet configurations as the
vortex generators in the air flow channels to increase the overall heat transfer. The results
showed that the maximum temperature and temperature difference within the cells were
reduced. Xie et al. [23] compared four mainstream types of the vortex generators: delta
wing, delta winglet, rectangular wing, and rectangular winglet. The delta winglet design
had been proven to generate more vortices and mix different air flows more sufficiently.
Shahid et al. [24] introduced a multiple delta winglet vortex generator design to enhance
the turbulence before the air flow enters the battery pack. The temperature uniformity
was substantially improved. Different from those conventional vortex generators usually
placed on the wall surface or inlet of the battery packs, this study innovatively embedded
the new T-shape vortex generating columns (VGCs) between the battery cells through the
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battery pack to change the patterns of the turbulent eddy frequency (TEF) and turbulent
kinetic energy (TKE), which substantially affect the average Reynolds number (Re) and
average surface Nusselt number (Nu) of the air flow field. Hence the heat transfer between
the cooling air and battery might be increased due to the improvement of the overall heat
transfer coefficient. The T-shape VGC is ultimately a simple structure which does not
largely increase the cost while it effectively improves the cooling performance.

The main objective of this research is to find a simple structure, high reliability, and
low manufacturing cost air-cooling BTMS design to deliver high cooling performance for
EV cylindrical cell battery packs. To achieve this objective, the novel VGC structures were
added to a basic air-cooling BTMS to enhance the heat transfer by changing its TEF, TKE,
Re, and Nu patterns.

2. Conventional Design and Vortex Generating Columns

The conventional design is a battery pack of 5 × 9 21700 cylindrical cells in a 5p9s
connection (5 cells in parallel as a group and 9 groups in series). One of the 5-cell side is the
inlet (blue inlet arrows) and the other 5-cell side is the outlet (red outlet arrows) as shown
in Figure 1a. Both horizontal and vertical adjacent cell centres distances are 30 mm. All the
distances between the cell centres to the case wall are 30 mm. The discharging rate is set as
2 C as it is generally considered as the highest discharging rate for the normal operations
of EVs [25]. The inlet air flow velocities are set as 1, 2, 3, 4, and 5 m/s. The width, height,
and length of the air volume are 0.18 m, 0.066 m, and 0.3 m, respectively. The area of the
inlet/outlet is 0.01188 m2. So, the corresponding inlet air flow rates at five inlet air flow
velocities are 11.88, 23.76, 35.64, 47.52 and 59.40 L/s, respectively.
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To change the TKE, TEF, Re and Nu patterns of the air flows during the active cooling,
the proposed basic VGC design (Design 1) adds eight novel T-shape VGCs in the clearances
between the battery cells as shown in Figure 1b. Its shape and dimensions are shown in the
magnification boxes in Figure 1b. All the T-shape VGCs are placed in the geometric centre
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of any 2× 2 cell group. Both horizontal and vertical distances between the geometric centre
point of VGC and four adjacent battery cell centres are 15 mm. The rationales of choosing
the T-shape as the optimal contour of the VGCs in this study will be clarified and validated
in Section 5.

3. Mathematical Models and Major Parameters

This study is one of the series studies on the design improvements of the air-cooling
BTMS from our research team, the mathematical models including heat generation and
transfer models are similar to those of the previous published papers [13,15,16]. To simplify
the manuscript, only critical formulars are presented here.

3.1. Battery Cell Heat Generation Model

The electric potentials on the surfaces of the electrodes are calculated by Newman’s
electrochemistry model in Equation (1) [26]:

∫
V

∇·(σ∇φ)dV =
∫
A

jdA (1)

where∇ is the Del operator which denotes a partial derivative of a quantity with respect to
all directions in the chosen coordinate system, φ is the electric potential, j is the volumetric
transfer current density, A is the surface area of the interface, σ is the electrical conductivity.

The battery thermal and electrical fields are expressed by Equations (2)–(4) [27]:

∂ρbCpbT
∂t

−∇·(kb∇Tb) = qb (2)

∇·(σ+∇ϕ+) = −j (3)

∇·(σ−∇ϕ−) = j (4)

where ρb is the battery mass density, Cpb is the battery specific heat capacity, Tb is the
battery temperature, kb is the battery thermal conductivity, qb is the battery heat generation
rate which consists of the Joule heat, the electrochemical reaction heat, and the entropic
heat, σ+ and σ− are the anode and cathode effective electrical conductivities, ϕ+ and ϕ−
are the anode and cathode phase potentials.

3.2. Heat Transfer Model

As one of the three basic thermodynamic equations for a fluid flow field, the mass
conservation equation (continuity equation) for the cooling air flows is expressed by
Equation (5) [28]:

∂ρa
∂t

= −∇·(ρa
→
va) (5)

where ρa is the air mass density,
→
va is the air flow velocity vector.

The momentum conservation equation (Navier-Stokes equation) is expressed by
Equation (6):

∂(ρa
→
va)

∂t
+∇·(ρa

→
va
→
va)) = −∇p +∇·(τ) (6)

where p is the static pressure, τ is the stress tensor.
The energy conservation equation (total energy equation) is expressed by Equation (7):

ρaCpa∇Ta + ρbCpb
∂Tb
∂t

= ka∇2Ta + kb∇2Tb + qb (7)

where Cpa is the air specific heat capacity, ka is the air thermal conductivity, Ta is the air
temperature, ∇2 is the Laplace operator.
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3.3. Major Cooling Performance Indicators

The maximum temperature (Tmax) and the temperature difference (∆T) between the
Tmax and the minimum temperature (Tmin) within a battery pack are mostly used to indicate
the overall cooling performances of an air-cooling BTMS by previous research [5,29,30].
In this study, Tmax reduction and ∆T reduction are also adopted as the major cooling
performance indicators. Tmax shows the cooling capacity of the design in terms of sup-
pressing the highest temperature of the hot spots within the battery pack. It is crucial
for battery safety and longer cycle life. From the previous research, the ideal operating
temperature range for LIB is between 25 ◦C (298.15 K) and 40 ◦C (313.15 K) [31–33]. Higher
operating temperatures could cause accelerated degradation, capacity fading, and thermal
runaway [4]. The cooling capacities of the air-cooling BTMS will be greatly compromised
at higher operating temperatures, so the ambient and inlet air temperatures are initially set
as 20 ◦C (293.15 K) in this study to provide a prerequisite cooling environment.

However, only lower Tmax is not enough, inconsistent battery cell temperatures within
a battery pack could lead to different degradation rates and cause some cells to reach their
end of life faster than others, compromising the overall battery pack cycle life. So, ∆T is
defined as the difference values between the maximum and minimum temperatures within
a battery pack to evaluate the evenness of the temperature field within a battery pack. It
shows the overall cooling performance on every cell within the battery pack in addition to
just suppressing the maximum temperature of a hot spot. ∆T is expressed by Equation (8):

∆T = Tmax − Tmin (8)

To protect the LIB cells from operating beyond the ideal temperature ranges, 35 ◦C
(308.15 K) and 5 ◦C (5 K) are selected as the upper limit of the Tmax and ∆T following some
relevant research [34,35]. Tmax is always considered as the first priority to evaluate different
designs. When the Tmax performances of different designs are close to each other, ∆T will
be considered as the secondary evaluation criterion to decide the optimal design. Moreover,
pressure difference (∆P) of the average pressure values between the inlet and outlet is
used to indicate the overall system power consumptions. Although ∆P does not reflect
the cooling performance directly, it is a critical indicator of the system energy efficiency
which can be used as a last priority evaluation criterion when there is a tie on all other
evaluation aspects.

3.4. Advanced Design Improvement Parameters

Besides the major cooling performance indicators such as Tmax and ∆T, this study
explored the influences of some aerodynamic and thermodynamic properties such as TEF,
TKE, Re, and Nu on the overall cooling performances.

TEF could decay the turbulence intensity from the inlet, so the downstream turbu-
lence intensity can be much smaller than that at the inlet, causing different heat transfer
performances and uneven temperature distributions. The turbulence eddy frequency ω
can be calculated by the shear-stress transport k-ω Equation (9) developed by Menter [36]:

∂(ρω)

∂t
+

∂(ρUjω)

∂xj
= α

ω

k
Pk − ρβω2 +

∂

∂xj

[(
ν+

νt

σω

)
∂ω

∂xj

]
+ 2(1− F1)

ρ

ωσω,2

∂k
∂xj

∂ω

∂xj
+ PSAS (9)

where k is the turbulent kinetic energy, Uj is the mean velocity component, Pk is the
production term of the turbulent kinetic energy, ν is the kinematic viscosity, α, β, σω, and
σω,2 are model parameters, F1 is the first blending function in the SST model, and PSAS is
the additional source term in the transport equation for the turbulence eddy frequency [37].

Different TKE spatial and temporal distributions could have different influences on
the surface heat transfer coefficient [38]. The constant viscosity and density TKE can be
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calculated by transport Equation (10) [39]:

Dk

Dt
=

∂

∂xj

[
−
〈
ujp′

〉
ρ

+ 2ν
〈
uisij

〉
− 1

2
〈
uiujuj

〉]
− 2ν

〈
sijsij

〉
−
〈
uiuj

〉〈
sij
〉

(10)

where p is the pressure, u is the flow velocity, the subscripts i, j represent the Cartesian
directions, sij is the strain rate tensor. In the right-hand side, the first term is consisted of
pressure, viscous stresses, and Reynolds stresses transport of TKE. The second term is the
KTE dissipation rate. The third term is the turbulence production.

The geometrical differences, even a very small angle, could cause sensitive air flow
vortex dynamics variations, leading to significantly different TKE in the wake [40]. Kim
et al. [41] found that smaller TKE could lead to the degradation of the heat transfer perfor-
mances by comparing the TKE values on flat, concave, and convex surfaces. The buildup of
TKE in the stagnation regions or the loss of TKE in the peripheral regions shall be avoided
by adding VGCs subtly and appropriately to improve the TKE uniformity, leading to more
balanced temperature distribution and better cooling performances.

The increase in the Re could also lead to the growth in heat transfer coefficient
due to the beneficial effects of forced convection [42,43]. The Re can be calculated by
Equation (11) [44]:

Re =
uDH

ν
(11)

where u is the flow velocity, DH is hydraulic diameter of the pipe, and ν is the kine-
matic viscosity.

The increase in the turbulence level due to the increase in friction factor and surface Nu
have been proven to cause the heat transfer augmentation [45]. The Nu usually increases
with increasing Re [46]. The Nu can be calculated by Equation (12) [47]:

Nu =
haL
ka

(12)

where ha is the convective heat transfer coefficient of the air flow, L is the characteristic
linear dimension, and ka is the air thermal conductivity.

4. Numerical Modelling and Validation
4.1. Mesh Independence Study

The mesh generation and quality can influence the accuracy of the numerical re-
sults [48]. The meshing software used in this study is also ANSYS® Fluent. Figure 2c shows
the simulation results of different mesh element sizes at three discharging rates (0.3 C, 0.6 C
and 1 C). For the legend “Mesh N1-N2 @ 0.3 C”, N1 refers to the mesh division number of
anode tab perimeter (40.84 mm) as shown in Figure 2a. When division numbers N1 = 25,
50 and 80, the lengths of each division are 1.63 mm, 0.82 mm and 0.51 mm, respectively.
N2 refers to the mesh division number of cathode tab perimeter (65.97 mm) as shown in
Figure 2a. When division numbers N2 = 50, 100 and 160, the lengths of each division are
1.32 mm, 0.66 mm and 0.41 mm, respectively. “@ 0.3 C” refers to the discharging rate is
0.3 C. The mesh numbers of nodes/elements at different N1-N2 of 25–50, 50–100 and 80–160
are 20353/18268, 105589/99025 and 329047/314304, respectively.

Figure 2b shows the detailed mesh image for the boundary layer between cells and
cooling air within the battery pack. The comparison results in Figure 2c show that three
mesh element sizes have almost the same temperature prediction results during different
C-rates discharging. The average standard deviations (SDs) of any two among the three
mesh element size simulation results during 0.3 C, 0.6 C, and 1 C discharging are 0.014 K,
0.124 K and 0.371 K, respectively. Therefore, the smallest mesh division number N1-N2 of
25–50 is selected as the basic mesh setting to obtain accurate simulation results with the
minimum calculation cost.
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4.2. Time Step Size Independence Study

In addition to the mesh independence study, time step size independence study
had also been conducted in this research. In numerical calculations, small time step size
usually means more calculation iterations, leading to longer calculation time and more
computational resources. However, although large time step size could save calculation
time and resources, it is usually not convergent, and its results could be inaccurate. The
purpose of time step size independence is to find out the maximum yet most suitable time
step size to obtain accurate simulation results at the costs of relatively lowest computational
resources. In this study, three different time step size are selected: 10 s, 5 s and 1 s. The
results are shown in Figure 3. All three time step size results almost coincide with each
other completely, showing the required convergent value which represents the highest
accuracy. On the other hand, the total calculation time of 1 s time step size simulation is
almost ten times longer than the 10 s time step size one. As a result, 10 s has been selected
as the universal time step size for all the numerical simulations in this research.

4.3. Numerical Model Validation

The cylindrical 21700 LIB cell length and diameter are 70 mm and 21 mm, respectively.
The anode tab diameter and height are 21 mm and 5 mm, respectively. The cathode tab
diameter and height are 13 mm and 5 mm, respectively. The nominal cell capacity is 4 Ah.
The maximum and minimum stop voltages are 4.3 V and 3 V, respectively. The initial state
of charge is 1 (100% charged). To validate both the heat generation and transfer simulation,
the experimental data of an air cooling BTMS with a rectangular battery pack of 4× 818,650
cylindrical cells in an acrylic wind tunnels in Ref. [49] are adopted as shown in Figure 4a.
The cells connection type is 4p8s (4 cells in parallel as a group and 8 groups in series). The
cooling air is blowing through the inlet along the blue arrows at the velocities of 0.6 m/s,
1 m/s, 2 m/s, 3 m/s and 4 m/s. The cell centre distance is 22 mm. The distance between
the acrylic wall and the cell centres is 13 mm. Both the ambient temperature and the inlet
temperature are 20 ◦C. The battery pack are discharged at 0.5 C, 1 C and 2 C, respectively.



Batteries 2023, 9, 208 8 of 19Batteries 2023, 9, x FOR PEER REVIEW  8  of  21 
 

 

Figure 3. Time step size independence study results. 

4.3. Numerical Model Validation 

The cylindrical 21700 LIB cell length and diameter are 70 mm and 21 mm, respectively. 

The anode  tab diameter and height are 21 mm and 5 mm, respectively. The cathode  tab 

diameter and height are 13 mm and 5 mm, respectively. The nominal cell capacity is 4 Ah. 

The maximum and minimum stop voltages are 4.3 V and 3 V, respectively. The initial state 

of charge is 1 (100% charged). To validate both the heat generation and transfer simulation, 

the experimental data of an air cooling BTMS with a rectangular battery pack of 4 × 818,650 

cylindrical cells in an acrylic wind tunnels in Ref. [49] are adopted as shown in Figure 4a. 

The cells connection type is 4p8s (4 cells in parallel as a group and 8 groups in series). The 

cooling air is blowing through the inlet along the blue arrows at the velocities of 0.6 m/s, 1 

m/s, 2 m/s, 3 m/s and 4 m/s. The cell centre distance is 22 mm. The distance between the 

acrylic wall and the cell centres is 13 mm. Both the ambient temperature and the inlet tem-

perature are 20 °C. The battery pack are discharged at 0.5 C, 1 C and 2 C, respectively. 

Figure 3. Time step size independence study results.

Batteries 2023, 9, x FOR PEER REVIEW  9  of  21 
 

 

Figure 4. (a) Simulation results of the battery surface temperature contours and air velocity stream-

lines during 0.5 C discharging with 4 m/s inlet air velocity at 293.15 K (20 °C); (b) The comparison 

between the simulation results and the experimental data in Ref. [49]. 

The comparisons between the simulation results and the experimental data during 

0.5 C, 1 C and 2 C discharging are shown  in Figure 4b. The differences of  the average 

errors at five different velocities during 0.5 C, 1 C and 2 C discharging are 0.12 K, 0.47 K 

and 0.37 K, respectively. The differences of the SDs of the errors at five different velocities 

during 0.5 C, 1 C and 2 C discharging are 0.35 K, 0.94 K and 0.33 K, respectively. The 

results had  successfully  exhibited  the  accuracy  and  reliability of  the numerical model 

adopted in this study. 

5. Optimization of the VGC Contour Shape 

The T-shape VGC contour shape is one of the major innovations in this study. To find 

out the optimal contour shape, the cooling performances of the basic Design 1 with differ-

ent contour shape VGCs are investigated. The proposed VGC contour shapes include T-

shape, triangle, circle, square, and diamond as shown in Figure 5. 

Figure 4. (a) Simulation results of the battery surface temperature contours and air velocity stream-
lines during 0.5 C discharging with 4 m/s inlet air velocity at 293.15 K (20 ◦C); (b) The comparison
between the simulation results and the experimental data in Ref. [49].

The comparisons between the simulation results and the experimental data during
0.5 C, 1 C and 2 C discharging are shown in Figure 4b. The differences of the average
errors at five different velocities during 0.5 C, 1 C and 2 C discharging are 0.12 K, 0.47 K
and 0.37 K, respectively. The differences of the SDs of the errors at five different velocities
during 0.5 C, 1 C and 2 C discharging are 0.35 K, 0.94 K and 0.33 K, respectively. The results
had successfully exhibited the accuracy and reliability of the numerical model adopted in
this study.

5. Optimization of the VGC Contour Shape

The T-shape VGC contour shape is one of the major innovations in this study. To
find out the optimal contour shape, the cooling performances of the basic Design 1 with
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different contour shape VGCs are investigated. The proposed VGC contour shapes include
T-shape, triangle, circle, square, and diamond as shown in Figure 5.
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Figure 5. The basic Design 1 with different contour shape VGCs.

The windward side of all the VGCs is the left side. To make a fair comparison, the
breadths of windward projection area of all the contour shapes are set as 4 mm to obtain
the closest initial wind resistances for all designs. However, due to different shapes,
the capacities to produce turbulences and different aerodynamics properties (including
TKE, TEF, Re and Nu, etc.) of each design are different, leading to different cooling
performances. The operating conditions are the 2 C discharging processes at inlet air flow
rates of 11.88, 23.76, 35.64, 47.52 and 59.40 L/s, respectively. The simulation results of the
cooling performances of Design 1 with different contour shape VGCs are shown in Figure 6.

Except at the inlet air flow rate of 11.88 L/s, the T-shape VGCs design could deliver
the lowest Tmax values at 23.76, 35.64, 47.52 and 59.40 L/s, respectively. In addition, it also
has the lowest ∆T values at 23.76 and 35.64 L. The only disadvantage of the T-shape VGCs
is its ∆P values are among the highest at most of the inlet air flow rates, but the incremental
changes are just 0.78, 3.61, 5.66, 17.88 and 22.38 Pa at 11.88, 23.76, 35.64, 47.52 and 59.40 L/s,
respectively. Compared with the gains of the cooling performance improvements, the ∆P
increases are negligible. The circle VGCs design only has the lowest Tmax and ∆T values
at 11.88 L/s, showing its excellent cooling capacity at low inlet air flow rate. However,
with the increase in the flow rates, its cooling performances are becoming worse, especially
its ∆T values are always the highest among all designs. The triangle VGCs design has
the lowest ∆T values at 47.52 and 59.4 L/s, but its Tmax values are always higher than the
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T-shape VGCs design. As a conclusion, the T-shape is selected as the optimal contour shape
for the VGCs added in the conventional air-cooling BTMS, which is also a key innovation
of this study.
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6. Optimization of the VGCs Distributions
6.1. Different VGC Distribution Designs

After the optimal contour shape is decided, the optimal distribution of the VGCs in
the battery pack will be explored in this section. Based on the conventional air-cooling
BTMS design without any VGC, four derivative designs with different VGC distributions
including the basic Design 1 are proposed in Figure 7. Since the VGCs are quite small
compared with the whole battery pack in true scale, the positions of the VGCs in each
design are highlighted in the small red circles. Design 1 has 8 VGCs on the intersection
points of the 2nd, 4th, 6th and 8th clearance columns and the 1st and 4th clearance rows.
In addition to Design 1, Design 2 has 8 more VGCs (16 VGCs in total) on the intersection
points of the 1st, 3rd, 5th and 7th clearance columns and the 2nd and 3rd clearance rows.
Design 3 has 32 VGCs on all the intersection points of every clearance column and row.
Design 4 has 8 VGCs on the intersection points of the 2nd, 4th, 6th and 8th clearance
columns and the 2nd and 3rd clearance rows.
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The simulation results of the comparison between the conventional design and four
derivation designs are shown in Figure 8. Design 3 is the design with full VGCs on all the
intersection points in the clearance area. However, its cooling performance is the worst. It
has both highest Tmax and ∆T values at all five flow rates (higher than the conventional
design), which means the full VGC arrangement would adversely influence the cooling
performance. Design 2 has less VGCs than Design 3 but more VGCs than Design 1 and 4.
Its Tmax and ∆T values are in the middle rankings at 11.88–47.52 L/s inlet air flow rates.
However, at 59.40 L/s, Design 2 exhibits the best cooling performance with both lowest
Tmax (305.92 K) and ∆T (2.22 K). Both Design 1 and 4 have 8 VGCs. Design 4 has the VGCs
on the middle clearance rows while Design 1 has them on the bilateral clearance rows. The
position differences cause different cooling performances. The Tmax values of Design 4 are
among average, but its ∆T (2.29 K) at 47.52 L/s is the lowest due to its high Tmin values.
Design 1 has the lowest Tmax values at 11.88–47.52 L/s inlet air flow rates. Its Tmin values
are not the lowest at some inlet air flow rates (23.76 L/s and 35.64 L/s). Its ∆T values are
the lowest at 11.88–35.64 L/s inlet air flow rates.

It can be observed that not all the VGC designs performed better than the conventional
design. The Tmax values of the conventional design rank 2nd, 2nd, 3rd, 4th and 3rd among
all five designs at all five flow rates, respectively. The ∆T values of the conventional design
rank 2nd, 2nd, 4th, 4th and 4th among all five designs at 11.88–59.40 L/s. For the criteria of
the Tmax (<308.15 K) and ∆T (<5 K), Design 1 reached the minimum Tmax (307.69 K) and
qualified ∆T 2.55 K at 47.52 L/s, outperforming the conventional and all other VGC designs.
The Tmax and ∆T of Design 1 are 0.46 K and 0.13 K lower than those of the conventional
design with a negligible ∆P increase in 17.88 Pa. As a result, Design 1 could be regarded as
the optimal design in this group.

Four major aerodynamic and thermodynamic properties of these five designs at
different flow rates are listed in Table 1. Design 1 has the highest TKE, Re and Nu values
at almost all air flow rates, indicating a positive relationship between higher parameters
and better cooling performances. Especially the Nu numbers of Design 1 are the highest
at five flow rates, reflecting the optimal heat transfer coefficient performance among all
designs. In conclusion, the distribution of the T-shape VGCs in Design 1 could effectively
adjust its aerodynamic and thermodynamic properties to the optimal values and achieve
the top cooling performance.
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Figure 8. Simulation results of Design 1–4 at five air flow rates.

Table 1. Thermodynamic properties of the conventional design and Design 1–4.

Thermodynamic Properties Flow Rate (L/s) Conventional Design 1 Design 2 Design 3 Design 4

Average Turbulent Kinetic
Energy (J/kg)

11.88 0.05 0.05 0.05 0.05 0.05
23.76 0.20 0.21 0.20 0.20 0.20
35.64 0.44 0.46 0.45 0.46 0.44
47.52 0.76 0.81 0.76 0.80 0.79
59.40 1.16 1.24 1.21 1.23 1.21

Average Reynolds Number

11.88 68.94 68.74 66.57 62.58 68.14
23.76 135.44 138.24 132.12 124.56 134.71
35.64 205.36 204.87 200.06 189.14 199.90
47.52 272.22 272.51 258.73 249.13 268.54
59.40 336.25 337.85 325.12 308.42 333.47

Average Nusselt Number

11.88 127.44 129.47 129.53 125.90 122.79
23.76 179.07 183.52 180.33 177.33 172.53
35.64 225.37 228.94 226.29 223.48 216.28
47.52 265.13 268.94 265.54 263.89 255.35
59.40 300.12 304.44 301.12 298.81 289.40
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6.2. Bilateral Additional VGC Designs

Although Design 1 could meet all the temperature requirement at 47.52 L/s, its major
disadvantage is the high density of the velocity streamlines on the two sides of the battery
pack near the case walls as shown in Figure 9. These air streamlines directly flow out of
the battery pack from inlet to outlet without sufficient heat exchange processes with the
battery cells, causing the waste of cooling air and energy consumptions.
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47.52 L/s.

Two rows of additional L-shaped VGCs are added in the bilateral clearances in Design
5 and 6 to solve the problem of the surplus accumulations of the wasted air flow streamlines
on the bilateral clearances as shown in Figure 10. The additional VGCs in Design 5 are
aligned parallel to the case walls while those in Design 6 have a small inclination angle (2◦)
with the walls to create a convergent cooling channel along the air flow direction from inlet
to outlet.
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Figure 10. Design 5 and 6 with bilateral additional VGCs.

The simulation results of Design 1, 5 and 6 are shown in Figure 11. At 11.88 L/s, the
Tmax values of Design 5 and 6 are 1.53 K and 1.43 K lower than Design 1. Moreover, the ∆T
values of Design 5 and 6 are 2.1 K and 2.06 K lower than Design 1, showing a significant
improvement in the cooling performance by adding the bilateral VGCs at low air flow
rate. However, when the flow rates are increased to 35.64 L/s or over, Tmin values of both
Design 5 and 6 are becoming lower than those of Design 1 and Tmax values are higher than
Design 1, leading to much worse ∆T performances of the bilateral VGC designs at higher
flow rates.
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As a more visually perceptible explanation to the simulation results, the temperature
patterns of Design 1, 5 and 6 at all flow rates are shown in Figure 12. In all figures, the inlets
are on the left-hand side and the outlets are on the right-hand side. It can be generalized
that the temperature distributions of all three designs are following some shared patterns:
(a) cell temperatures range from low to high along the air flow direction at low flow rate
(11.88 L/s); (b) cell temperatures range from high to low along the air flow direction at high
flow rates (47.52 L/s and 59.40 L/s); (c) cell temperature distributions are more uniform at
medium flow rates (23.76 L/s and 35.64 L/s).

To find out the influences of the TEF values on the temperature performances, the
TEF patterns of Design 1, 5 and 6 at all flow rates are shown in Figure 13. Different TEF
patterns mainly attribute to the battery pack internal structures. Although there are two
more rows of bilateral VGCs in Design 5 and 6, the general TEF patterns of all these three
designs are similar: the TEF values range from low to high along the air flow direction at
all flow rates. The additional parallel bilateral VGCs in Design 5 could boost the gradient
degree of the TEF patterns while the convergent bilateral VGCs in Design 6 could further
enhance the gradient degree of the TEF patters as shown in Figure 13. Since all the legends
are unified with same TEF ranges at each flow rate (0–1000 at 11.88 L/s, 0–2000 at 23.76 L/s,
0–3000 at 35.64 L/s, 0–4000 at 47.52 L/s and 0–5000 at 59.40 L/s), it can be observed that
the consequence of the average TEF values is “Design 6 > Design 5 > Design 1”. When the
flow rate is low (11.88 L/s), the cells with the higher temperatures are close to the outlet
as shown in Figure 12. The higher TEF values of Design 5 and 6 effectively cool down
these cells near the outlet and reduce both Tmax and ∆T values, leading to the cooling
performance improvement of the bilateral VGC designs at low flow rate. However, when
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the flow rates are increased to 35.64 L/s or higher, the cells with lower temperatures are
mostly distributed closer to the outlet as shown in Figure 12. The higher TEF values of
Design 5 and 6 could further reduce the temperatures of these colder cells, adversely
augmenting the temperature differences between the cells near the inlet and outlet. As a
result, the bilateral VGC designs are only effective to improve the cooling performance at
lower flow rates (11.88–23.76 L/s) and not beneficial to the cooling performances (especially
the ∆T values) at higher flow rates (35.64–59.40 L/s).

Batteries 2023, 9, x FOR PEER REVIEW  16  of  21 
 

As a more visually perceptible explanation to the simulation results, the temperature 

patterns of Design 1, 5 and 6 at all flow rates are shown in Figure 12. In all figures, the 

inlets are on the left-hand side and the outlets are on the right-hand side. It can be gener-

alized that the temperature distributions of all three designs are following some shared 

patterns: (a) cell temperatures range from low to high along the air flow direction at low 

flow rate (11.88 L/s); (b) cell temperatures range from high to low along the air flow direc-

tion at high flow rates (47.52 L/s and 59.40 L/s); (c) cell temperature distributions are more 

uniform at medium flow rates (23.76 L/s and 35.64 L/s). 

 

Figure 12. Temperature patterns of Design 1, 5 and 6 at all flow rates. 

To find out the influences of the TEF values on the temperature performances, the 

TEF patterns of Design 1, 5 and 6 at all flow rates are shown in Figure 13. Different TEF 

patterns mainly attribute to the battery pack internal structures. Although there are two 

more rows of bilateral VGCs in Design 5 and 6, the general TEF patterns of all these three 

designs are similar: the TEF values range from low to high along the air flow direction at 

all flow rates. The additional parallel bilateral VGCs in Design 5 could boost the gradient 

degree of the TEF patterns while the convergent bilateral VGCs in Design 6 could further 

enhance the gradient degree of the TEF patters as shown in Figure 13. Since all the legends 

Figure 12. Temperature patterns of Design 1, 5 and 6 at all flow rates.



Batteries 2023, 9, 208 16 of 19

Batteries 2023, 9, x FOR PEER REVIEW  17  of  21 
 

are unified with same TEF ranges at each flow rate (0–1000 at 11.88 L/s, 0–2000 at 23.76 

L/s, 0–3000 at 35.64 L/s, 0–4000 at 47.52 L/s and 0–5000 at 59.40 L/s), it can be observed that 

the consequence of the average TEF values is “Design 6 > Design 5 > Design 1”. When the 

flow rate is low (11.88 L/s), the cells with the higher temperatures are close to the outlet as 

shown in Figure 12. The higher TEF values of Design 5 and 6 effectively cool down these 

cells near the outlet and reduce both Tmax and ΔT values,  leading to the cooling perfor-

mance improvement of the bilateral VGC designs at low flow rate. However, when the 

flow rates are increased to 35.64 L/s or higher, the cells with lower temperatures are mostly 

distributed closer to the outlet as shown in Figure 12. The higher TEF values of Design 5 

and 6 could further reduce the temperatures of these colder cells, adversely augmenting 

the  temperature differences between  the cells near  the  inlet and outlet. As a result,  the 

bilateral VGC designs are only effective to improve the cooling performance at lower flow 

rates (11.88–23.76 L/s) and not beneficial to the cooling performances (especially the ΔT 

values) at higher flow rates (35.64–59.40 L/s). 

 

Figure 13. TEF patterns of Design 1, 5 and 6 at all flow rates. 
Figure 13. TEF patterns of Design 1, 5 and 6 at all flow rates.

7. Conclusions

The advantages of the air-cooling BTMS are its simple structure, high reliability and
low manufacturing cost. To magnify its high-performance advantage, this study improved
a basic air-cooling BTMS by adding the novel VGCs to change its TEF, TKE, Re and Nu
patterns. The cooling performance improvement of the optimal design (Design 1) is proven
by the simulation results: (a) At 11.88 L/s flow rate, the Tmax and ∆T of Design 1 are
0.85 K and 0.49 K lower than the conventional design; (b) at 47.52 L/s flow rate (when the
criteria of Tmax < 308.15 K and ∆T < 5 K are met by most of the designs), the Tmax and ∆T
of Design 1 are 0.46 K and 0.13 K lower than the conventional design. Compared with
Design 2 and Design 3, Design 1 has less VGC numbers, which shows that the quantity
of the VGCs is not the higher the better. Compared with Design 4, the VGCs in Design 1
have a sparser distribution. Design 5 and Design 6 with bilateral VGCs could only improve
the cooling performance at low air flow rates compared with Design 1. When the flow rate
increases, they became less effective than Design 1. The analysis demonstrated that VGCs
could change the air flow aerodynamic and thermodynamic properties (TEF, TKE, Re and
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Nu, etc.) of the air-cooling BTMS. However, the specific distribution of the VGCs should
be optimized respectively according to different battery cells arrangement and inlet air
flow rates. This provides a guideline for engineers in the design and optimization of the
air-cooling BTMS.
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Nomenclature
A battery surface area (m2)
Cp specific heat capacity (J·kg−1·K−1)
DH hydraulic diameter of the pipe (m)
F1 first blending function in the SST model
h convective heat transfer coefficient (W·m−2·K−1)
j volumetric transfer current density (A·m−2)
k thermal conductivity (W·m−1·K−1)

turbulent kinetic energy (J·kg−1)
P, p pressure (Pa)
Pk production term of the turbulent kinetic energy
PSAS additional source term in the transport equation for the turbulence eddy frequency
q heat generation rate (W·m−3)
s strain rate tensor
T temperature (K)
U mean velocity component (m·s−1)
u air flow velocity (m·s−1)
→
v air flow velocity vector (m·s−1)
Greek Symbols
α, β model parameters
ρ mass density (kg·m−3)
r σ electrical conductivity (Siemens·m−1)
σω, σω,2 model parameters
τ stress tensor
ν kinematic viscosity (m2·s−1)
φ electric potential (V)
ϕ electrode phase potential (V)

∇ Del operator used as the partial derivative of a quantity with respect to all directions in
the chosen coordinate system (m−1)

∇2 Laplace operator
Subscripts

a air
b battery
i, j Cartesian directions
+ anode
− cathode
Abbreviations
BTMS battery thermal management system
EV electric vehicle
LIB lithium-ion battery
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OEM original equipment manufacturer
SD standard deviation
TEF turbulent eddy frequency
TKE turbulent kinetic energy
VGC vortex generating column
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