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Abstract: To ensure optimum working conditions for lithium-ion batteries, a numerical study is
carried out for three-dimensional temperature distribution of a battery liquid cooling system in this
work. The effect of channel size and inlet boundary conditions are evaluated on the temperature field
of the battery modules. Based on the thermal behavior of discharging battery obtained experimental
measurements, two temperature control strategies are proposed and studied. The results show that
the channel width of the cooling plates has a great influence on the maximum temperature in the
battery module. It is also revealed that increasing inlet water flow rate can significantly improve the
heat transfer capacity of the battery thermal management system, while the relationship between
them is not proportional. Lowering the inlet temperature can reduce the maximum temperature
predicted in the battery module significantly. However, this will also lead to additional energy
consumed by the cooling system. It is also found that the Scheme 5 among various temperature
control strategies can ensure the battery pack working in the best temperature range in different
depths of discharge. Compared with the traditional one with a given flow rate, the parasitic energy
consumption in Scheme 5 can be reduced by around 80%.

Keywords: battery thermal management system; lithium-ion battery; temperature control strategy;
heat dissipation; liquid cooling system

1. Introduction

The global energy demand continues to increase with the economy growth. At present,
fossil fuels (e.g., oil, natural gas and coal) account for around 80% of the world’s energy
consumption [1], which has caused serious environmental issues, e.g., global warming.
Lithium-ion battery has been considered as the primary choice of clean power temperature
due to its advantages, such as high energy density and long service life [2].

In the battery design process, Kukay et al. [3] improved the cyclic performance of the
thick cathodes and reduced the charge transfer resistance in the electrode by adjusting
the pH of the dispersion. Yamada [4] introduced an electrolyte design using the concept
of concentrated electrolytes. Wei et al. [5] proposed a novel parameterization method to
compensate for the noise-induced biases of model identification, which is very useful for
evaluating state of charge and efficient utilization of a battery system. However, the lithium-
ion batteries are sensitive to working temperature. The optimum operating temperature
range is around 20–40 ◦C, and the temperature difference between the batteries in a battery
pack should be controlled within 5 ◦C [6,7]. Extremely high or low working temperature
not only increases attenuation rate of the lithium-ion batteries [8], but also results in a series
of safety problems, such as thermal runway [9], electrolyte fire or explosions. Therefore, it
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is essential to employ a thermal management system during the charging and discharging
process, particularly for big size battery packs.

At present, there are various thermal management approaches developed for the
lithium-ion batteries including air cooling, phase change material cooling, heat pipe cooling
and liquid cooling. Pesaran [10] proposed the air-cooling thermal management design,
in which the air-cooling method with low energy density is studied, and the issues of
using air as a cooling medium in battery module are observed, such as the limited heat
dissipation capacity, large disturbance from external changing of air-flow rate and potential
noise phenomena. Since the year 2000, when the phase change material (PCM) was first
used for thermal management of the lithium-ion batteries [11], it has attracted much
research attention on low thermal conductivity [12] and leakage issues [13]. In spite of
the advantage of high latent heat of PCM, the PCM-based thermal management system
is limited to laboratory-level characterization and has not been applied in real EV/HEV
battery packs. The heat pipe technology works on the principle of evaporative heat transfer
and has been widely used in heat storage systems. Wu et al. [14] first studied the thermal
dissipation system of the lithium-ion battery based on the heat pipe technology in 2002
and compared thermal performance of natural convection, forced convection and heat pipe
cooling methods during the battery discharging process. Their results show that the surface
temperature of the battery can be reduced to around 32 ◦C by the heat pipe cooling method.
A subsequent study [15] has also proved that the heat pipe cooling has a great potential
being applied in BTMS. However, due to a small contact area between the battery and the
heat pipe, as well as large volume requirement by the concerned system, it is not suitable
to use this technology as the main heat dissipation method at present. Compared with the
above cooling methods, liquid cooling is more efficient in terms of temperature control due
to its high thermal capacity. Therefore, liquid cooling systems have been considered as a
better choice for BTMS, especially for batteries with large energy densities.

Among the various liquid cooling methods, indirect-contact cooling is more practical
than direct-contact one [16]. The cooling media (such as water, glycol, etc.) for indirect-
contact cooling has a smaller viscosity and provides a larger flow rate for cooling. The
indirect-contact cooling system consists of integrated channels and coolants in the cooling
plates. The heat generated from the battery is transferred through a metal plate to the
flowing coolant, which is then carried away via an electric pump. There have been many
studies on the influence of the channel structures on the cooling performances or the battery
temperature distribution [17,18], in which the main attention is focused on the optimum
parameters identified for a specific cooling system [19,20]. Deng et al. [21] studied the
influence on temperature distribution in a BTMS, in terms of the number of the channels,
channel layout and inlet temperature of the snake-shaped cooling plates. It is predicted
that the channel layout in the channel main flowing direction had the most effective cooling
performance for the serpentine cooling plate, and it is found that this design could reduce
the maximum temperature by 26 ◦C. Patil et al. [22] studied U-turn type microchannel
cooling plate. It is found that the cooling plate has a better cooling performance with
surface area coverage ratio = 0.75 and channel hydraulic diameter = 1.54 mm.

Zhang et al. [23] added flexible graphite between the battery and the liquid-cooled
plate. It was found that the maximum temperature difference on the battery surface
decreased from 7 ◦C to 2 ◦C, indicating that the use of the flexible graphite can significantly
improve the temperature distribution uniformity within the battery pack. Huang et al. [24]
found that both the inlet mass flow rate and temperature have a large influence on the
temperature field in the battery pack. However, with an increase of the flow rate, the
cooling capacity brought by a unit inlet flow rate was reduced. It was also found that the
response time of the cooling system lagged behind the abrupt change of the inlet mass
flow rate. The nonlinear correlation between the lagged time and the discharging ratio was
proposed, which is helpful for the precise control of the BTMS.

Concerning the indirect-contact liquid cooling, it was also found that there were
many factors affecting the performance of the cooling plates. In order to find an optimum
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combined parameter, a multi-objective optimization method for each individual parameter
is needed. Patil et al. [25] proposed a method for a comprehensive evaluation of the liquid
cooling BTMS. The multi-objective optimization using genetic algorithm was conducted,
subjected to the constraints of operating conditions for optimum battery performance,
and further determined the influence of the structural parameters on the heat dissipation
performance through a sensitivity analysis. On this basis, a cooling system with a uniform
temperature distribution and small energy consumption was developed by the multi-
objective optimization approach. The effectiveness of the optimized design is verified by
the heat dissipation experiments of the battery module.

Even though the liquid cooling system is the most feasible one for the batteries, there
is still space for further improvement in terms of the cooling performance, energy saving
and temperature control strategy during the discharging process. Therefore, in this work,
the liquid cooling heat dissipation system of the lithium-ion batteries is analyzed and
optimized through the orthogonal design approach with a matrix analysis. The orthogonal
weight was obtained for each level and each factor appeared in the system evaluation
indexes. Based on the identified weight factors, a closed-loop temperature control strategy
for the BTMS is proposed and evaluated for a complete battery pack discharging process.

2. Modeling and Numerical Methodology
2.1. Arrangement and Geometry of the Batteries and Cooling Plates to Be Modeled

The thermal management strategy of the battery module consisting of six commercial
rectangular lithium-ion battery cells is studied in this work. It is assumed that the battery
acts as a uniform heat source in the study. The BTMS for this module is characterized by
the liquid cooling approach with a mini-channel cooling plate. As shown in Figure 1, the
six cells are arranged in two rows (each row with three cells aligned in parallel), separated
by the cooling plate. The cooling plate is adhered to the largest side of the cell, which
has the advantage of forming a large heat exchange area. Temperature monitoring points
(Point-1 and Point-2 used in Section 3) are located in the center of the battery surface, as
shown in Figure 1. The size of the single cell is 207 × 157 × 7 mm, while the size of the
cooling plate is 471 × 207 × (H + 1) mm, where H is the height of the rectangular channel,
as shown in the cross-sectional view shown in Figure 1.
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The rectangular flow channels are used inside the liquid cooling plates, since the
straight shape channel has the advantage of a low manufacture cost and low flow resistance
compared to the other design channels. This is a suitable choice for the rectangular battery
pack. The channel arrangement is mainly featured by the number and size, as well as the
position of the channels within the cooling plates. For a liquid cooling plate with a similar
size, Rao et al. [26] has found that the arrangement of the six channels can provide a better
control of the temperature for the rectangular battery cells. Therefore, in this work, the
same number of the channels (i.e., six) is adopted for the cooling plate. The cross-sectional
size of the rectangular channels is featured by the parameters of width (L) and height (H),
as shown in Figure 1. For the position of the channels within the plates, it is assumed that
the six channels are evenly distributed horizontally. The distance between the top/bottom
edge of each channel and the top/bottom surface of the cooling plate is fixed to 0.5 mm in
this study. The weight of the battery module will not be significantly increased.

2.2. Mathematical Equations and Modeling Method for BTMS
2.2.1. The Governing Equations

For the fluid flow and heat transfer in BTMS, the conservations of mass, momentum
and energy have to be satisfied. In this work, Reynolds number Re of the liquid flow in
the straight channels is always smaller than 2300, thus the flow is in laminar. Heat transfer
between the fluid and channel wall within the cooling plate is through the convection,
while that within the channel walls and the battery cells is through thermal conduction.

The energy conservation equation for the battery cell is specified as follows [27]:

ρbCb
∂T
∂t

= ∇ · (λb∇T) +
.
q (1)

.
q =

qtotal
Vb

(2)

where ρb, Cb, λb and Vb are the density, specific heat capacity, thermal conductivity and
volume of the battery, respectively,∇T is the temperature gradient,

.
q is the heat source per

unit volume of the battery. In order to simplify the calculation, ρc, Cc and λc are kept as the
constants. Similarly, the energy equation of the coolant is described as follows:

ρcCc
∂T
∂t

+∇ ·
(

ρcCc
→
u Tc

)
= ∇ · (λc∇T) (3)

where ρc, Cc, λc and
→
u are the coolant density, specific heat capacity, thermal conductivity,

temperature and velocity vector, respectively. Water is used as the cooling medium in
this work.

The governing equations for the fluid flow are outlined as follows. The continuity
equation reads:

∂ρc

∂t
+∇ ·

(
ρc
→
u
)
= 0 (4)

where ρc is the density of the coolant,
→
u is the velocity of the coolant (in vector).

The momentum conservation equation for the laminar flow:

∂

∂t

(
ρc
→
u
)
+∇

(
ρc
→
u
→
u
)
= −∇P +∇

(
τ
)
+ ρc

→
g (5)

where P is the static pressure, τ is the stress tensor, and
→
g means the acceleration of gravity.

The stress tensor τ is given by:

τ = µ

(
∇→u +∇→u

T
)

(6)

where µ is the molecular viscosity.
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To evaluate the effect of the mass flow rate, the Reynolds number are calculated
as follows:

Re =
ud
υ

(7)

where υ is the kinematic viscosity of the coolant, d is the characteristic length given by:

d =
2HL

H + L
(8)

2.2.2. Battery Heat Generation Model

In the battery discharging process, the heat is generated by the electrochemical reac-
tions, and the polarization due to the terminal voltage difference of the battery, as well as
transfer of the lithium-ions and electrons. This heat can be classified into the reversible
and irreversible ones, usually estimated by the theoretical model proposed by Bernard [28]
in 1985. In this paper, the actual heat generation rate of the battery cell under different
state of charge (SOC) was taken from the experimental work carried out at the operating
temperature of 25 ◦C [29], which was presented as a transient total heat source averaged as
a uniform heat generation distributed in the battery cells. The battery is connected to the
electrical loading box, which is further connected to the controller via the RS-232 cables.
The controller can control the discharge process of the battery and collect the voltage and
current data of the battery. The controller communicates with the computer 1 via the
LabVIEW platform. Ten T-type thermocouples are attached to the battery surface. The
data of the thermocouples is kept in the computer 2 through Keithley data acquisition
system. In the experiments, the total heat generation rate of the battery is estimated by
the conservation of heat flux. It should be mentioned that the experiments employed a
well-known Moffat method [30] to analyze the uncertainty of the experimental results and
theoretical predictions. In the experiments, the total heat generation rate of the battery was
calculated by the conservation of heat flow as follows:

qtotal = qsen + qc + qenv (9)

where qtotal is the total heat generation rate of the battery; qsen is the sensible heat of the
battery; qc represents the heat exchange between the battery and the coolant; qenv represents
the heat exchanged between the system and the environment.

This total heat generation rate is corelated by a polynomial fitting method, which
is further compiled through the user defined function (UDF) in this work as the heat
source term of the battery in ANSYS Fluent. The simulations are carried out on a desk-top
computer with 6 Intel(R) Xeon(R) W-2133 CPU cores (@3.60 GHz) and a 16-GB memory
in a 64-bit Windows operating system. The double precision pressure-based solver is
adopted with the standard SIMPLE algorithm as its pressure–velocity coupling method.
The second order upwind discretization scheme is used for the momentum equation. All
user defined functions (UDFs) are compiled in the Dev-C++ software (Version 2 Copyright
(C) 1989, 1991 Free Software Foundation, Inc. 675 Mass Ave, Cambridge, MA 02139, USA).
In each simulation, 5 CPU cores are used in parallel and around 87% of the memory is
consumed. Each simulation case takes about 4 h running time. In the experiment, the
external surface of the battery module is wrapped by employing insulating cotton material.
To keep the similar thermal conditions, an insulating boundary condition is implemented
in the simulation work, and the heat generated by the battery is mainly carried away by
the coolant.

2.2.3. Physical and Thermal Properties

In this work, the cooling plate is made of aluminum and the coolant is water. The
physical and thermal parameters employed for the lithium-ion battery, cooling plate and
water are shown in Table 1. Due to the small thickness of the battery, isotropic thermal
conductivity is assumed for the battery for numerical simplicity. It is found that the error
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induced by this assumption is acceptable in this specific case. In the current simulations,
the change of the properties with temperature is not considered because the temperature
variation in the BTMS is considered small.

Table 1. Physical parameters of the battery module adapted from [31].

Material ρ (kg/m3) C (J/kg·K) λ (W/m·K) µ (kg/m·s)

Battery 2092 678 18.2 -
Water 998.2 4128 0.6 0.001001

Aluminum 2719 871 202.4 -

2.2.4. Initial and Boundary Conditions

In order to solve the governing equation above, as shown in Figure 2, the initial and
boundary conditions are applied as follows: the initial temperature of all computational
zones was set to 25 ◦C. The inlet boundary condition for the cooling plate was the mass
flow rate with a constant temperature, while the outlet one was the pressure outlet. In the
orthogonal test below, the specific inlet mass flow rate will be given. The inner wall of the
cooling plate was fixed by a non-slip boundary condition. The battery module is modelled
to be thermally insulated from the external environment, i.e., the heat generated by the
battery is carried away only by water, while the heat source term is implemented for the
battery cells in the UDF.
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2.2.5. Implementation Method and Validation of the Model

The commercial software ANSYS Fluent was used for the simulation in this work.
The parameter settings applied in the simulation (such as model selection and meshing)
are consistent with those presented elsewhere in the previous work [32]. In this paper, the
liquid cooling method of the battery module is studied based on the findings from the
previous study [32], in terms of the heat generation rate evaluated for the single battery. As
the battery module is symmetric along the central plane of the cooling plate, only a half
structure of the module is adopted as the calculation domain for the purpose to reduce the
computation expenses.

To validate the thermal model prediction against the experimental data, a thermal
contact resistance between the battery and the cooling plate surfaces is considered. In this
work, the contact thermal resistance (R) is estimated as the heat exchange (qc) between the
battery and the cooling plate obtained from the experiment and divided by the temperature
difference (∆T) between them. The thickness (δ) between the surfaces is assumed as 0.1
mm and the thermal conductivity (λ) 0.012 (W/m·K). By this treatment, it is found that



Energies 2021, 14, 4187 7 of 19

the estimated thermal resistance is equal to the experimental one. As can be seen later, the
above calculated properties of the materials can yield reasonable temperature predictions.

In this study, the geometric model of the battery module was established in SolidWorks
and further imported into ANSYS MESHING for a mesh division. Hexahedral grids
generated for the domains are highlighted in Figure 3a. It should be mentioned that the
part colored with blue is for the fluid domain, while the ones with other colors are for the
cooling plate and the batteries.
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In order to evaluate the reliability of the model, a grid independence testing is carried
out. The temperature at point-1, TPoint-1 is predicted for various grid numbers. It can be seen
in Figure 3b that, when the number of the grids exceeds 1.5 million, the variation range of
TPoint-1 is less than 1%, which can be considered that the simulation results are independent
of the number of the employed grids. Considering the calculation accuracy and time
expenses, the grid number ranging from 1.5 to 5 million is employed for various cases in
the present simulations of the orthogonal tests. At the same time, skewness and orthogonal
quality are also carried out to evaluate the quality of the meshing. The maximum skewness
of the cases is less than 0.94 and the minimum value of orthogonal quality is more than
0.15, which are acceptable in ANSYS Fluent. The convergence criteria for both the energy
and continuity equations are set to 10−6, which is also applied to the momentum equation.
The time step for the transient calculation is 1 s. To validate the thermal model predictions,
the surface temperature predicted for the lithium-ion batteries at 1 C, 2 C, 3 C and 4 C
discharging rates were compared with the experimental data. As shown in Figure 4, the
maximum difference between the experimental and the simulation results is less than
2%, indicating that the developed model can well predict the temperature distribution of
the battery.
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2.3. Orthogonal Design Method for BTMS and Its Matrix Analysis

In the design of BTMS, a large number of the calculations and experiments are usually
required to study the influence of the specific factors on the certain indexes. In order
to reduce the number of the required measurements and calculations, the method of
orthogonal design is adopted. The purpose of the orthogonal design is to optimize the
testing conditions and find out the best testing scheme. The core of the orthogonal design
method is an orthogonal array composed of various factors at different levels.

For the heat dissipation ability of the mini-channel cooling plates, it can be clearly
observed that the channel height (H), channel width (L), inlet water mass flow rate (V) and
inlet water temperature (T) are the main factors influencing the temperature distribution
of the battery modules. The channel height influences the size and weight of the BTMS
and further the energy density of the battery pack. To consider this effect, four levels of
the channel height values are selected between 0.5–2 mm for a further analysis. The other
factors (e.g., L, V and T) are also selected from the perspective of the energy consumption
and the heat dissipation capacity. The selected factors of the orthogonal design are shown
in Table 2. The evaluation indexes of the BTMS in this work include: the maximum
temperature (Tmax), temperature difference (∆T) and pressure drop (∆P) through the
channels, as defined below.

Tmax = TPoint-2 (10)

∆T = TPoint-2 − TPoint-1 (11)

Table 2. Orthogonal design factors and levels.

Level
Factors

H (mm) L (mm) V (kg/s) T (◦C)

1 0.5 10 0.0005 20
2 1.0 15 0.001 25
3 1.5 20 0.005 30
4 2.0 25 0.01 35

As identified in Table 2, each factor has four levels. In order to reduce the number
of the simulations, a combination of the concerned factors is obtained through L16 (44)
orthogonal. The orthogonal design table and the corresponding evaluation indexes are
presented in Table 3. It should be mentioned that columns 2–5 of this table represent
the factors and levels, while columns 6–8 are the evaluation indexes, i.e., the maximum
temperature, temperature difference and pressure drop.
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Table 3. Orthogonal design and results.

Number
Factor Evaluation Index

H L T V Tmax (◦C) ∆T (◦C) ∆P (Pa)

1 1 1 1 1 67.29 29.25 1770.11
2 1 2 2 2 54.36 19.21 3525.29
3 1 3 3 3 39.52 5.95 6776.63
4 1 4 4 4 40.78 3.36 12,198.85
5 2 1 2 3 36.00 5.18 1789.54
6 2 2 1 4 26.93 2.96 2129.14
7 2 3 4 1 81.08 28.39 166.21
8 2 4 3 2 58.76 18.62 265.14
9 3 1 3 4 38.64 2.80 924.58

10 3 2 4 3 45.83 5.16 391.45
11 3 3 1 2 48.55 17.94 99.27
12 3 4 2 1 69.77 27.31 39.52
13 4 1 4 2 64.21 16.81 84.95
14 4 2 3 1 73.97 25.57 29.93
15 4 3 2 4 31.99 3.13 348.67
16 4 4 1 3 29.98 5.49 149.66

It is also important to reasonably deal with the orthogonal testing results for obtaining
the correct analysis and summary according to the processing results. There are two
options observed in the existing analysis. The first option is a simple analytical process
but complicated result. The other one is that the calculation process is complex and prone
to limited errors. Therefore, the matrix analysis method [33] of the orthogonal design is
adopted due to a fact that it is able to get quickly the primary and secondary order of the
influencing factors through the design and calculations. The weight matrix of the design
method can be obtained, which clearly reflects the significance of each individual factors
from the evaluated indexes of the designs.

The weight matrix analysis method is used to optimize the selection of the multi-
objective orthogonal design schemes. According to the orthogonal design scheme, a three-
layer structure model needs to be established, which are the inspection index layer, the
factor layer and the level layer, respectively. From the data of each layer, the corresponding
matrix formula is further established. First of all, it is assumed that, for the inspection
index layer, there are m factors in the orthogonal experiment, while each factor has n levels.
The average value of the testing index at the j level of the i factor is specified as kij. If the
value of the index is proportional to the expectation, i.e., the larger the index is, the more
satisfied the expectation is. Let Kij = kij, otherwise Kij = 1/kij. The matrix is constructed as
presented in Equation (12). Secondly, for the factor layer, the reciprocal of the sum of Ki1 to
Kin is counted as Ni. There is Ni = 1/ ∑n

j=1 Kij. The matrix of Equation (13) is established.
Then, for the establishment of the horizontal layer matrix, the range of the i factor is si, and
Si = si/ ∑m

i=1 si. Equation (14) is constructed. Finally, the weight matrix of Equation (15)
that affects the value of the testing index can be calculated.
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M =



K11 0 0 0
...

...
...

...
K1n 0 0 0

0 K21 0 0
...

...
...

...
0 K2n 0 0
...

...
...

...
0 0 0 Km1
...

...
...

...
0 0 0 Kmn



(12)

N =


N1 0 0 0
0 N2 0 0
...

...
...

...
0 0 0 Ni

 (13)

S =


S1
S2
...

Si

 (14)

w = MNS = [w1, w2, · · ·, wm×n]
T (15)

In the above matrix, w1 = K11N1S1, where K11N1= K11/ ∑n
j=1 K1j is the ratio of the

indexed value for the first level to the sum for all the levels of the first factor; S1= s1/ ∑m
i=1 si

is the ratio of the range for the first factor to the sum of the all factors. The value of the
product of these two can not only reflect the volatility of the level of the first factor, but
also reflect the influence of each level of the first factor on the evaluation indexes under
the investigation. The same is true for the other factors and levels, and the weight of the
influence of the levels on the indexed value can be obtained by the calculation.

3. Results and Discussion
3.1. The Influence of Channel Size

Based on the orthogonal design method presented in the above Section 2.3, the in-
fluence of the channel size on the flow and heat transfer in the channel is presented and
discussed in this section. Figure 5 shows the weight of the channel height H and width L
at four different levels on the maximum temperature and temperature difference. In the
above Figure, the vertical axis and the horizontal axis represent the weights and four levels
varied with different factors. The black and red polylines represent the influence of the
channel height and channel width, respectively. It can be observed in Figure 5a that as the
channel width increases, the heat dissipation capacity of the cold plate is increased due to
the increase of the effective heat exchange area between water and the battery. This finding
is consistent with that of Jin [34]. As the height of the channel increases, the heat transfer
between water and batteries is slightly weakened at smaller H and then strengthened as H
increases. This predicted result may be due to the fact that, on the one hand, increasing the
height can increase the wet perimeter and reduce the water velocity when the inlet flow
rate is fixed. This slightly weakens the convective heat transfer performance through the
channels. On the other hand, with the increasing of the channel height, the heat transfer
area between the coolant and the cooling plate gradually increases and the enhanced heat
transfer effect will exceed the effect of the decreasing flow velocity. In overall, it can be
seen from Figure 5a that factor L has a greater influence on the maximum temperature of
the battery module than factor H.
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Figure 5b shows the influence of the channel height H and width L on the temperature
difference. Under a fixed inlet flow rate, increasing channel height H is beneficial to reduce
the temperature difference of the battery module. It is also seen that the orthogonal weight
of L on the temperature difference are smaller than those of factor H from the vertical
coefficient in Figure 5b. It can be seen in Figure 6 that a larger H results in a smaller
pressure drop in the channel, while the trend for L is opposite. The pressure drop is
an indicator of the parasitic power consumption needed by cooling the battery module.
Therefore, compared to the channel height H, the channel width L has a stronger influence
on the maximum temperature of the battery module, which means that the heat exchanging
area (i.e., connecting to the battery cells) is the main influencing factor on the temperature
field of the battery module. However, the orthogonal weight of the channel height on the
temperature difference is three times bigger than that of the channel width. This means
that increasing channel height or reducing flow velocity has a significant impact on the
temperature difference of the battery module. Through the weight analysis, the impact of
H and L on the battery module can be quantified.
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3.2. The Influence of Inlet Temperature and Flow Rate

The inlet temperature and inlet flow velocity are very important for the heat dissipa-
tion of the battery module. A common approach to investigate the effect of the inlet water
temperature and velocity on the performance of BTMS is by trying a series of specified
inlet water temperature and velocity, and then checking whether these values can meet
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the requirements of the BTMS. Such an approach is straightforward to find the optimum
values but is very time consuming, which may lead to a significant computational expense.
Through the matrix analysis method employing the orthogonal design results, the influ-
ence of the levels on the evaluation index (i.e., orthogonal weight) can be easily identified.
Based on the orthogonal weight analyzed, the factors and levels with bigger weights can
be considered as being in higher priority in optimization of the BTMS designs. This can
reduce the analysis time and computation resources required.

Figure 7 shows the impact of the orthogonal weights of the inlet temperature and
inlet flow velocity on the battery maximum temperature and temperature difference. It
can be found from Figure 7a that the weight of the inlet temperature on the maximum
temperature decreases almost proportionally with the inlet temperature increasing. This
suggests that a lower inlet temperature is favored to the heat dissipation in the battery
module. However, it is found in Figure 7b that the weight of the inlet temperature on the
temperature difference within the module fluctuates. An increased heat exchange rate is
more beneficial to the battery heat dissipation. Although a lower inlet temperature can
increase the heat dissipation, the parasitic energy consumption needed by the cooling
water in the refrigeration system would be higher, which needs further to be balanced.
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Figure 7 also shows that increasing inlet flow rate is beneficial to a reduction of both
the maximum temperature and temperature difference, but the relationship is not linear. It
can be seen from Equation (16) that for a given channel structure the heat transfer factor is
mainly a function of the heat transfer coefficient and flow velocity, while the heat transfer
capacity of the cooling plate is affected by both. The heat transfer factor (j) specified below
is used to characterize the heat transfer capacity of the heat exchange equipment.

j = St · Pr
2
3 =

h
ρcCcu

· Pr
2
3 (16)

where St is the Stanton number, defined as the ratio of the actual heat transfer flux to the
maximum heat transfer flux of the fluid, Pr is Prandtl number.

It is observed from the orthogonal weight shown in Figure 7 that for the straight
channel the inlet water velocity has a greater influence on the temperature distributed
in the battery module, followed by the inlet water temperature. The predicted results in
Figure 6 shows that the inlet water temperature and velocity have the same trend of the
influence on the pressure drop of the channel. As can be also seen in Figure 6, the influence
weight of the pressure drop in the channel changes little at different inlet temperatures.
Different inlet flow rates have a great influence on the pressure drop. Reducing the inlet
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flow rate may reduce the parasitic energy consumption of BTMS but will weaken the BTMS
heat transfer capability. There must be a trade-off between these two parameters. According
to the influence weight of the level for the factor, a more targeted choice may be adopted in
the research on the thermal management strategy of the battery pack temperature field.

It can be seen from the above analysis that the inlet mass flow rate has the greatest
influence on the temperature field of the battery module. The weight range of the influence
on the maximum temperature is 0.1–0.24. The weight of level 4 to the temperature difference
reaches 0.48. It can be found in Figure 8 that when the inlet flow rate is 0.01 kg/s, that
is, when level 4 is used, the maximum temperature is 34.6 ◦C, while the temperature
difference is 3.06 ◦C. In addition, when the inlet temperature is reduced from 35 ◦C to
20 ◦C, the maximum temperature of the module decreases from 58 ◦C to 43.1 ◦C, as shown
in Figure 8a. Therefore, according to the above analysis, different temperature control
strategies for the battery module will be developed by adjusting these two factors (T, V).
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3.3. Evaluation of Various Temperature Control Strategies

From the above discussion, it can be found that different factors and their levels have
different orthogonal weight values on the evaluation indexes of the BTMS. The inlet water
velocity has a big impact on the indexes, followed by the inlet temperature. One important
objective of the BTMS is to reduce the temperature difference and maintain the reasonable
temperature range for the battery pack. Based on the findings outlined above and the heat
generation characteristics of the battery, this section further explores different temperature
control strategies and evaluate the effectiveness of these ones based on the safety and
energy consumption.

Based on the analysis presented in Section 3.1, the inlet temperature and inlet flow
rate are varied for a purpose to identify the temperature control strategy, while the channel
size is fixed as the channel height H = 2 mm and width L = 10 mm. Figure 9 shows the
logistics of two different temperature control strategies.
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The logistics of the strategy outlined in Figure 9a is to control the battery temperature
by adjusting the inlet flow rate based on the maximum temperature and temperature
difference monitored in the battery module. The temperature predicted for the battery
surface center is used as the regulating parameter of the thermal management strategy.
This temperature is usually lower than that at the anode and cathode regions for a battery,
which means that there would be a delay on the response time of BTMS, especially for the
high-rate discharging process. This strategy can ensure that the battery always operates
in a reasonable temperature range. In the actual working process, the temperature data
monitored by the thermocouples should be transmitted to the BMS, and then the BMS
gives control instructions to the cooling system. It is noteworthy that in this process the
delay of the information transfer may influence the variation of the inlet velocity. Therefore,
setting the proper response on the temperature change is critical for this strategy. In this
logistics, the required maximum temperature and temperature difference are 38 ◦C and
4 ◦C, respectively.

The logistics of the second strategy shown in Figure 9b is to control the battery
temperature by simultaneously adjusting the inlet water temperature and velocity based
on the battery heat generation characteristics. For every increase of the heat generation
power by 5 W, the inlet velocity and temperature will be increased/decreased with a certain
amount. Table 4 summarizes the parameters of the two strategies and the predicted results.
It should be mentioned that columns 2–3 of Table 4 represent the inlet flow rate and the
inlet temperature, while columns 3–4 provide information on whether the specific scheme
meets the safety standards of the battery module. Scheme 1 simulates the temperature field
in the inner cycle of BTMS. In Schemes 2–4, the temperature field under the constant inlet
flow rate and inlet temperature is calculated, while Scheme 5 adopts Strategy (a), Scheme 6
to 8 adopt Strategy (b). The complete discharging process of the battery module under the
ambient temperature of 25 ◦C is simulated.
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Table 4. Control strategy and predicted results.

Scheme Vinlet (kg/s) Tinlet (◦C) Tmax < 40 (◦C) ∆T < 5 (◦C) η Strategy

1 0.01 Tinlet = Toutlet × × — —
2 0.01 25

√ √
100% Constant

3 0.005 25 ×
√

25% Constant
4 0.001 25 × × 1% Constant
5 0.001–0.01 25

√ √
20% Strategy (a)

6 0.001–0.01 25
√ √

24% Strategy (b)
7 0.001–0.005 25 × × 7% Strategy (b)
8 0.001–0.005 25–20

√
× � 1 Strategy (b)

To evaluate the energy consumption required by each scheme, a new parameter termed
as the energy ratio (η) is defined in Equation (17). h is the ratio of energy consumption of a
certain Scheme to that of Scheme 2. W is the energy consumption of the battery cooling
system, as shown in Equation (18). It is composed of two parts, where the first part is the
energy consumption by the external cooling system, while the other part is the energy
consumption by the electric water pump. EER is the external cooling energy efficiency ratio.
The ambient temperature is 25 ◦C. Meanwhile, different inlet flow rates and temperatures
are combined as a smoothing jump function, as shown in Equation (19), where pi (i = 1–4)
is a constant.

η =
Wother

W2
(17)

W = V ·
(

cc(Tenv − T)
EER

+ ∆P/ρc

)
· t (18)

f(t) = p1 +
p2

1 + e(t−p3)/p4
(19)

Table 4 shows that only Schemes 2, 5 and 6 meet the thermal safety requirements. At
the same time, Schemes 5 and 6 can save around 80% and 76% of the energy consumption,
respectively. In addition, it is found in Figure 10b that the Strategy (b) in Figure 9 plays
a prominent role in maintaining the uniform temperature distribution in the cell module.
However, the Strategy (b) has the risk that the heat generation rate of the batteries is likely
to increase as the performance of the battery decades. This may increase the difficulty
for the temperature control in Strategy (b). It can be seen from Figure 10 that both the
maximum temperature and temperature difference of Scheme 5 meet the requirements of
BTMS design through adopting Strategy (a). The temperature distribution of the battery
module at different depths of discharge is shown in Figure 10c. Based on the above
discussion, controlling the inlet flow rate of the cooling liquid is an effective and economic
strategy to maintain a reasonable temperature distribution in the battery module.
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4. Conclusions

In the charging and discharging process of lithium-ion batteries, heat is generated and
significantly changes the temperature distribution in the battery modules and packs. In this
work, a heat generation for the lithium-ion battery is modeled based on the experimental
data. The heat transfer model coupled with liquid cooling method is further developed for
a BTMS. The matrix analysis is conducted by employing the orthogonal design method
for the cooling plate structure parameters and cooling strategies. The control strategies for
the BTMS are evaluated in terms of the effectiveness, thermal safety and electric power
requirement. Major conclusions are drawn as follows:

(1) Thermal contact resistance between the direct contacting interface between the battery
and cooling plate surfaces is significant and needs to be considered in the modelling
of the temperature distribution.
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(2) For the rectangular channels in the cooling plates, the inlet flow rate has the most
significant impact on the temperature distribution in the battery module. In addition,
increasing channel height can effectively decrease the parasitic energy consumption
of the BTMS.

(3) Among the eight temperature control schemes, Scheme 5 adjusting the inlet flow
rate can maintain a reasonable temperature distribution range in the module and
has a lower energy consumption, which is considered as the better temperature
control scheme for the specific BTMS in this work. In addition, for Strategy (a), the
response time of BTMS is only affected by the temperature distribution, not by the
discharging/charging time of the battery.
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Nomenclature

Variables Greek Symbols
C specific heat (J/kg·K) δ thickness (m)
d the equivalent diameter of the channel (m) µ molecular viscosity (kg/m·s)
H height of fluid channel (mm) λ thermal conductivity (W/m·K)
j heat transfer factor η ratio of energy consumption of a
k rate of temperature change certain Scheme to that of Scheme 2
L width of fluid channel (mm) ρ density (kg/m3)
P static pressure (Pa) τ the stress tensor
Pr Prandtl number
∆P pressure drop (Pa) Subscripts
qc heat exchange between the b battery

battery and the coolant (W) c coolant
.
q heat generation rate per unit env environment

volume (W/m3)
R contact thermal resistance max maximum
Re Reynolds number sen sensible
St Stanton number
T temperature (◦C) Acronyms
t time(s) BMS Battery management system
∆T temperature difference (◦C) BTMS Battery thermal management system
→
u velocity vector CFD Computational fluid dynamics
V mass flow rate (kg/s) DOD Depth of discharge
Vb battery volume (m3) EER Energy efficiency ratio

EV Electric vehicle
HEV Hybrid electric vehicle
PCM Phase change material
SOC State of charge
UDF User defined function
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