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Abstract: Lithium (Li)-ion battery thermal management systems play an important role in electric
vehicles because the performance and lifespan of the batteries are affected by the battery temperature.
This study proposes a framework to establish equivalent circuit models (ECMs) that can reproduce
the multi-physics phenomenon of Li-ion battery packs, which includes liquid cooling systems with a
unified method. We also demonstrate its utility by establishing an ECM of the thermal management
systems of the actual battery packs. Experiments simulating the liquid cooling of a battery pack are
performed, and a three-dimensional (3D) model is established. The 3D model reproduces the heat
generated by the battery and the heat transfer to the coolant. The results of the 3D model agree well
with the experimental data. Further, the relationship between the flow rate and pressure drop or
between the flow rate and heat transfer coefficients is predicted with the 3D model, and the data are
used for the ECM, which is established using MATLAB Simulink. This investigation confirmed that
the ECM’s accuracy is as high as the 3D model even though its computational costs are 96% lower
than the 3D model.

Keywords: equivalent circuit models; Li-ion battery packs; thermal management systems;
electric vehicles

1. Introduction

Recently, electric vehicles (EVs) have gained popularity as transportation vehicles [1,2]. Lithium
ion (Li-ion) batteries are widely installed in EVs because of their high-power density, high energy density,
long lifetime, and less self-discharge [1]. Since Li-ion batteries are usually utilized as main energy
sources, management systems for batteries are essential for the development of EVs. In particular,
battery thermal management systems (BTMSs) are important because the battery temperature during
an operation affects the performance, lifespan, and safety of the batteries [1].

Many cooling methods are used for BTMSs, and the coolant materials can be mainly categorized
into three types: air, liquid and phase change materials (PCMs). Air cooling is one of the most
commonly used methods. Although it is simple and its advantage is the weight of the refrigerant,
it is not suitable for a large capacity battery pack because air has a low thermal conductivity and heat
capacity [3]. The PCM has a great advantage in terms of keeping the temperature of the batteries
uniform or preventing thermal runaway. Nevertheless, for the long-term operation, the method is
limited due to PCM full melting [4]. Liquid cooling is more efficient and compact, and it is widely used
by several EV manufacturers, such as Tesla and General Motors (GM) [4]. Although water, mineral
oil, or mixture ethylene glycol and water is adopted as the liquid coolant materials, the mixture of
ethylene glycol and water is normally used by the EV manufacturers [1]. This is because the mixture
has a lower melting point than 0 ◦C, and it is suitable for operating even in cold environments. Because
the direct liquid cooling is concerned about the electrical short, indirect cooling using the thermal
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conductive media is often adopted. As with the media, tubes, cold plates with channels or jacket are
used [1]. Since the heat pipe has a highly efficient thermal conductivity, BTMSs which adopt the heat
pipe as the media are currently being studied. Nevertheless, there is room for improvement such as
reducing the system complexity [3]. In this work, since it is intended for general-purpose modeling,
we will target the BTMS of the liquid cooling using a mixture of ethylene glycol and water, which is
often used in popular EVs.

Numerical simulations are useful for predicting and evaluating the impact when varying the
design, and they are expected to reduce the study period and cost. Numerical simulations are used
in many reports for BTMSs, and the method can be categorized into two types: detailed models and
equivalent circuit models (ECMs). Detailed models [5–13] usually target two-dimensional (2D) or
three-dimensional (3D) thermal phenomena in battery cells or modules with finite element methods
(FEMs) or finite volume methods (FVMs). Y. Chung et al. [5] performed a thermal analysis with a 3D
model to improve the cooling design of pouch battery packs. Siruvuri et al. [6] also modeled a battery
pack and the cooling channels and optimized the design to reduce the peak temperature by reversing
the direction of the water flow in one of the channels. Although these detailed models have merits for
grasping the mechanism and predicting the results more reliably, these are not suitable for predicting
the large-scale phenomenon such as the whole battery pack because the computational costs are higher.

Because ECMs [3,4,14–17] have low computational costs, these models can be adopted for the
whole battery pack and for controlling the interaction among multiple parts with electronic control
units (ECUs) during the drive operation. The developed ECMs are useful considering the development
of all the BTMSs installed in the ECUs. By having a uniform environment, some programs, such as
MATLAB Simulink® (Natick, MA, USA), can be useful for establishing the ECMs. Y. Gan et al. [3]
developed a thermal ECM for the heat pipe-based thermal management system for a battery module,
and they validated the model with experimental data. M. Shen et al. [4] constructed a system simulation
model by using a refrigerant-based battery thermal management system, and they improved the
system’s performance.

Since ECMs have more abstract modeling, it is more difficult to confirm intuitively that the model
assumption is satisfied with the target phenomenon. In most reports for ECMs, some important
parameters that are represented by the heat transfer coefficients or the pressure drops are determined
with some theoretical equations. However, the structural design of the flow channels has become
more complex, to improve the efficiency. In addition, it may not be clear that conventional theoretical
equations can be generally adopted for the flow in channels. Moreover, because these equations
sometimes have a range of applicable values or fitting parameters when taking into account the various
impacts, such as geometric factors, the model design is more complex, and it may cause the model to
contain potential mistakes.

In this study, we propose a framework in which the ECMs can be established with a unified
method by using detailed 3D models. We also present a model for the thermal–electrical coupled ECM
of the liquid cooling phenomenon for the battery pack, which includes the experimental methods, and
the model is validated with experimental data.

2. Methodology for the Test Bench and the Detailed 3D Model

2.1. Electrical ECM Modeling with the Experimental Data

The battery pack for the liquid cooling experiment is constructed with five commercial Li-ion
battery modules in which two pouch-type Li polymer cells are connected in series. The cell size is
36 mm × 125 mm × 6.5 mm. In this study, it is defined that the open-circuit voltage (OCV) of a cell
is 3.0 V when the state of charge (SOC) is 0%, and the OCV of a cell is 4.2 V when the SOC is 100%.
In addition, it is confirmed that the charging and discharging capacities are 3.0 Ah in the OCV range
between 6.0 and 8.4 V for the module.
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The experiment to evaluate the discharge properties of a module was performed based on the
following procedures:

(i) Keeping the module at a set environmental temperature in the thermostatic chamber.
(ii) Charging the module following the constant current (CC)-the constant voltage (CV) procedure to

8.4 V with a 0.2C current rate.
(iii) Rest period of 60 min.
(iv) Discharging the module following the CC procedure with a set current rate until the SOC decreases

by 10%.
(v) Rest period of 60 min.
(vi) Performing operations (iv) and (v) until the cell voltage reaches 6.0 V.

The combinations of the environmental temperature and current rate are shown in Table 1.
The experiment for the charge properties was also performed with similar procedures. Then, the
temporal behavior of the electrical potential per SOC 10% during the intermittent discharge or the
charge under each condition were obtained, respectively. In the model, the SOC is calculated as follows.

SOC = SOC0 +

∫ t

0
(I/Cc)dt, (1)

where SOC0 is the initial state of the charge; t is the time; Cc is the capacity, which is equal to 3 Ah; and
I is the electric current, in which a positive value represents the charge and a negative value indicates a
discharge.

Table 1. The combinations of the experimental condition in order to evaluate the battery module’s
charge and discharge properties.

Environmental Temperature Current Rate
1C (3A) 2C (6A) 3C (9A)

0 ◦C Performed - -
20 ◦C Performed Performed Performed
40 ◦C Performed - -

For the electrical ECM for the batteries, the model shown in Figure 1a is adopted. The internal
resistance is calculated from the experimental data as follows.

R =(V −OCV)/I, (2)

where R is the internal resistance per cell, V is the voltage per cell, and OCV is the open-circuit
voltage. Because two cells in the module are assumed to be in the same state, V is half of the module
voltage. Further, OCV is calculated by the cubic Hermitian interpolation polynomial with the voltage
immediately before the CC discharge during the discharge experiment, as shown in Figure 2n.

In the electrical ECM, the internal resistance during the CC charge or discharge is calculated
theoretically as follows.

R = [1− exp
{
−t′/(R2C)

}
]R2+R1, (3)

where t’ is the time after the charge or discharge, and R1, R2, and C are the resistance or capacitance
components as shown in Figure 1a. R1, R2, and C are assumed be dependent on the temperature,
current, and SOC, and they are optimized by fitting these parameters for the experimental data, which
is calculated by applying Equation (2). The values of R1, R2, and C can be calculated by applying a
linear interpolation or extrapolation with the database of the relationship between these parameters
and the temperature, current, and SOC. The contours of the relationship are indicated in Figure 2a–m.
From these figures, it is considered that the resistance R1 and R2 have a negative correlation with the
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temperature. This is because the electrochemical reaction degree and the Li-ion conductivity increase
with a higher temperature. It is also considered that R1 and R2 have a negative correlation with the
current rate. This is because the nonlinear relationship between the current and overpotential is
indicated with the Butler–Volmer equation.

The heat generation of batteries is calculated by the following formula.

Qgen= Qirr+Qrev= I (V −OCV)+IT∂(OCV)/∂T = I2R + IT∆S/F, (4)

where: Qgen is the total heat generation, Qirr is the irreversible heat generation due to the heat from the
internal resistance, Qrev is the reversible heat generation due to the entropy change, T is the temperature,
∆S is the entropy change, and F is the Faraday constant. By applying Equation (4), the entropy change
is calculated by F∂(OCV)/∂T and the results are shown in Figure 2o as the plot points. The data of the
entropy change almost monotonically increases with the SOC, and the tendency and values are similar
to the batteries that consist of the LiCoO2 cathode and the graphite anode [18,19]. However, the values
from SOC = 50% to SOC 80% vary strongly, and the tendency is different from the measurement in
some reports [18,19]. We estimate that the tendency is affected by the measurement error because of
the lack of experimental data. In this model, from the perspective that simple modeling is preferred,
a linear regression is adopted for the entropy change when the SOC is less than 80% with the least
squares methods. In addition, the entropy change when the SOC is more than 80% is not taken into
account, which is illustrated in Figure 2o.
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Figure 2. The relationship between the variable parameters and the arguments in the electrical ECM.
(a–f) show the relationship between R1, R2, C and temperature, current, state of change (SOC) at charge,
(g–m) show it at discharge, (n) shows the relationship between SOC and open-circuit voltage (OCV),
and (o) shows the relationship between SOC and ∆S.
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2.2. Testing of the Liquid Cooling for a Battery Pack

The schematic view of the test bench is shown in Figure 3. The test bench is constructed roughly
with five battery modules, a cooling plate, some tubes for the flow channels, and a chiller. Although
the constitution of the test bench is simpler than the actual systems for the EVs, we consider that the
test bench has roughly the same component as the actual systems, and it is sufficient to explain the
usefulness for our framework. Five battery modules are connected in parallel, and the terminals are
connected with the device for the battery management and the direct current (DC) power supply. We
defined these batteries as a battery pack whose capacity is 15 Ah, and its operating voltage is from 6.0
V to 8.4 V. These modules are set on the cooling plate, which has a meandering flow channel. Liquid
coolant is circulated among the chiller and the flow channel via the tubes, and the temperature of the
liquid coolant in the chiller is maintained at 25 ◦C. As the liquid coolant, we adopt long life coolant,
which is mainly a mixture of ethylene glycol and water. The batteries and cooling plate are covered
with heat insulators in order to reduce the impact of the heat transfer from other than the liquid coolant.
Therefore, most of the heat radiation is due to the outflow of the liquid coolant. The battery pack is
pressed down at about 100 Pa to reduce the impact on the contact resistance between the batteries and
the cooling plate. The temperature for the top of the battery modules and the liquid coolant flowing in
the tubes is measured by using thermocouples. The volume flow rate of the liquid coolant through the
cooling plate flow channel is measured with an electromagnetic flow meter.
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Figure 3. The schematic view of the test bench.

The charging and discharging for the battery pack were performed with the following procedures:

(i) Discharging of the battery following the CC-CV procedure to 6.0 V with the 0.2C current rate.
(ii) Rest period of 60 min.
(iii) Charging the battery to 8.4 V with a 2C current rate.
(iv) Discharging the battery to 6.0 V with a 2C current rate.
(v) Performing two cycles of operations (iii) and (iv).

The tests are performed twice under conditions for the chiller setting in which the flow rate is
0.0 l·min−1, i.e., not flowing, or 1.0 l·min−1. In this work, the case of not flowing is called case 1, and
the case of 1.0 l·min−1 is called case 2.

2.3. Constructing the Detailed 3D Model

The detailed 3D model for the tests was developed. The overview of the calculation meshes and
the geometry of the flow channel in the cooling plate are illustrated in Figure 4. The shapes are modeled
by measuring the actual things. The prism meshes are adopted into the flow channel close to the wall
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of the cooling plate. In addition, they have two layers whose thickness is less than 1 mm to resolve the
temperature boundary layers. The others are the tetrahedral meshes, and the total number of elements
is 992,623. It is confirmed that the calculation results did not vary with more refined meshes. For the
same reason, the relative tolerance of the progress for the next time step is set as 1.0 × 10−3.
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The flow field and pressure field in the liquid coolant domain are presented as the equations of
the mass continuity and the Navier–Stokes equations for incompressible flow, which are described
as follows.

∇·u = 0, (5)

ρ(u·∇)u = ∇·
[
pI + µ

{
∇u + (∇u)T

}]
, (6)
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where u is the flow velocity vector, ρ is the density, p is the pressure, I is the identity matrix, and µ is
the kinematic viscosity. In this model, the flow is assumed to be a steady laminar flow because the
Reynolds number is low when the flow rate is less than 1.0 l/min. The heat transfer phenomenon in the
whole domain is presented as the heat transfer equation, which is described below.

ρCp∂T/∂t + ρCpu·∇T+∇·(−k∇T)= Qgen/VL, (7)

where Cp is the specific heat at a constant pressure, k is the thermal conductivity vector, and VL is
the volume of a cell. The flow velocity vector u in the liquid coolant domain can have a value other
than 0, and u = 0 in the other domain. Qgen in the domains other than the batteries is 0. In this model,
the heat generation is assumed to be uniform per the battery cell, and the electrical ECM is shown in
Figure 1b, which is calculated per time-step to evaluate Qgen in Equation (4). Note that the symbol Rc

is the electrical contact resistance due to the connection of the conductors, and it is estimated to be
7.8 mΩ. The thermal contact resistance between the cooling plate and the liquid coolant is not taken
into account because pressing the battery pack is supposed to reduce it sufficiently. This system of
equations is discretized by the FEM and it is solved by using initial and boundary conditions. These
numerical calculations are conducted by using COMSOL Multiphysics® ver. 5.4. Table 2 lists the
physical properties that use this model.

Table 2. The physical properties using the simulations. Superscript “a” indicates the assumed value.

Item Unit Cell
(Homogeneous Body) Cooling Plate Liquid Coolant

(Long Life Coolant)

Material Composite A6061 Ethylene glycol
46wt% aqueous solution

Density kg·m−3 2000 a 2700 [20] 1054 [20]
Specific heat J·kg−1

·K−1 800 a 896 [20] 3412 [20]
Thermal

conductivity W·m−1
·K−1 Parallel direction 30 a

Vertical direction 0.5 a 180 [20] 0.43 [20]

Viscosity Pa·s 3.12 × 10−3 [20]

The charging or discharging conditions for the battery pack are the same as the experiment.
For the inlet boundary of the liquid coolant domain, the flow rate is 0.0 l·min−1 and the temperature is
23.5 ◦C under case 1. Meanwhile, the flow rate is 0.862 l·min−1 and the temperature is 25.2 ◦C under
case 2. These values are given by averaging the measured data. The pressure is set as 0 Pa for the
outlet boundary under case 2. Under case 1, the outlet boundary condition is assumed to be the same
as the inlet boundary condition. The outside boundaries except the flow outlet are insulated thermally.

The assumptions made for the model are as follows.

(1) The flow of the liquid coolant is assumed to be a steady laminar flow. Therefore, the turbulence
models are not adopted.

(2) The heat generation is assumed to be uniform per the battery cell.
(3) The inlet flow conditions are set by the measured data.
(4) If there is no flow, the outlet boundary condition is assumed to be the same as the inlet

boundary condition.
(5) The heat loss to the outside is not taken into account except due to the flow outlet.

2.4. The Thermal–Electrical Coupled ECM

The thermal ECM for the battery pack cooling system was constructed based on the detailed 3D
model. The schematic view is presented in Figure 1c. The thermal resistance, heat capacities, and
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heat generation are linked within the ECM. The temperature of each component, except for the liquid
coolant domain, is calculated by the energy balance equation.

CT∂T/∂t = Qlink+Qgen, (8)

where CT is the heat capacity that is calculated by ρCpVL, and Qlink is the heat transfer into or from the
linked components, which can be determined from Equation (9).

Qlink = ∆T/RT, (9)

where RT is the thermal resistance, and ∆T is the temperature difference between the target component
and the linked components. In the liquid coolant domain, the temperature can be determined by
applying Equation (10).

CT∂T/∂t = Qht+Q f = ∆T/RT,ht+
.

mCp∆T f , (10)

where Qht is the heat transfer that is exchanged between the cooling plate and the liquid coolant
domain, Qf is the heat due to the liquid coolant flow through the flow channel, RT,ht presents the
liquid–solid heat transfer as the thermal resistance,

.
m is the mass flow rate, and ∆T f is the liquid

temperature difference between the inlet and the outlet. RT,ht is described as follows.

RT,ht= 1/hA, (11)

where h is the heat transfer coefficient, and A is the liquid–solid cross-sectional area.
From the 3D model’s result, the temperature distribution in the cells has a large gradient in the

z-direction and it is in the cooling plate, which is not large. Therefore, z-directional thermal links are
taken into account for the cell, and one component is taken into account for the cooling plate. The
parameter values are calculated from Table 2 and the geometry of the 3D model. For example, the
cell thermal resistance RT is calculated by lT/(AT kz) where lT is the length of the heat pass, AT is the
cross-sectional area, and kz is the z-directional thermal conductivity. The thermal–electrical coupled
ECM is constructed by using MATLAB Simulink® R2019a/Simscape, and the schematic views are
illustrated in Figure 5.

The heat transfer coefficient h is estimated by the results of the 3D model. The calculations
are performed with the above 3D model, in which the uniform temperature of 26 ◦C was set to the
liquid–solid cross-sectional boundary. The flow and temperature field were calculated only for the
liquid coolant domain. Further, the temperature on the inlet boundary is 25 ◦C and the results are
given under the various flow rate conditions where the range of the flow rate is from 0 l/min to 1 l/min.
The heat transfer coefficient can be determined as follows.

h =
x

qndA/
(
Ts − T f ,inlet

)
A, (12)

where qn is the normal directional heat flux on the liquid–solid cross-section; Ts is the solid temperature,
which is equal to 26 ◦C; and T f ,inlet is the inlet liquid temperature, which is equal to 25 ◦C. In the ECM,
the values that were calculated by the cubic Hermitian interpolation polynomial are adopted.
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3. Results and Discussion

3.1. The Test Bench and the 3D Detail Model

The temperature distributions after 300 s and 2700 s under case 2 are shown in Figure 6. Large
temperature gradients in the Z direction in the cells are confirmed after 300 s and 2700 s although the
temperature gradients in the X and Y direction are small. Moreover, after 300 s, the temperature in
the cells is lower than the cooling plate because of the endothermic reactions of the entropy change
during charging. On the other hand, after 2700 s, the temperature in the cells is higher, and it reaches
approximately 36 ◦C because of heat generation from the Joule heat and the exothermic reactions of
the entropy change during discharge. The temperature for the outflow is approximately 0.5 ◦C higher
than the inflow. The time histories of the total voltage and temperature for cases 1 and 2 are shown
in Figure 7. From Figure 7a,c, under both cases, the voltage of the battery pack increases from 6.0 to
8.4 V during charging, and it decreases from 8.4 to 6.0 V during discharging. It is confirmed that the
values agree with the experimental data. From Figure 7b,d, the temperature on the surface of cell 2
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decreases immediately after the starting charge because of the endothermic reactions, and it increases
significantly after it starts charging again. The difference between case 1 (without flow) and case 2
(with flow) per cycle is smaller than the temperature rise and drop due to the heat generation or the
endothermic reactions because the applied current is high rate (2C). The temperature drop under case
1 is considered to be mainly due to the endothermic reactions and heat transfer to the cooling plate
which has high heat capacity and high thermal conductivity. In the experimental data of the first cycle,
the total temperature rise on the surface of cell 2 is 11.6 ◦C (initial: 23.9 ◦C, and final: 35.5 ◦C) under
case 1 and 10.1 ◦C (initial: 24.9 ◦C, and final: 35.0 ◦C) under case 2. Therefore, approximately 1.5 ◦C is
the impact of the flow. Especially when the temperature becomes high, the difference between the 3D
model and the measured data increases slightly, and the maximum error is approximately 2 ◦C. This
is mainly because heat dissipation, such as the heat flow via air or the pipes that are connected with
the cooling plate, is not taken into account in the 3D model. In this work, because the set flow rate is
relatively low, the heat paths other than the liquid cooling are not sufficiently small to ignore its effects.
Nevertheless, the values during charging agree well with the measured data, and the difference does
not increase per cycle under the two experimental conditions. In addition, the heat capacities and heat
generation are supposed to be valid. From Figure 7e, the tendency of the temperature at the outlet
agrees with the experimental data. This fact indicates that the heat dissipation due to the liquid coolant
flow is similar between the 3D model and the experiment. From the above, it can be determined that
the 3D model is validated sufficiently with the experiment.
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Under case 2, the calculation time of the model is 140 min performed by using two Intel® Xeon®

CPU E5-2699 v3 @ 2.30 GHz processors with a memory of 128 GB, and the calculation cost may not be
small enough. Therefore, it may need more effort or more powerful computational power to calculate
a huge scale phenomenon such as battery packs with tens of battery cells, which is often installed
for EVs.

3.2. The Thermal–Electrical Coupled ECM

According to Figure 7, it is clear that the results of the ECM agree well with the 3D model. From
this, the ECM is supposed to be a surrogate model for the 3D model because the heat coefficient is
determined with its data and the links of the thermal ECM are also determined based on its temperature
distribution results. Table 3 shows the summary of computational environment and calculation costs



Batteries 2020, 6, 44 13 of 19

of our models. Under case 2, the calculation time of the ECM is 5.0 min, which is 96% lower than the
140 min of the 3D model.

Table 3. Computational environment and calculation costs of our models.

Computational Environment

CPUs Intel® (Santa Clara, CA, USA) Xeon® (Santa Clara, CA, USA)
CPU E5-2699 v3 @ 2.30 GHz

Memory size 128 GB

Calculation costs Case 1 Case 2

3D detail model calculated with 4
parallel number 138 min 140 min

ECM 5.0 min 5.0 min

In the ECM, the value calculated by the 3D detail model is adopted as the liquid–solid heat
transfer coefficient, shown in Figure 8a. In comparison, the parameters are also calculated by applying
conventional theoretical equations. The heat transfer coefficient can be determined by applying
Equation (13).

h = k f Nu/Dh, (13)

where kf is the liquid thermal conductivity, Dh is the hydraulic diameter of the flow channel, and Nu
is the Nusselt number, which is known to be constant if the flow is a fully developed laminar flow
in a straight flow channel and the heat fluxes or temperature are uniform [21]. As demonstrated in
the literature [21], if the duct is a rectangular cross-section and the temperature is uniform, Nu is 3.08
when the aspect ratio is 1.43, and Nu is 3.39 when the aspect ratio is 2.0. The aspect ratio of the flow
channel is 1.5, and Nu is 3.12 based on linear interpolation. According to Figure 8a, the results of the
3D model increase linearly with the flow rate, and the tendency is different from the above theoretical
results. When the flow rate is less than 0.2 l·min−1, the heat transfer coefficient is less than the line
where Nu = 3.12. This is because the prerequisite of the above theoretical equation is not satisfied. It is
assumed that the axial conduction can be negligible [21] under the conditions where the heat diffusion
into the inlet boundary is the main phenomenon and the axial conduction is not negligible. When
the flow rate is more than 0.2 l·min−1, there is an increase in the flow rate. This is because the heat
exchange efficiency is higher than a straight flow channel due to the flow bias as shown in Figure 8d.
More consideration for this effect is described in Appendix A in detail.

The pressure drop ∆p in the 3D model can be calculated as follows.

∆p = pinlet − poutlet, (14)

where pinlet is the mean pressure in the inlet boundary, and poutlet is the mean pressure in the outlet
boundary. The pressure drop in a straight flow channel can be theoretically calculated by applying the
Darcy–Weisbach equation as demonstrated in Equation (15).

∆p = fρu2
mL/2Dh, (15)

where L is the total length of the flow channel, f is the Darcy friction factor, and um is the cross-sectional
mean flow velocity in the flow channel. There are formulations to calculate f, which have been
proposed by S.W. Churchill [22] and V. Bellos et al. [23] and so on. Nevertheless, if only laminar flow is
considered, the Darcy friction factor f can be calculated as follows [24,25].

f = 64/Re = 64/
(
ρumDh/µ

)
, (16)
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where Re is the Reynolds number. Moreover, the impact of the curved geometry of the flow channel
can be taken into account by applying Equation (17) [24,25].

∆p = fρu2
mL/2Dh+Kbρu2

m/2, (17)

where Kb is the bend loss coefficient, which is dependent on the bend angle and the ratio between the
bend radius and the hydraulic diameter. By having a bending angle of 180 degrees [24], Kb = 0.413
when the bend radius is 11.5 mm and Kb = 0.401 when the bend radius is 13.0 mm.
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Figure 8. The relationship (a) between the flow rate and the heat transfer coefficient, (b) it between
the flow rate and the pressure drop, (c) the temperature distribution and (d) the velocity magnitude
distribution in the z-directional center cross-section of the flow channel when the flow rate is 1.0 l·min−1.

According to Figure 8b, it is confirmed that the gradient of the 3D model is higher by applying
Equations (15) and (17). This is because of the secondary flow’s difference between the rectangular
cross-section and the circular cross-section. Note that the evaluation for Kb is performed based on the
circular cross-section flow. In the rectangular cross-section, the corner obstructs the secondary flow
and it may increase the pressure loss.

It needs to be emphasized that the theoretical equations can be modified to take into account the
presented impacts and it is adopted for the ECM. Nevertheless, in our framework, these processes are
not necessary except for the validation of the 3D model, and the modeling consideration may become
simpler. Although only laminar flow model is used in this demonstration for our framework, the
turbulence model can be adopted for the 3D models.
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4. Conclusions

In this study, we describe a framework in which a thermal–electrical coupled ECM for a cooling
system of a battery pack is constructed with a detailed 3D model. It is confirmed that the ECM has the
same accuracy as the 3D model, which is validated through experimental results. The conclusions are
described as follows:

(1) To match the ECM’s results with the 3D model, the liquid–solid heat transfer coefficient and the
links of the thermal ECM are determined with the 3D model’s results.

(2) The ECM’s accuracy is as high as the 3D model even though its computational costs are 96%
lower than the 3D model.

(3) In terms of the 3D model’s disadvantages, there may be a cost for constructing and validating the
3D model, and it may need more effort or more powerful computational power to calculate a
huge scale phenomenon such as battery packs with tens of battery cells, which are often installed
for EVs.

(4) The tendency of the liquid–solid heat transfer coefficient and the pressure drop do not agree well
with the 3D results and some theoretical equations, since this phenomenon does not satisfy some
prerequisites for the theoretical equations. Although theoretical equations can be determined and
adopted for the ECM, the 3D model is advantageous because of its simplicity and certainty.
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Nomenclature

A Liquid–solid cross-sectional area, m2

AT cross-sectional area of the heat pass, m2

a variable
b variable
C capacitance component in the electrical ECM, F
Cc capacity of a battery cell, Ah
Cp specific heat at a constant pressure, J·kg−1

·K−1

CT heat capacity component in the thermal ECM, J·K−1

Dh hydraulic diameter of the flow channel, m2

f Darcy friction factor
F Faraday constant, 96485 C·mol−1

h heat transfer coefficient, W·K−1
·m−2

I electric current, A
I identity matrix
k thermal conductivity vector, W·m−1

·K−1

kf liquid thermal conductivity, W·m−1
·K−1

Kb bend loss coefficient
L total length of the flow channel, m
lT length of the heat pass, m
.

m mass flow rate, kg·s−1

Nu Nusselt number
OCV open-circuit voltage, V
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p pressure, Pa
pinlet mean pressure in the inlet boundary, Pa
poutlet mean pressure in the outlet boundary, Pa
Qf heat due to the liquid coolant flow through the flow channel, W
Qgen total heat generation of a battery cell, W
Qht heat transfer exchanged between the cooling plate and the liquid coolant domain, W
Qirr irreversible heat generation of a battery cell, W
Qlink heat transfer into or from the linked components in the thermal ECM, W
Qrev reversible heat generation of a battery cell, W
qn normal directional heat flux on the liquid–solid cross-section, W·m−2

R internal resistance of a battery cell, Ω
R1 resistance component in the electrical ECM, Ω
R2 resistance component in the electrical ECM, Ω
Rc resistance component in the electrical ECM, Ω
RT thermal resistance component in the thermal ECM, K·W−1

RT,ht thermal resistance of the liquid–solid heat transfer in the thermal ECM, K·W−1

Re Reynolds number
S entropy, J·K−1

SOC state of charge
SOC0 initial state of charge
t time, s
t’ time after charge or discharge, s
T temperature, ◦C
Tf liquid temperature, ◦C
T f ,inlet inlet liquid temperature, ◦C
Ts solid temperature, ◦C
u flow velocity vector, m·s−1

um cross-sectional mean flow velocity in the flow channel, m·s−1

V voltage, V
VL volume of a battery cell, m3

Greek
ε effective roughness, m
µ kinematic viscosity, Pa·s
ρ density, kg·m−3

Appendix A

In the appendix, more consideration for the heat transfer coefficients is described. According to
Figure 8a, the heat transfer coefficients increase linearly with the flow rate. As described in Section 2.4,
the calculation performed with the 3D model, in which the uniform temperature of 26 ◦C was set to
the liquid–solid cross-sectional boundary, and the temperature on the inlet boundary is 25 ◦C. The
results are given under the various flow rate conditions where the range of the flow rate is from 0 l/min
to 1 l/min. The heat transfer coefficients are calculated by the results and Equation (12).

According to the right side of Equation (12), the normal directional heat flux on the liquid–solid
cross-section qn is the only component which is dependent on the flow rate. Figure A1b shows the
normal directional heat flux profile under the various flow rate. On the curve line the values increase
linearly with the flow rate though the values do not vary on the straight line. It is considered that this
is because of the variation of temperature due to the flow bias in the curve channel. From Figure A1d,f,
in the curve channel the variation of temperature and velocity in the vicinity of the boundary is larger.
On the other hand, from Figure A1c,e, in the straight channel the variation of them is smaller. Because
the normal directional heat flux is influenced significantly from the temperature in the vicinity of the
boundary, the fact can be the main factor to increase the normal directional heat flux and the heat
transfer coefficients.
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