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Abstract: High power cylindrical Ni-MH battery cells have a heavy heat load because of their high
discharge rate and large equivalent internal resistance. This heavy heat load, together with an
imbalanced flow in parallel liquid cooling systems, can lead to variances in the temperature of each
cell in the entire battery pack, thereby reducing the life cycle of the battery pack. In this paper,
a parallel-series combined liquid cooling system for a 288V Ni-MH battery pack was designed,
and several parameters that influence the flow balance of the system by heat transfer and fluid
dynamics were calculated. Then, a thermal-fluid simulation was executed with different parameters
using StarCCM+ software, and the simulation results were validated by a battery pack temperature
experiment on a bench and in a vehicle. The results indicate that the cell’s temperature and
temperature differences can be kept within an ideal range. We also determined that within the
battery power requirements and structural spacing limits, the total flow rate of the cooling liquid,
the cross-sectional area ratio of the main pipe to the branch pipes, and the number of internal
supporting walls in each branch pipe need to be large enough to minimize the cell’s maximum
temperature and temperature differences.

Keywords: hybrid electric vehicle; high power battery; liquid-cooling system; Ni-MH; heat calculation
and simulation

1. Introduction

In recent years, the market of novel energy vehicles, including electric vehicles and hybrid electric
vehicles, has grown fast [1,2]. Power batteries, as one of the most important parts in electric vehicles
(EVs) and hybrid electric vehicles (HEVs) [3], have attracted the majority of attention from researchers
and engineers. A whole battery pack in a vehicle commonly contains several single cells connected
serially or in parallel [4]. A large quantity of battery cells will generate a large amount of heat and
cause temperatures to rise during the charge and discharge process [5,6]. A cell’s voltage, energy,
efficiency, and life cycle are deeply influenced by its operating temperature [7,8]. Further thermal
runaway and safety issues can occur if the heat is not able to be dissipated effectively [9]. In addition,
the temperature difference between each cell can lead to a variable capacity descending rate, which also
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reduces the life cycle of a battery pack. At temperatures exceeding 50 °C, charging efficiency and
battery life deteriorate the most rapidly due to heat [10,11]. Therefore, it is necessary to pay more
attention to the research of battery thermal management system (BTMS), which is very important for
battery performance, life and safety. Pesaran et al. [12] noted that Ni-MH and Li-ion batteries’ ideal
operating temperatures range from 25 to 40 °C, and the temperature differences between the cells
within a battery pack should be below 5 °C.

1.1. Literature Review

Plenty of works have been done in the field of battery thermal management system for commercially
sold EVs and HEVs in the market, such as direct air cooling, liquid cooling, phase change material,
heat pipes, hybrid cooling system and other emerging cooling technologies.

The air-cooling system uses air as the heat exchange medium to let the air sweep across the
battery surface to take away the heat generated by the battery. The air-cooling system is the most
widely used cooling mode with simple structure, light weight, low cost and convenient maintenance.
Chen YF et al. [13] showed that the thermal conductivity of Li-ion battery was low, and air cooling
alone could not meet the requirements of thermal management. Harmel et al. [14] and Chen et al. [15]
analyzed the thermal balance of li-ion batteries and found that when the wind speed reached a
certain degree, increasing the wind speed had little effect on the heat dissipation effect of the batteries.
Nelson et al. [16] have shown that the cooling effect of an air-cooling system is poor when the ambient
temperature is high. In addition, the air-cooling system has a large volume and poor protection level,
which limits its application in battery packs with a large scale.

The liquid-cooling system uses the circulating flow of the coolant to take away the heat generated
in the battery. The coolant has higher specific heat capacity and higher heat exchange efficiency,
which makes it easier to meet the cooling and heating requirements of the battery comparing with air.
The research of Pesaran et al. [7] and Nelson et al. [16] confirmed this point of view. The liquid-cooling
system has been widely studied and applied in recent years because of its good cooling effect and
reasonable cost, which has allowed the technology to develop rapidly. Huo et al. [17] showed that the
number of channels, flow rate and liquid flow direction have an important impact on the cooling effect
of the straight cooling channel, and gave suggestions on the number of channels and the requirement
flow rate. Jarrett et al. [18] studied the influence of different serpentine structures on the temperature
uniformity and average temperature of the cooling plate. However, their research only focuses on
a single cooling plate corresponding to several cells, not on the real, large-scale battery thermal
management system, which comprehensively considered the flow distribution, pressure drop and
temperature difference. Moreover, the effect of heat generation and heat dissipation under different
current ratio is worthy of further study.

The heat pipe is a technology of thermal management based on the principle of phase change heat
transfer. Flexible geometry, low maintenance requirements and good thermal conductivity make it
attractive as a BTMS option [19-21], however, the complex manufacturing process and high cost limit
the large-scale use of heat pipe [22]. The PCM cooling system uses phase change materials to absorb
the heat generated by the battery in the form of latent heat, which has the advantages of excellent
uniform temperature effect and large heat storage capacity [23,24], but with the disadvantages of
low thermal conductivity and volume change affecting the application and promotion of PCM [25].
The independent passive phase change material system and heat pipe system are only conducive
to heat transfer and storage. For large-scale or high-power battery systems, it is difficult to transfer
the heat to the outside of the battery pack by itself in the natural state. It is necessary to combine
independent cooling technology into a hybrid heat management system [26], for example, PCM and
air-cooling combination [27], PCM and liquid cooling combination [28], PCM, HP and air-cooling
combination [29], etc. The hybrid thermal management system combines the advantages of various
cooling technologies, but the design cost and material cost are too expensive, and the implementation
of the system is very complex.
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Several other emerging cooling technologies have been studied recently, such as thermoelectric
coolers (TECs) [30], thermo-acoustic refrigerators (TARs) [31], active magnetic regenerators (AMRs) [32],
and internal cooling in battery cells [33]. These techniques offer many advantages, but they require
much more works before they can be commercially applied in vehicles. Technology readiness level
(TRL), designed by NASA in the late 1990s is a useful evaluation towards the market (Table 1). The TRL
index can be used as a rough estimation of the required costs, time to market, risks taken, and so
on [34]. With the increase of TRL, the technical is more mature and close to mass production.

Table 1. Technology readiness level (TRL) of battery thermal management system (BTMS) in vehicles.

Technology Readiness Level Air Liquid PCM HP  Emerging

TRL 9—Complete industrialization
TRL 8—Optimization
TRL 7—Entry into production
TRL 6—Application development in product
TRL 5—Verification in production equipment
TRL 4—Verification in representative prototype
TRL 3—Verification in the laboratory
TRL 2—Feasibility and profitability analysis
TRL 1—Investigation of the fundamentals of technology

cloNoNoNoNoNoRoNe)
Q00000000
Q00000
Q00000
0O

In conclusion, although different thermal management systems have their own advantages and
disadvantages, liquid cooling is generally the best solution of thermal management systems. Qu [35]
evaluated the battery thermal management system by the analytic hierarchy process (AHP) proposed
by Saaty [36], a famous American operational research scientist. The results also prove the advantages
of a liquid-cooling system comprehensively considering technology, maturity, consumption, cost and
other factors. The global market sales data shows the absolute advantages of air-cooling and liquid-
cooling systems. The battery pack of HEVs is small and arranged inside the vehicle, and air cooling is
basically adopted, such as in the Toyota Prius; the battery pack of EVs and PHEVs is large and arranged
outside the vehicle, and liquid-cooling system is basically adopted, such as in the Tesla Model 3.

The research object of this paper is a Ni-MH battery pack applied to a hybrid sport utility vehicle
(SUV), which has a higher current ratio than Prius and is mounted on the bottom of the chassis to
obtain a flat trunk space. In order to achieve better thermal management performance, a liquid-cooling
system is selected and applied.

1.2. Contributions and Organization

Pesaran et al. [37] systematically put forward the design process of BIMS: (1) determine the
design objective and layout boundary; (2) determine the heat generation rate and thermal characteristic
parameters of the battery; (3) determine the channel structure and preliminary formulation scheme;
(4) determine the feasibility scheme through numerical simulation; and (5) experiment verification and
design optimization.

In this paper, a performance-optimized and engineering-oriented properly liquid cooled plate
was designed to meet the requirements of a battery pack in a certain hybrid SUV. In addition to
the five steps before, this paper particularly emphasizes the role of theoretical calculation, which,
together with numerical simulation, effectively reduces development costs, shortens development
cycle, and improves development success probability and maturity. The organization of this study is
introduced in Figure 1.

The internal parameters of this cooling plate, including the cross-sectional area ratio of the
main pipe to the branch pipes and the number of internal supporting walls in the branch pipe,
were analyzed and studied. In addition to these inner parameters, the boundary conditions for
the flow uniformity, pressure loss, flow rate, differential currents, differential inlet temperatures,
and temperature performance of the pipe-based mixed parallel-series liquid-cooling system were also
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analyzed and studied. Three-dimensional finite element models of the packs’ cooling systems and
batteries were set up and numerically simulated. Then, a temperature test platform with the battery
pack, battery tester, and cooling tank was established to verify the theoretical design and simulation.

Simulation

Build simulation

environment .
Experiment
Heat Transfer Internal parameter Establish experimental
Analysis 5 influen ce simulation environment
Design Goals
=0 Tmax, Tdiff —— — Constant
L Lelellls External boundary Bench Test Vehicle Test
characteristics Thermal Analysis impact simulation

Matrix test under certain (Dndiﬁunsl

Preliminary Design

System

Requirement Cooling plate

T Dynamic test under Variable conditions

Figure 1. Organization of the study.

2. Preliminary Design

2.1. Parameters of the Battery Pack

The battery pack was installed in a fully hybrid SUV, in which the electric power system requires
a voltage rating of 288 V and 40 kW peak power. Considering the safety of NiMH batteries and the
advantages of a wide temperature range, a NiMH battery was selected to meet the system requirement
of the vehicle in this research project. Each single battery cell was a cylinder type and is used in HEVs,
including the Toyota Prius I, Honda Insight, and Honda Civic; about 600 thousand sets have been
mass produced so far. The manufacturer of this battery used to be Shonan Corun Energy Co., Ltd.
(Kanagawa, Japan), but it was acquired and is now produced by Hunan Co-power EV Battery co., Ltd.
(Changsha, China). The shape of the battery cells are shown in Figure 2a, and the electrical parameters
are shown in Table 2. Each cell has a 6 Ah rated capacity, a 1.2 V rated voltage, and a peak discharge
power of 185 W. A total of 240 battery cells were connected in serial to meet the system requirements of
the vehicle. To improve the integration efficiency, a commercial L5 module, formed by welding five
cells in series, and a total of 48 L5 modules, were used. These L5 modules are designed to be installed
in two identical battery modules. Each battery module contains 24 L5 modules, which are arranged in
two layers with 12 L5 modules in each layer. One of the two battery modules with a cooling plate is
shown in Figure 2b.

Positive terminal Negative terminal Insulating ring

._,.vnf\aq_l!!'_ TE v— HL \ \:Y

(b)
Figure 2. The shape of the battery. (a) The battery cells; (b) the L5 battery module.
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Table 2. Basic performance parameters of the NI-MH cells and pack.

Items Cell L5 Module Pack
Number of cells 1 5 240
Normal Voltage (V) 1.2 6 288
Capacity (Ah) 6 6 6
Energy (Wh) 7.2 36 1728
DC-IR (m©) 2.5 12.5 600
Discharge power ! (W) 185 925 40,000 2

125°C, 50% SOC, 10 s. 2 The total power of the battery pack is smaller than the theoretical value because of the
consistency of the battery cells.

2.2. Structure of the Cooling Plate

To ensure a long life cycle, good capacity performance, and good power performance, the battery
is designed to operate at a target temperature range (25 to 45 °C), and the temperature difference
between the cells should be within 5 °C. Considering the overall cost, system complexity, heat transfer
performance, etc., a liquid-cooling system was designed and is presented in Figure 3.

serpentine pipe serpentine pipe
in branch Clamp inbranch Main Pipe  Inlet

(Group A) (Group B)

R—

Seal

Main Pipe  Outlet

Sb(i), N=4

(c) (d)

Figure 3. Liquid-cooling system. (a) A 3D view of the two cooling modules, including the in/out rubber
pipes connected in parallel; (b) schematic of the cooling module; (c) schematic side view of the cooling
module and the battery cell; (d) cross-sectional view of the serpentine pipe (with internal walls).

The whole battery pack consists of two battery modules, and the cooling system also includes
two cooling modules. The two cooling modules were connected in parallel, as shown in Figure 3a.
Each cooling module cools one battery module, as shown in Figure 3b. The cooling module consists of
one inlet pipe, one outlet pipe, and five serpentine pipes. Five serpentine pipes were connected in
parallel, and the inlet was designed at a lower horizon than the outlet to facilitate expelling bubbles. A
total of 24 battery cells were placed in contact with each serpentine pipe and cooled one by one in
series, and thermal silica gel pads were added between the cells and cooling pipes to improve the
thermal contact. This structure forms a mixed parallel-series cooling system.
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In addition, because the cross-section was rectangular with a large width to height ratio
(30 x 2.75 mm), this structure required support walls inside to prevent deformation under stress.
This stress occurs because of two phenomena: the first is that the straight pipe is extruded into the
curved pipe during the production process, and the other is that the pipe is always under the pressure
of the battery cells and the bracket during the operation process. According to the section size of the
pipes mentioned in this paper, about 3~4 internal supporting walls can overcome this stress to prevent
deformation. The internal supporting walls will divide the flow into several independent flow paths
and form a harmonica-like structure. Parameter N represents the number of internal walls within one
serpentine pipe (e.g., in Figure 3d N = 4). The number of internal walls will affect the heat transfer and
pressure drop of the pipes. How to choose a suitable number of internal walls is of great significance
and will be studied and analyzed in Section 4.

3. Theoretical Analysis

To improve the temperature’s uniformity and reduce the maximum temperature between battery
cells, despite the assembly errors and production errors of cells and structural components, it is
necessary to reduce the flow unevenly between pipes and increase the temperature along each pipe.
Since the serpentine pipe cannot be changed much, only the inner diameter (D) of the main (in/out)
pipe was adjusted to improve flow consistency.

We next define the cross-sectional area ratio 8:

Sa

0= 55,

@

where S, and Sy, are the cross-sectional area of the main pipe and serpentine pipe, respectively.
The bias rate of flow f is defined as the maximum relative flow rate difference between each
branch (Qi denotes the mass flow rate in branch i):

o Qi,max - Qi,min

2
Qi,min ( )

p

In this section, a thermal model of the heat transfer process of each cell at a steady state is

developed, and then the thermal-hydraulic performance of each cooling channel is investigated.
The related symbols are defined in Nomenclature.

3.1. Heat Generation Process

As shown in formula (3), the heat generation of Ni-MH batteries includes electrochemical reaction
heat (®,), polarization heat ($}), side reaction heat (®;), and Joule heat (®;) [38]. The operation process
is divided into two phases: the normal charge—discharge phase and the overcharge phase. The calorific
value is related to the magnitude and direction of the current (I). Because the SOC working range is
controlled within 30%~70% to avoid overcharging in HEVSs, the sub reaction heat is approximately
zero. According to the exothermic charge and endothermic discharge, the total reaction heat can be
ignored by using alternating current.

@ =, + D+ D + s
= (+)0.547I 4 3.6I°Rp, + 3.61°R, + 5.3341 (k] /h) 3)
~ 3.6I°Rp, + 3.6I°R, = 3.6I°R; (k] /h) = I*R¢ (W)

Therefore, the calorific value mainly comes from the polarization heat and Joule heat. Since the
polarization resistance (Ry,) and electronic resistance (R.) cannot be calculated directly, the total internal
DC resistance (R;) is used for the equivalent calculation, which is the sum of the polarization resistance
and electronic resistance. The internal resistance of the cells is treated as a constant, which means that
it does not vary with changes in the state of charge (SOC), temperature, or other parameters.
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3.2. Heat Transfer Process

All heat generated in this process is transferred to and taken out by a coolant. The heat transferred
from cell to cell and from cell to ambient is neglected. A schematic structure of the single cell cooling
model is shown in Figure 4a, including the heat flow transferred from conduction in the cell, conduction
in the silicon layer, conduction in the aluminum pipe wall, and convection at the solid-liquid interface.
The heat transfer process from the cell-silicon interface to the coolant can easily be simplified to a
one-dimensional heat transfer problem and represented as thermal resistance, as in Figure 4b. The heat
transfers from the coil to the pipe by conduction. According to Fourier’s law of heat conduction, the
heat flow is:

D= kA%ﬂ 4)
and the conduction heat resistance, R, is defined as:
t
R = A (5)

where k, A, and t are the heat conductivity, heat conduction area, and thickness of the medium,
respectively. Thus, for R;, Ry, and R3, we find:

t Epad t
poc pa wall
Ri=—7F R=—%R3=—7+ 6
! kpch 2 kpadA ’ kwallA ( )
T
Coil Ru
T:
Shell ¢ R
PVC Tz
Rs
Thermal Pad Tu
Wall of Pipe Rs
Fluid Tt
(a) (b)

Figure 4. A single cell heat transfer model. (a) Schematic of the heat transfer pass of a single cell (b)
presented as heat resistance.

From pipe to fluid, the convection heat flow, using the equation from Newton’s law of cooling, is:
® = hA(To ~ T) @)

Thus, the convection heat resistance at the pipe—fluid interface, Ry, is:
Ry= — 8

For a smooth rectangular pipe, the convective heat transfer coefficient at the inner wall of the pipe
can be obtained from the Nusselt number Nu, its hydraulic diameter d;, and the heat conductivity of
fluid ky, using Equation (8):

kg
h=Nu-— 9)
dn
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The laminar flow in pipesis calculated according to the Sieder and Tate correlation [39], where Nu is

diy 1 by 0.14
Nu = 1.86(RePrfL—) (—) (10)
b Hw
Ly, is the length of the branch pipe, and u is the dynamic viscosity (subscript f and w represent the
fluid temperature and wall temperature, respectively). The Reynolds number Re and Prandtl number
(for the temperature of the fluid) Pry are:

HCp

Vdy
Re=—2 pr,="2F
e V’ T’f 2

(11)
For pipes with inner support, assuming the temperature on the supporting walls is uniform and
neglecting the heat transfer at the opposite surface, R4 can also be calculated from Equations (7)—(10).
Additionally, inside the cell, ignoring the heat transfer in the axis direction, we find a
two-dimensional conducting problem with the heat source. Since the temperature distribution
within each cell is not investigated in this article, heat flow can be written as heat resistance:

T.—Ts

P =
R

(12)

where R, is the equivalent heat resistance within the battery cell and is determined by the cell’s materials,
components, and dimensions. T, is the maximum temperature in the cell, Ts is the temperature of the
battery’s steel shell, and @ is the heat flow at the contact surface.

The bending characteristic is neglected in the thermal calculation. The serpentine pipe is considered
to be straight. For one cell j on serpentine pipe i, the cell’s maximum temperature T, ; ;, can be obtained
by the following equation:

TC/,',]‘ — Tf,i,j = CP(R,: + Ry +Ry, + Rz + R4) (13)

where the local fluid temperature at the corresponding battery is:

Tyj = %(Tin,i,j + Tout,i,j) (14)

On each serpentine pipe, 24 cells are cooled in series, so:
Tinin = Tin, Tini,j = Tout,ij-1 (15)
In addition, the temperature rise of the coolant can be calculated by the following energy equation:
@ = Cprit(Tout — Tin) (16)

Putting Equations (4)-(16) together, we can determine the maximum temperature of each cell
under a certain heat generation, coolant flow rate of the pipe, and inlet temperature. A pre-defined
working state, heat generation, total coolant flow rate, and inlet temperature could be calculated to
choose a reasonable range, but in order to obtain the temperature consistency of all the batteries,
further calculations would be needed.

3.3. Thermal-Hydraulic Performance

In a parallel flow system with n branches, the pressure loss or head loss in each branch is equal
according to the Bernoulli equation [40]:

Hy=Hy=..=H.. =H, (17)
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For each cooling module, n = 5, and for branch i, there is [41]:

V2 1 V2
B a9
} }
local loss,Hjocap  friction loss, Hey

The head loss consists of two parts, the local loss and the friction loss. For the ith branch, the local
loss contains the loss at two three-way connectors and at 24 bending positions on the serpentine pipe
(in contact with the 24 battery cells, see Figure 3c) along the flow pass. A representation of the local
loss factor & of the three-way connectors is shown in Figure 5. The loss for the ith branch is represented
in Figure 6.

tv, 1V,

fl-zT L/3> —\/3> lfz-l

fv .

(a) (b)

Figure 5. Schematic of the three-way connector. (a) Separate flow; (b) convergence flow.

L,
r A hY
V., Q
Y Howy 524 Hyy, ¥
Hisinf ) Hyyoy
V,, Q,
Hl-z,zf — ) Hyon
TV a2 L,
e Vi, Q
Hy, o f — ) Hyyy
[ Vo
1 2 8
in out

Figure 6. Schematic of the head loss for the ith branch.
Then, the sum of the local head loss between in and out for branch i is:
Hiocali = Hi-21 + Hi2p + ... + Hi2i1 + H1-3,i + 24Hpepgi + Hz-1,, + Ho-11 + Hy-1p + ... + Ha1,i1 (19)

where the local three-way loss is: (a-b represent 1-2, 1-3, 3-1, 2-1)

é a-b,ji,n
2 Q main,i

Ha—b,i = (20)
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where the local loss factor &y, is calculated from the experimental equations in [42,43]:

B Vs, A 3 Vs 'A% Vs,
1o 27035(1—‘/1) & 3705(‘/1) +1,52_170.5(1— )53 17(V1) _(V_l) +0.5(1—V—1) 1)

The local loss at each bending position on the serpentine pipe is:

Sbend
Huenti = =32V} (22)

where the local loss factor &gy is calculated from the experimental equations in [42,43]. L/2 is the
bending radius (half of the cell’s center distance L in Figure 3c).

dy > 60°

5bend - [0 131 + 0 163(L/2) ]900

(23)

The sectional average speed V can be represented by the volumetric flow rate Q divided by the
cross-sectional area Sa and Sb, so:

n
Lom
Vmain,i = m_éa , Vi= S_hlr (24)
where
n
Y Qu=0Qnt+Quat...+Qu (25)
m=i
From Equations (20)—(25), the local head loss through the ith branch is:
2 2 " 2 " 2
i-1 Z Qm Z Qm Z Qm i-1 Z Qm 2
_ &1- 2,i | m=i &1- 3,i | m=i 53—1,i m=i 52—1,1' m=i éturn g
Hiocali = L og Sa + 2g Sa + 2g Sa +; 2g Sa 24 2g (Sb) (26)

The friction loss Hgi ; comprises the loss along each segment in the main pipe and branch pipe for
the cooling plate in Group Set A:

AL, AL,
an,A—zzzgd maini + 257 V- 27)

For the cooling plate in Group Set B, there are two segments of additional main silicone tube inlets
and outlets with a length of L¢, so:

A La /\ Lb 2 /\ LC 2
Hfr”B - 22 Zg d mamz 28 dHV 2 g d Vmaml (28)

Since the coolant flow in our system is within the laminar range, the friction loss factor A is:

Vimain id Vid
A= %/ Remain,i = — , Re; = l_H 29)
From Equations (27)—(29), the friction head loss for the cooling plate in Group Set A is:
l’l
Y. Qm
2vL, 32vL, Q;
Hign = 223“’“ o 2O (30)

Sa deg Sb
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The friction head loss for the cooling plate in Group Set B is:

n n
1 ) ) -
Hisiip = ZZ 32vLa m=i 32vLy, % 5. 32vLc m=1 (31)
i=1

d2g  Sa dy2g Sp d2g S,

Thus, a mathematical relationship between H; and Q;~Q; has been established, and the flow
of different channels (the bias flow rate (3) can be obtained by iterative calculations according to
Equation (17). According to the heat transfer formula introduced in Section 3.2, the maximum
temperature and temperature difference corresponding to different flows can also be calculated.

In this section, based on the cooling structure proposed in Section 2, heat transfer calculations
and thermal hydraulic calculations are performed using theoretical Formulas (1)-(31). The design
parameters of the cooling plate and the reasonable values of the boundary conditions are thus obtained,
thereby providing theoretical guidance for the simulation and reducing the number of combinations
required for the simulation. In order to ensure that the battery temperature does not exceed 45 °C,
and the temperature consistency does not exceed 5 °C, the parameter range was estimated through
theoretical calculations, as follows:

e Five diameters of the main pipe were used: D = 12 mm (5 = 0.484), D = 14.5 mm (6 = 0.707),
D =17 mm (6 =0.973), D = 19.5 mm (6 = 1.278), and D = 22 mm (6 = 0.1627).

e  The boundary conditions for the simulation were as follows: The maximum current must not
exceed 35 A, the maximum inlet temperature of the coolant must not exceed 30 °C, and the coolant
flow must be greater than 5 L/min.

Subsequently, three sets of currents (25 A, 30 A, 35 A), two sets of inlet coolant temperatures (25 °C,
30 °C), and two sets of coolant flow (5 L/min, 10 L/min) were orthogonally combined for simulation
and verification.

4. Numerical Simulation

4.1. Geometry Model and Parameter Settings

The battery model is divided into three parts: the PVC film, the steel shell, and the battery core.
For thermal conductivity, the PVC film and steel shell are isotropic materials, and the battery core
is an anisotropic material. The following four types of contact surfaces have coupled heat transfer
relationships: the coolant liquid and aluminum alloy liquid cold plate, the aluminum alloy liquid
cooling plate and thermal silica gel pad, the thermal silica gel pad and battery surface, and the battery
core and aluminum alloy liquid cold plate. The relationship between the rest of the parts and the air in
the box is a natural convective heat transfer relationship, which refers to a relationship between the
shell and the external environment. The physical properties of the materials of each part of the model
are shown in Table 3. The mesh system was generated in the commercial CFD software StarCCM+.
A three-dimension finite element model of the packs’ cooling system and batteries was then set up and
is shown in Figure 7a.

Table 3. Physical properties of the materials.

Specific Heat Capacity Thermal Conductivity

. . 3
Material Density kg/m J/(gK) W/(m-K)
50% ethylene glycol 1082 3300 0.4
Cell material 3270 1537 15.1(Axial)/1(Radial)
Surface steel 7870 448 80
Polyvinyl chloride film 1140 1670 0.2
Thermal silica gel pad 2600 2190 15

Aluminum alloy cooling plate 2700 903 237
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(b)

Figure 7. Geometry models: (a) battery cells with a cooling plate; (b) single-battery heat transfer model
(grid level 1).

The boundary conditions in this study are as follows:

A steady flow with a certain temperature at the inlet;

Free flow at the outlet with zero pressure;
e A conjugated boundary at the solid-fluid interface;

Uniform heat generation in the cells;

Adiabatic at all other outer surfaces of the cells and pipes.

4.2. Grid Independence

A single-battery heat transfer model, Figure 7b, is applied to assess the grid independence of the
computational domain. The meshes mainly consist of polyhedral meshes. Locale mesh refinement
with prism layer meshes on the solid-liquid interface is applied within the narrow fluid domain
to better compute the boundary layer flow and enhance accuracy. A grid independence study was
conducted at the condition of Qyota) = 5 L/min, I =25 A, N = 0. The seven different levels of grid
systems, with grid numbers ranging from 3000 to 260,000, are presented in Table 4. Figure 8 shows
a grid sectional view at the mid-symmetry plane of grid level 1, 4, and 7. The Nusselt number Nu,
pressure loss Ap, and maximum temperature Tmax on the battery surface were selected to be the
parameters of validation. The results obtained by these systems are shown in Figure 9a. It can be seen
that when the grid number exceeds 50,000 (i.e., when the grid number increases significantly), all three
parameters change slightly. Thus, to balance the accuracy and computational cost, a level 4 grid system
was selected for the numerical models.

(a) (b) (c)

Figure 8. Sectional view of the grids at the mid-symmetry plane: (a) grid level 1; (b) grid level 4; (c)
grid level 7.
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Table 4. Grid.

Grid level No. 1 2 3 4 5 6 7
Number of grids 3698 9850 29,978 47426 79,335 159,777 258,299
Number of prism layers 1 2 3 4 5 6 7
21 . . 52 4360 10 : : : : : : 4
20 451 4357 8 1
— —~ <
49t 150F 354 2°7 &
z = 8 42 %
I P HE L <
181 449 4351
—=—Nu . 11
17 —®— Ap 48 -134.8
—h— Tm
ax 0 1 1 1 1 1 1 0
16 ) ) o Jass 2 3 4 5 6 7 8 9
10* 10° Q@)
Number of Grids
(a) (b)

Figure 9. Grid independence. (a) Nusselt number, pressure loss, and maximum temperature calculated
by different grid systems; (b) comparison of the Nusselt number and pressure loss of the theoretical
and numerical results.

To verify the numerical model, a single-pipe model is established under constant wall temperature
boundary conditions to compare the results from the numerical simulation and theoretical calculations,
according to Equations (10) and (18) in Section 3. The results are shown in Figure 9b, where the
theoretical results are represented as Nuy, Apg, and the numerical results are represented as Nu, Ap.
The results show good agreement, and the relative errors are within 10%. Further, the Nusselt number
results for the numerical simulation are larger than those for the theoretical simulation based on
Sieder-Tate correlation. The main reason that the pipe appears to be a straight pipe in Equation (10)
but has a serpentine-like shape in practice is to enhance the heat exchange. The heat transfer coefficient
or Nusselt number of a curved pipe’s surface is larger than that of a straight pipe under the same inlet
conditions. Thus, the results are reasonable.

4.3. Study of Internal Parameters

The whole pack model is then set up and solved with different 5 and N values, separately, at certain
boundary conditions.

Figure 10 presents the influence of the cross-sectional area ratio 4 on bias rate 3, pressure loss Ap,
and cell temperature Trax and Tqifr at a flow rate of Q =5 L/min when N = 0. When the cross-sectional
area ratio 0 increase, the bias rate (3, the pressure loss Ap, the maximum temperature Tax, and the
temperature difference Tgjf all decrease. The bias rate (3 and pressure loss Ap tend to become smaller as
b increases, and when $ is large enough, the trend gradually becomes slower. Similarly, the maximum
temperature Tmax and the temperature difference Tg;¢r also become smaller as § increases; when 6
= 0.484, Tmax exceeds 40 °C, and Tdiff exceeds 5 °C. Considering the influence of & on the cooling
performance and actual size of the main cooling pipe, the final selection of 6 is 0.973.
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Figure 10. The effect of § on several parameters, at Q = 5 L/min, N = 0: (a) § and Ap; (b) Tmax and Tgi¢.

Next, the heat transfer enhancement and pressure drop increase with a different number of internal
walls, N, is studied (Figure 11). In general, the effect of different walls N on the pressure drop Ap is
larger than ratio 5, but the effects on 3, Tmax, and Tqifr are smaller than ratio 6. When the wall number
N increase, the bias rate (3, the maximum temperature Tpax, and the temperature difference Tgjg all
decrease, but the pressure loss Ap increases dramatically. When N = 9, the maximum pressure loss
reaches 3.75 kPa, thereby exceeding the maximum acceptable pressure loss limit. Thus, we fixed N at
medium number 6 to balance the maximum heat transfer and pressure loss.

T T T T T 4.0 T T T T T 3.6
12k |
=P 135 or
1 — 4 ]
{30 O
s & 9
~ 75 Z z..
gl 1 = E
38
2
8l 2.0
-t 415
i 3}" (—
6 | | | | | J.O 1 1 1 1 1 38
0 2 4 6 8 10 0 2 4 6 8 10
N N
(a) (b)

Figure 11. The effect of N on several parameters at Q =5 L/min, 5 = 0.973: (a) 3 and Ap; (b) Tmax and Tgjsf.
4.4. Study of Boundary Conditions

The temperature field of the batteries and coolant under a working condition of an effective
current at 25 A and 6 = 0.973, Q = 5 L/min, N = 6 is shown in Figure 12. It can be seen that the
maximum temperature difference Tqif on the same monitoring surface between the battery cells
is below 3 °C, and the maximum temperature Tnax of the battery is 36.86 °C. The maximum and
minimum cell temperatures (at the surface opposite the cooling area) exist at the two corners of the
pack. Because the flow consistency in each branching serpentine pipe was optimized in the previous
section, the temperature difference T; between cells corresponding to the different branching serpentine
pipes is well controlled. The temperature difference T; between the cells increases as the temperature
of the coolant in the cooling channel gradually increases, but the total temperature difference Tg;¢
correctly meets the design expectations.
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Temperature (C) Temperature (C)
29.412 30.501 32.391 33.880 35.370 36.859 25.000 25.444 25,888 26.333 26777 27.221
(a) (b)

Figure 12. The temperature field at the worst working condition with an effective current at 25 A and &
=0.973, Q =5 L/min, and N = 6: (a) batteries; (b) coolant.

Using the same methods and parameters, simulations were also performed at other boundary
conditions, including different flow rates, different root mean square (RMS) currents, and different
coolant temperatures. A matrix list of these simulations is shown in Table 5. The simulation results
will be compared and discussed together with the test results in the next section of the experiment.

Table 5. Matrix list with variable boundary conditions.

Group 11! 2 3 4 5 6 7 8 9 10

Lims (A) 25 25 25 25 30 30 30 30 35 35

Heat Power (W) 375 375 375 375 540 540 540 540 735 735
Rate (W/m3) 30,791 30,791 307,91 30,791 44,339 44,339 44,339 44339 60,350 60,350

Tintet °C) 25 25 30 30 25 25 30 30 25 30

Coolant 7 i) 5 10 5 10 5 10 5 10 10 10

! Group NO.1 was described in detail as an example.

5. Experiment

5.1. Test Sample and Experiment Preparation

According to the research results of Section 3 and 4 of this paper, a cooling plate sample was
made by selecting 6 = 0.973, N = 6. The branch pipe width was 30 mm, the height was 2.75 mm,
and the wall thickness was 0.45 mm. The main pipe diameter was 17 mm, and the wall thickness
was 1.5 mm. Two cooling plates were connected in parallel and housed in two horizontally placed
modules. The plastic mounting brackets with VO class flame retardant capability and sufficient yield
strength are used to fix the battery cells and cooling plate together within reasonable spacing, so as to
ensure the mechanical performance and avoid thermal runaway of the battery pack [44]. Besides these
two modules, the battery pack also included a high voltage box (HV BOX) and a battery management
system (BMS). The HV BOX was used for high power output management, and the BMS was used to
monitor the battery’s status in real time (as shown in Figure 13a).

To obtain the temperature field distribution of the battery pack under actual working conditions,
the temperature monitoring distribution map was determined based on the simulation results of the
battery pack temperature field, and the arrangement of the temperature points was minimized to reduce
its influence on the heat transfer process (Figure 13b). Twenty T-type thermocouples (accuracy: 0.5 °C)
were distributed on the surface of the battery pack (separately on the upper and lower batteries of the
two A/B battery modules).
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Figure 13. Battery pack with a cooling plate under a test: (a) the battery pack’s internal structure and
the cooling plate in details; (b) the thermocouple placement and fixing method.

5.2. Experiment Environment Setup

In order to verify the temperature performance under variable boundary conditions,
an experimental platform was setup, as shown in Figure 14. The temperature data were displayed
and recorded by a Hioki (LR8401) data recorder. The battery pack was operated in an environmental
chamber. A Digatron (BTS-600) battery tester was used to provide charge/discharge power to the
battery. Coolant (50% ethylene glycol solution) was supplied to cooling plate of battery pack by a
Sentrick GE522A multifunction cooling tank at a constant temperature and flow rate.

HIOKI data
Recorder
Thermocouples
Digatron BTS-600
battery tester ,| Battery Pack
L4
Coolant

A 4

Sentrick GE522A
multifunction
cooling tank

Figure 14. Schematic of the battery pack temperature test platform.

The experimental condition settings were the same as those of the matrix list for the simulation
present in Table 5. A total of ten experiments were conducted. The whole battery pack was first put
into an environmental chamber set at a temperature of 40 °C. Here, we will introduce in detail the
experimental steps used during the first set of experiments. First, the battery was quickly self-heated
to 40 °C by charging and discharging with a cycling working schedule, which has a current root mean
square value of 25 A. The charging/discharging process was then stopped, and we waited for the
difference in temperature to reduce to below 3 °C. Then, the working schedule was applied again,
and the cooling tank was opened to provide the necessary coolant flow. After the system reached
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a thermally equivalent state, the temperature data were recorded, and the experiment was stopped.
The whole process for the first set of experiments is shown in Figure 15a.

Top Layer Bottom Layer Top Layer Bottom Layer
—T1 Grpup Set A Grpup Set A Grpup Set B Grpup Set B
45ptandoy  Cycle Loop Chamber Open Thermostat Open T2 39 l | 3872 |
—~ ~
< 4 <
£ 3 g
=) 2
5 £
9 3]
& 30 e
25 ey
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 32 1 2 3 456 7 8 9 1011 12 13 14 15 16 17 18 19 20
Time (s) Temperature sensor number
(a) (b)

Figure 15. Temperature test result on a vehicle: (a) temperature curve during the complete test process;
(b) temperature histogram of 20 thermocouples after temperature equilibration.

5.3. Bench Test Results

By providing a certain flow rate and a certain temperature to the coolant, we were able to decrease
and stabilize the temperature of the battery. The temperature values of the 20 thermocouples after
stabilization are shown in Figure 15b. The highest temperature was the thermocouple No. 18 (38.72 °C)
and the cell located in the middle of the lower layer of Group Set B. The lowest temperature was found
for the No. 4 thermocouple (35.75 °C) and the cell located in the middle of the upper layer of Group
Set A. The maximum temperature difference was 2.97 °C.

Both the theoretical calculation and simulation analysis results show that the temperature of
the coolant gradually increases along the water flow direction, and the temperature of the battery
cells also gradually increase due to the heat exchange between the cells and the coolant; this trend is
observable and objectively correct. However, we encountered two relatively large interference factors
in practical application: one is the installation deviation of the temperature sensor on the surface
of the cylindrical battery, which has a relatively small impact; the other is the deformation of the
battery module mounting bracket, which leads to poor contact and has a large impact. Each battery
module is fixed together by three plastic supports above and below the module. These brackets need
to overcome the slight bending back force of the L5 battery module and the static pressure (at a 40%
compression rate) of the thermal conductive silicone pad. Therefore, there is a certain deformation
of the plastic bracket, especially at the 1/4 and 3/4 area of the module. Consequently, a press-board
was design to be installed, as shown in Figure 13a. Although the measured temperature distribution
was somewhat random, the maximum temperature and maximum temperature difference were kept
within a reasonable range that was consistent with the simulation results.

Table 6 presents a comparison of all the experimental results and numerical results. The numerical
results agree well with the experimental results, and the temperature difference between these two
methods was within 2 °C. Considering manufacturing errors, assembling errors, and testing errors,
this theoretical conclusion is reasonable in practice.

At the same time, the simulation and test results also showed that when the root mean square
current is greater than 30 A, it is difficult to achieve the temperature control target by adjusting
the coolant flow rate and temperature, and the temperature difference will be further amplified.
Through simulation and experimentation, we have fully determined the heat dissipation capability of
the battery pack cooling system, allowing the battery pack to be cooled and used more efficiently.
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Table 6. Comparison of the experimental results and numerical results.

c’)re;t Boundary Conditions Simulation Experiment Judgment
rder Irms Tinlet Q Tmax Taisf Tmax Tyt (°C)
(A O  (Umin) O (€O 0 aift

11 25 5 37.6 3.0 38.7 3.0 Pass
2 25 25 10 36.8 2.8 38.3 29 Pass
3 30 5 411 2.7 423 2.6 Pass
4 30 10 40.2 21 413 24 Pass
5 25 5 40.4 3.5 41.3 3.2 Pass
6 30 25 10 40.2 29 411 2.8 Pass
7 30 5 43.9 3.1 45.1 2.9 Pass
8 30 10 43.2 2.5 448 2.7 Pass
9 35 25 10 45.3 3.9 46.3 41 Fail
10 30 10 48.6 4.0 49.7 3.8 Fail

! The process and results of the NO.1 experiments are described in detail as examples.

5.4. Experiment on a Vehicle

The previous simulation and bench tests were performed for the quantitative analysis at a constant
heating power and a stable coolant temperature and cooling flow. In order to observe the battery pack
temperature trends when these boundary conditions change dynamically, the battery pack was tested
on a hybrid SUV. This experiment was carried out by driving 30 km (about 1.2 h in the summer) when
the ambient temperature was 33 °C~39 °C. The vehicle speed and battery current curve are shown in
Figure 16a. The maximum charging current was about 79.6 A, while the maximum discharging current
was about —127.8 A. The root mean square current, including charging and discharging, was 26.5 A
during the whole testing process. The cooling flow varied between 5 and 10 L/min, and the inlet
temperature was dynamically adjusted between 25 and~30°C.
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Figure 16. Test conditions and test results of the temperature on vehicles: (a) road spectrum, transient
current spectrum, and RMS current over ten minutes; (b) ambient temperature inside the battery pack

temperature trends from six sensors, and temperature difference curves.

The temperature test positions in the battery pack were determined according to the results of the
bench test, covering the highest and lowest temperature points. The temperature and temperature
difference curves are shown in Figure 16b. At the beginning of the test, the maximum temperature
of the battery pack was 41.3 °C. After the cooling system was turned on, the battery temperature
dropped rapidly and eventually stabilized at around 39.3 °C. During the test, the temperature difference
of the battery pack was 2.87 °C at first; then, the temperature difference gradually became larger,
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but eventually stabilized at 4 °C. This result shows that the maximum temperature and temperature
difference of the whole battery pack were effectively controlled.

6. Conclusions

In this paper, a performance-optimized and engineering-oriented properly liquid cooled plate
was designed to meet the requirements of a battery pack with a high C-rate current in a certain hybrid
SUV. This plate is able to disperse heat and effectively minimize the temperature difference between
each cell. The achievements of this research are as follows:

e A simplified one-dimensional heat transfer model from the battery interface to the coolant was
established; the mathematical relationship between head loss H; and coolant flow Q;~Q, was
also established, and the flow Q; in each serpentine pipe was calculated iteratively. The design
parameters of the cooling plate and reasonable ranges of boundary conditions were obtained
through these two models, which provided theoretical guidance for the simulation and reduced
the number of combinations required for the simulation.

e  The cross-section ratio affects the flow rate deviation 3 and results in temperature differences.
As the cross-section ratio § increases from 0.484 to 1.627 at Qa1 = 5 L/min, the flow rate deviation
[ decreases by about 40%, and the temperature difference decreases by about 2.5 °C. The inner
support wall N can enhance heat transfer to reduce the maximum temperature but will cause
a definite increase of the pressure drop in the pipeline. The pressure drop in the pipe when N
=9 (Qtotal = 5 L/min) increases by 2.5 kPa compared to that when N = 0, while the maximum
temperature decreases by 3 °C.

e  The optimized cross-section ratio is = 0.973 (D = 17 mm), and the number of supporting walls is N
= 6. The maximum RMS current allowed by the cooling plate does not exceed 30 A, the maximum
inlet temperature of the coolant does not exceed 30 °C, and the coolant flow is greater than 5
L/min at least. The ranges of the solution at various input conditions provide the basic data for
BMS dynamic control.

Under the constraint of the actual project implementation, the experiment also objectively gives
an acceptable deviation, which is worth further research and improvement.
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Nomenclature

A area of the contact region between the battery and serpentine pipe (m?)

Af area of the pipe—fluid interface (m?)

Cp heat capacity (J (kg K) 1)

d diameter of the main pipe (m)

dy hydraulic diameter of the serpentine pipe (m)

g gravity acceleration (m s72)

h heat transfer coefficient of convection (W (m~2-K~1))

H head loss (m)

k coefficient of heat conductivity (W (m~1-K™1))

L length (m)

m mass flow rate (kg s™1)

N the number of internal walls within one serpentine pipe

Nu Nusselt number

Ap pressure loss (Pa)

Pr Prandtl number

q heat generation in the battery cell (W)

Qrotal total volume flow rate in one water bag (m3s71)

Q; volume flow rate in serpentine pipe i (m3s71)

Re Reynolds number

Sa Section area of the main pipe (m?)

Sy Section area of the serpentine pipe (m?)

t thickness of the serpentine pipe wall (m)

Tij average temperature on cell j, serpentine i (K)

Ty, average fluid temperature corresponding to cell j, serpentine i (K)

Tinij average inlet temperature corresponding to cell j, serpentine i (K)

Tout,i,j average outlet temperature corresponding to cell j, serpentine i (K)

|4 velocity of fluid in the system (m-s~1)

DC-IR DC internal resistance (QQ)

Greek letters

B bias rate of the flow in serpentine pipes

5 ratio of the section area of the main pipe to the total section area of
serpentine pipes

A frictional loss coefficient of pipes

U dynamic viscosity (Pa-s)

v kinematic viscosity (m2s71)

3 local loss coefficient of pipes

p density (kg:m~2)

Subscripts

a main pipe

b serpentine pipe

diff difference

s steel shell of battery

f fluid

i index of the serpentine pipe in one module

j index of the cell along one serpentine line

max maximum

puc Polyvinyl chloride layer of the battery

pad thermal pad of Silicon layer

total total

turn turning of pipes

wall wall of pipes
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