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A B S T R A C T   

Although the 46800-type Li-ion batteries have superior attributes, including high driving range, energy density, 
and fast charging capability, it is plagued by higher heat generation during discharge impacting performance, 
efficiency, and lifespan. To address this problem, a novel thermal management system is proposed utilizing 
direct/indirect liquid cooling with water, CuO nanofluid, and HFE-7100. Meshed separator plates are developed 
in the direct cooling channel to improve thermal uniformity and mitigate hot spots on LIBs. The numerical 
evaluation considers effects such as C-rate, coolant, separator wall, flow rates, flow direction, and ambient 
temperature on the thermal performance of the LIB pack. During a 3C discharge operation, compared to 1C, the 
LIB pack experiences a 7 ◦C increase in maximum temperature and a 4.1 ◦C temperature difference. However, 
with a 4% CuO nanofluid, these values decrease by 4.9 ◦C and 3 ◦C respectively, compared to water. A circular 
meshed separator wall improved the thermal performance of the battery pack by 22.7% compared to the non- 
wall condition. The inflow velocities of the direct and indirect cooling channels are increased from 0.2 to 0.3 
m/s and from 0.1 to 0.2 m/s, respectively, which led to the 11.5% enhancement of the LIB pack’s thermal ef-
ficiency. Finally, the thermal performance of the proposed cooling system is assessed by considering various 
ambient temperatures ranging from 25 ◦C to 40 ◦C for the LIB pack. The results indicated that the optimized 
cooling system can maintain the maximum temperature of the LIB pack below 40 ◦C, even at an ambient tem-
perature of 35 ◦C.   

1. Introduction 

In recent years, the decline of internal combustion engine (ICE) ve-
hicles has been driven by their harmful emissions and significant fossil 
fuel consumption [1]. Consequently, various alternatives like electric 
vehicles (EVs), plug-in hybrid electric vehicles (PHEVs), hydrogen fuel- 
cell vehicles (FCEVs), and more have emerged [2–5]. Among these al-
ternatives, EVs show great promise, leading manufacturers to focus on 
designing eco-efficient EVs, with Lithium-ion batteries (LIB) being the 
most advantageous energy storage system due to their high power, 
stability, long lifespan, and energy density [6,7]. However, improve-
ments are required, especially in LIB pack cooling, cost, driving range, 
and charging time. Optimized temperatures of the LIB packs should be 
25 ◦C − 40 ◦C for optimal performance and the thermal non-uniformity 

of the LIB package should be maintained under 5 ◦C [8]. High or low 
temperatures can negatively impact LIB efficiency, with low tempera-
tures affecting ionic conductivity and high temperatures causing ther-
mal runaway and capacity fading [9–11]. To address these challenges, 
an effective battery thermal management system (BTMS) is crucial to 
regulate maximum temperatures and ensure temperature uniformity 
during charging and discharging operations, especially in fast charging/ 
discharging conditions [12]. 

In general, BTMS can be classified into two main methods: active 
[13,14], and passive [15,16]. In the past decade, researchers have 
introduced several active and passive methods [17,18]. Among these 
cooling systems, the liquid-cooling strategy as an active method has 
emerged as a highly promising choice compared to other strategies such 
as air cooling, heat pipe, and phase change material (PCM) due to the 
superior thermal conductivity and heat capacity of liquids [19,20]. 
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Liquid-cooled systems are categorized into two methods: indirect-based 
and direct-based. In indirect-based cooling systems such as liquid cold 
plate (LCP) or cooling channel, the coolant does not contact the LIB 
surfaces [21]. Pulugundla et al. [22] examined how different sizes and 
configurations of cold plate channels affect the overall thermal perfor-
mance of a liquid-cooled BTMS, which utilized variable heat load from 
21700-type LIB cells. The findings indicate that the performance of the 
LCP relies on both pressure drop and heat transfer coefficient. Sarchami 
et al. [23] used the novel stair/wavy types cooling channels based on 
Alumina nanofluid to ameliorate the thermal behavior of the 18650- 
type battery pack. They concluded that under the 5C fast discharging 
condition, with an environmental temperature of 25 ◦C, their proposed 
BTMS utilizing a 2% volume fraction of Alumina nanofluid and an 
inflow velocity of 0.5 m/s, effectively maintained the maximal tem-
perature of the LIB pack below 33.5 ◦C. Liu et al. [24] used the con-
ventional serpentine LCP which combined with the intersecting 
channels to improve the efficiency of the indirect-based liquid-cooled 
BTMS for prismatic LIBs. Their results indicated that adding intersecting 
channels notably improves the thermal performance of the battery pack. 
Designing an efficient and practical cooling channel based on the indi-
rect technique is the most debated topic among the authors. Tousi et al. 
[25] investigated the thermal behavior of a 18650-format LIB pack 
which has an innovative nanofluid-cooled BTMS. They numerically 
analyzed the highest temperature and temperature non-uniformity of 
the battery pack at high discharge current rates such as 3C, 5C, and 7C. 
Their findings suggested that there is a direct correlation between the 
utilization of a high discharge C-rate and the increase in the overall 
temperature of the LIB pack. Also, the outcomes illustrated that the 
thermal performance of the LIB pack was improved by increasing the 
volume fraction of the nanofluid and its inflow velocity. 

In contrast to the indirect-based cooling strategy, the direct-based 

method has a higher heat transfer behavior, which is useful for fast 
discharging and charging conditions [26]. A numerical study was con-
ducted by Wang and Wu [27] to propose a new HFE-7000 immersion 
cooling system BTMS to evaluate the temperature change of the 18650- 
type LIB package. The result showed that the maximum temperature of 
the LIB pack is directly related to the inlet velocity of the coolant. To 
meet the requirement for the long-range and high safety of EVs, Wu et al. 
[28] proposed a direct-based cooling system BTMS. They used silicone 
oil to obtain an effective cooling system due to the excellent safety and 
high integration ratio. The results indicated that the maximum tem-
perature and temperature difference of an 18650-type battery pack 
employing a direct cooling system are merely 20% to 30% of those 
observed in the indirect cooling system. Hong et al. [29] investigated the 
performance of a novel direct two-phase refrigerant (R134a) cooling 
system for lithium-ion batteries in electric vehicles. Results indicated 
that under superheat conditions, the maximum cell temperature and 
temperature difference increased among the LIBs near the module 
outlet. Furthermore, Dubey et al. [30] compared direct and indirect 
cooling systems for 21700-type LIB packs. The results indicated that the 
direct cooling system, which utilized a dielectric coolant (HFE-7500) 
with low specific heat and thermal conductivity, did not substantially 
improve the temperature uniformity of the LIB pack when compared to 
the indirect cooling system, which used a mixture of water and ethylene 
glycol. 

Recently, the combined cooling methods, which integrates any 
combination of active and/or passive methods, have been introduced to 
further enhance the thermal efficiency of the battery pack compared to 
previous single methods [31,32]. Kiani et al. [33] experimentally 
investigated the cooling behavior of two pouch LIBs which integrated 
with nanofluid-cooled and PCM-based systems. They used nanofluids 
(Al2O3, CuO, and AgO) to improve heat transfer and enhance thermal 

Nomenclature 

List of symbols 
C1− 3 Model constants 
Cp Specific heat (Jkg− 1K− 1) 
Cμ Constant 
g Gravitational acceleration (ms− 2) 
Gk Kinetic energy turbulence generation (mean velocity 

gradients) 
Gbuo Kinetic energy turbulence generation (buoyancy) 
h Heat transfer coefficient (Wm− 2K− 1) 
I Current (A) 
K Thermal conductivity (Wm− 1K− 1) 
P Pressure (Pa) 
Q Heat (W) 
Q̇ Volumetric heat generation rate (Wm− 3) 
R Resistance (Ω) 
Re Reynolds number 
Sε User-defined source term 
SM Momentum source 
T Temperature (◦C) 
t Time (s) 
U Voltage (V) 
u Velocity vector (ms− 1) 
V Volume (m3) 

Greek symbols 
μ Dynamic viscosity (kgm− 1s− 1) 
ρ Mass density (kgm− 3) 
∇ Gradient operator 

Abbreviations 
BTMS Battery thermal management system 
CFD Computational fluid dynamics 
C-rate Current charge/discharge rate 
DI-water Deionized water 
DOD Depth of discharge 
CVM Control volume method 
EV Electrified vehicle 
FCEV Fuel cell electrified vehicle 
LCP Liquid cold plate 
LIB Lithium-ion battery 
NCM LixNi0.33Co0.33Mn0.33O2 
PCM Phase change material 
PHEV Plug-in hybrid electric vehicle 
SOC State of charge 
TMS Thermal management system 

Subscripts and superscripts 
b Battery 
c Coolant 
dr Drift 
eff Effective 
gen Generation 
i Battery component 
ir Irreversible 
k Secondary phase 
m Mixture 
OCV Open circuit voltage 
P Nanoparticle 
re Reversible  
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performance of two film heaters as substitutes for LIBs. Results 
demonstrated 23.8%, 40.5%, and 45.2% improvements with Al2O3, 
CuO, and AgO compared to pure water, respectively. Also, the results 
depicted that the temperature non-uniformity of the LIBs does not 
exceed 5 ◦C. A novel combined BTMS using heat pipes and a liquid- 
cooling plate is proposed by He et al. [34]. They numerically analyzed 
the impact of four aluminum sheet parameters such as height, thickness, 
covering angle to battery, and covering angle to heat pipe on LIB pack 
temperature distribution. Results showed optimal values for maximum 
temperature (37.58 ◦C) and temperature difference (3.67 ◦C) during 3C 
discharge. A thermal management system combining mini-channel 
liquid cooling and air cooling is proposed by Yang et al. [35] for 
18650-type lithium-ion battery modules. Effects such as water flow rate, 
cooling tube and mini-channel quantity, tube space, flow direction, and 
spacer combination are investigated using computational fluid dy-
namics. Their results showed that even in the best-case scenario, the 
battery module experiences high temperature non-uniformity, and hot 
spots are emerged, especially at the outlet sections. Hence, it is well 
established that both indirect, direct as well as combined cooling sys-
tems, are effective in cooling lithium-ion batteries. However, there are 
challenges in achieving optimal thermal management due to potential 
limitations in design and configuration. Certain areas within the battery 
pack may not receive adequate cooling, leading to localized hotspots 
and temperature variations. Development of an innovative combined 
cooling system that can effectively tackle these concerns, especially in 
the new 46800-type LIB packs, is an immediate need. 

In the present numerical investigation, an innovative combined 
direct/indirect liquid-cooled system for the conventional 46800-format 
batteries is presented to improve the thermal performance of the LIB 
pack. The LIB pack has 20 46800-format batteries, novel indirect/direct 
cooling channels, and copper separator plates (Fig. 1). The proposed 
cooling system is based on two liquid cooling strategies (direct and in-
direct). The working fluids for direct and indirect channels are HFE- 
7100, which is an engineered dielectric fluid and CuO nanofluid, 
respectively. Separator plates with meshed structures are implemented 
to improve the mixing effect in the direct cooling channel and thermal 
uniformity of the LIB pack; different mesh shapes (including circular, 
triangular, and square) are investigated. In this study, the influences of 
constant discharge C-rates (1, and 3), the volume fraction of CuO 
nanofluid (2%, and 4%), inflow velocity of channels, the shape of mesh 
in separator plates, and environmental temperature on the thermal 
behavior of a new 46800-type LIB pack are analyzed. The major purpose 
of this investigation is to optimize pathways to decrease the maximum 
temperature and temperature non-uniformity of the new generation 
46800-type battery pack throughout the fast discharging condition 

using the combined cooling method. To ensure even distribution of the 
heat generated and transferred by LIBs, four indirect cooling channels 
have been designed, positioned both above and below each row of 
batteries. This integration effectively manages the heat within the 
batteries. 

2. Numerical models 

This section presents the numerical models of a novel liquid-cooled 
system employing the dielectric fluid (HFE-7100) and CuO nanofluid. 
Therefore, battery pack, nanofluid, and BTMS models are discussed in 
the following sub-sections. 

2.1. Battery pack model 

In this study, a new combined liquid indirect/direct cooling system 
for a new generation 46800-type LIB pack is proposed. Fig. 1 depicts the 
schematic of Li-ion battery pack with the indirect/direct cooling chan-
nels. Based on the mentioned figure, the LIB pack consists of twenty 
46800-type Li-ion batteries. The LIB’s technical, thermal, and physical 
parameters are tabulated in Table 1. The estimated energy density, as 
indicated in Table 1, is calculated from the total capacity of each cell, 
representing the actual capacity observed during real-world usage. 

In the present investigation, the proposed cooling system manages 
and controls the peak temperature and particularly temperature non- 
uniformity of the battery pack in acceptable working temperature 
ranges, which are 25 ◦C − 40 ◦C, and less than 5 ◦C, respectively. As can 
be seen in Fig. 1, all LIBs are completely immersed in the dielectric fluid 
(HFE-7100) except for their negative and positive tabs. All battery cells 
are placed in an aligned arrangement that has fixed 20, and 40 mm 

Fig. 1. Schematic of 46800-type LIB pack with the novel combined liquid-cooled battery thermal management system.  

Table 1 
Technical and thermo-physical parameters of 46800-type battery [36–39].  

Parameter Amount Parameter Type/Amount 

Total Capacity,Ah ~ 26.1 Anode material Graphite 
Nominal 

Voltage,V 
3.7 Cathode material Nickel-Cobalt- 

Manganese (NCM) 
Energy 

Density,Whkg− 1 
272–296 Electrolyte material Lithium salt 

(LiPF6) 
Mass,g 355 Density ρ,kgm− 3 2375.7 
Height,mm 80 Specific heat Cp, Jkg− 1K− 1 1725 
Diameter,mm 46 Thermal conductivity 

(axial - radial) k, 
Wm− 1K− 1 

3.2 – 0.96  
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intervals between each other in a row and column, respectively. This 
study employs conventional 46800-format LIBs with a cylindrical 
structure containing Nickel-Cobalt-Manganese (NCM) as the cathode. 

2.2. Coolant model 

The working fluid that flows in the direct and indirect cooling 
channels are HFE-7100 and CuO nanofluid with 2%, and 4% volume 
fractions. The base fluid of the CuO nanofluid is water. The 3 M™ 
Novec™ 7100 engineered fluid is an exclusive hydrofluoroether (HFE) 
with distinct characteristics that make it exceptionally desirable for a 
wide array of applications and industries. These range from thermal 
management in semiconductor manufacturing to using it for direct 
cooling in data centers. The thermal properties of the HFE-7100, water, 
and CuO nanoparticles are indicated in Table 2. 

Coolant features are the most important parameters in liquid cooling 
systems for both direct and indirect liquid cooling methods to manage 
thermal efficiency. Based on the thermal properties of the coolants, 
numerical calculations are conducted for different coolant domains. It 
should be noted that HFE-7100 is an engineered dielectric fluid, intro-
duced to the direct cooling systems of electronic devices. This coolant 
has been used due to its advantages such as low viscosity, non- 
flammable, non-toxic, high boiling point (61 ◦C), and availability in 
large amounts. In addition, HFE-7100 has better thermal behavior in 
comparison with other dielectric fluids because of its high thermal 
conductivity and heat capacity [26]. Due to its high dielectric strength, 
HFE-7100 is well-suited for employing a direct cooling system in elec-
tronic devices as it effectively prevents the occurrence of any possible 
short-circuits [42]. Furthermore, the selection of CuO nanofluid is based 
on its various advantages, including enhanced thermal conductivity, 
compatibility, and stability of nanoparticles [43]. In the following sub- 
sections, the governing equations for single-phase coolants (water and 
HFE-7100) and two-phase fluid (CuO nanofluid) with different volume 
fractions are presented. 

2.3. Governing equations 

To carefully evaluate the thermal efficiency of the battery pack 
during the discharge operation, a thermal model (lumped treatment) 
[44,45] is applied to the 46800-type batteries. According to this thermal 
method, batteries are considered as a uniform body, and the internal 
temperature variation of cells is not considered. Hence, the thermal 
properties of the LIB including axial/radial thermal conductivities, 
density, and specific heat are calculated based on the equivalent equa-
tions. Because of variations in material composition along different di-
rections, the cylindrical LIB exhibits distinct axial and radial thermal 
conductivities. As a result, the thermal model considers the thermal 
conductivity to be anisotropic [46]. 

Ka =

∑
iLiki
∑

iLi
(1)  

Kr =

∑
iLi

∑
iLi/ki

(2)  

ρ =

∑
iρiCiVi

ViCp
(3)  

Cp =
1
ρi

∑
iρiCiVi
∑

iVi
(4)  

in which, Ka, Kr, Vi, Ci, ρi, and Li denote the axial and radial thermal 
conductivities, as well as the volume, specific heat, density, and thick-
ness of component “i” in a battery cell. The subscript “i” pertains to the 
LIB component. Based on the above equations (Eqs. 1–4) and physical 
parameters of 46800-type LIB, the equivalent thermal properties are 
calculated (Table 1). 

This investigation is conducted using computational fluid dynamics 
(CFD) to assess the thermal behavior of the BTMS. The entire BTMS 
consists of different domains such as LIBs, aluminum indirect/direct 
cooling channels, and coolants. For simplicity, several numerical as-
sumptions are made: 

• The radiation heat transfer is neglected because of the low temper-
ature difference between the ambient and LIB surface, and the 
effective heat transfer approaches are conduction and convection 
throughout the process. Furthermore, the consideration of thermal 
contact resistance between the channels and the LIB cells are 
neglected. 

• All coolants are Newtonian, incompressible, and single-phase; how-
ever, CuO nanofluid has been simulated by using the mixture 
strategy.  

• During the discharge operation of a Li-ion battery, the thermal power 
changes transiently due to variations in the internal resistance, cur-
rent flow, and energy conversion processes, leading to dynamic 
fluctuations in heat generation within the battery. The thermal 
power of each battery undergoes transient fluctuations and is utilized 
during the discharge process by evaluating the variables and estab-
lishing customized functions.  

• The thermal conductivity of LIBs is constant during the process due 
to the winding structure of the LIBs. Also, it is assumed that the 
density and specific heat are constant throughout the operations.  

• The heat generation of the LIBs is from the core body of the cells and 
other parts of LIBs do not generate heat. 

According to the assumptions, the governing equations such as 
continuity, momentum, and energy are presented for every component 
in the BTMS. The continuity, momentum, and energy equations of 
single-phase coolants (water/HFE-7100) are expressed as: 

∇. u→c = 0 (5)  

ρc
∂ u→c

∂t
+

(

u→c.∇

)

u→c = − ∇p+ μc∇
2 u→c + ρc g→ (6)  

∂Tc

∂t
+

(

u→c.∇

)

T =
Kc

ρcCp
∇2Tc (7) 

Both water and CuO nanofluids exhibit laminar flow regimes in the 
indirect cooling channels. However, in the direct cooling channel 
employing HFE-7100, the flow regime is turbulent, necessitating the use 
of the realizable k-ε model. This model is known for its strengths in 
providing reasonably accurate results across a wide range of flows and 
its proven ability to analyze heat transfer and fluid streams [27]. The 
equations for turbulent kinetic energy and eddy viscosity are denoted in 
Eqs. (8) and (9), respectively. 

∂ρk
∂t

+∇Â⋅
[
ρ V→k

]
= ∇Â⋅

[(

μ +
μt

σk

)

∇k
]

+Gk +Gbuo − ρε − YM + SM (8)  

∂ρε
∂t

+∇Â⋅
[
ρ V→ε

]
= ∇Â⋅

[(

μ +
μt

εk

)

∇ε
]

+C1
ε
k
(Gk +C3Gbuo) − C2ρ ε2

k
+ Sε

(9) 

The turbulent (or eddy) viscosity is calculated as presented in Eq. 

Table 2 
Thermal properties of water, HFE-7100, and CuO nanoparticles [40,41].  

Property (unit) Water Hydrofluoroether (HFE-7100) CuO 

ρ 
(
kgm− 3) 997.1 1510 6500 

Cp
(
Jkg− 1K− 1) 4179 1170 540 

k
(
Wm− 1K− 1) 0.613 0.069 18.0  
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(10): 

μt = ρCμ
k2

ε (10)  

where C1− 3, Cμ, Gk, Gbuo, Sε, SM are model constants, kinetic energy 
turbulence generation (mean velocity gradients), kinetic energy turbu-
lence generation (buoyancy), source term, and momentum source, 
respectively.The energy equations of LIBs (Eq. (11)) and other solid 
components (Eq. (12)) like cooling channels, and separator walls are 
given by: 

∂
∂t
(
ρbCp,bTb

)
= ∇ • (Kb∇Tb)+ Q̇b (11)  

∂
∂t
(
ρCpT

)
= ∇ • (K∇T) (12)  

in which, Kb, t, Q̇b, Cp,b, Tb, and ρb represent the thermal conductivity, 
time, volumetric heat generation rate of batteries, specific heat of LIBs, 
the temperature of LIBs, and density of LIBs, respectively. Particularly, 
Q̇b in Eq. (11) can be calculated by [47]: 

Q̇b = Qgen/Vb (13)  

where Qgen is the generated heat rate of a single battery, and Vb repre-
sents the cell’s volume. During the discharge operation, the temperature 
increase is due to reversible and irreversible heat generation. However, 
as previously discussed, we use a lumped thermal model of LIBs [48]: 

Qgen = Qir +Qre = I(UOCV − U) − ITb
∂UOCV

∂Tb
(14)  

where Qir is the irreversible heat generation and Qre is the endothermic 
reversible heat determined by the discharge process of the LIB. Also, 
UOCV , I, U, and ∂UOCV

∂Tcell 
are the open-circuit voltage, discharge current of the 

battery, batteries’ voltage, and the open-circuit voltage’s temperature 
coefficient. According to a previous study [49], throughout the 
discharge process of the battery pack, it can be concluded that: 

U = UOCV − IR (15)  

here, R is the internal resistance which consists of the ohmic and po-
larization equivalent resistances [50]. Thus, the generated heat rate of 
LIBs during the discharge operation can be calculated by substituting Eq. 
(15) into Eq. (14): 

Qgen = Qir +Qre = RI2 − ITb
∂UOCV

∂Tb
(16) 

The CuO nanofluid in the indirect cooling channel is modeled using 
the mixture model, which works based on the single fluid two-phase 
method. In the mixture method, the velocity vectors of each phase are 
considered. Hence, volume fractions of each primary and secondary 
phase within a control volume are used in the following equations: 

Continuity equation 

∇ • (ρmum) = 0 (17) 

Momentum equation 

∇ • (ρmumum) = − ∇Pm +∇ • [τ − τt] + ρmg+∇ •

(
∑n

k=1
ϕkρkudr,kudr,k

)

(18) 

Energy equation 

∇ • (ϕkuk(ρkhk + P) ) = ∇ •
(
Keff∇T − Cpρmut

)
(19) 

Volume fraction equation 

∇ •
(
ϕpρpum

)
= − ∇ •

(
ϕpρpudr,p

)
(20)  

ρm =
∑n

k=1
ϕkρk (21)  

μm =
∑n

k=1
ϕkμk (22)  

where μm and ρm are the mixture’s viscosity and density. In Eq. (18), udr,k 

is the drift velocity for the secondary phase k, i.e., the nanoparticles in 
this work. 

udr,k = uk − um (23)  

τ = μm∇um (24)  

τt = −
∑n

k=1
ϕkρkukuk (25)  

2.4. BTMS model 

The designed BTMS for this study employs a novel combined indi-
rect/direct liquid cooling system (Fig. 1). The direct liquid-cooled 
method consists of a simple rectangular cooling channel that 
immersed all LIBs into the dielectric fluid. In addition, with respect to 
the indirect cooling approach, four mini-channels are integrated into the 
batteries’ lateral surfaces to improve heat removal, and eventually, the 
thermal efficiency of the battery pack. The thickness of all cooling 
channels’ walls is selected 2 mm. Fig. 1 illustrates the schematic of the 
entire BTMS including both indirect and direct cooling channels and 
separator plates. The dimensions of the direct cooling channel are 206, 
707, and 80 mm in width, length, and height, respectively. Additionally, 
each indirect cooling channel’s width, length, and height are 7, 677, and 
20 mm, respectively. The indirect and direct cooling channels’ hydraulic 
diameters at the inlet and outlet sections are 5 and 10 mm, respectively. 
Furthermore, Fig. 2 shows various separator mesh plate configurations. 
These designs aim to achieve two objectives: firstly, they effectively 
minimize temperature variations in the LIBs across the direct channel, 
and secondly, they contribute to reducing the overall temperature of the 
dielectric coolant as it approaches the outlet section. 

In the designed BTMS, the HFE-7100 enters into the direct cooling 
channel to absorb the generated heat of LIBs through convective heat 
transfer during the discharge operation at the ambient temperature of 
25 ◦C. During the process of discharging, the heat generated by the first 
LIBs is transferred to the batteries at the end of the direct channel 
through the dielectric coolant. Consequently, the temperature of the 
coolant increases as it flows out of the direct cooling channel, leading to 
a subsequent rise in the temperature of the batteries near the outlet area. 
This significantly amplifies the non-uniformity of temperature across the 
battery pack. Therefore, the batteries have been equipped with four 
indirect cooling channels positioned both above and below each row of 

Fig. 2. Schematic of various separator mesh plates.  
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batteries. This integration ensures that the heat produced and trans-
ferred by the LIBs is evenly distributed. 

2.4.1. Boundary and initial conditions 
In this study, transient numerical simulations are used because bat-

teries undergo a temporary discharge process to analyze the thermal 
performance of the battery pack. The coolants’ initial temperature and 
ambient temperature are both 25 ◦C. The inlet and outlet boundary 
conditions for each cooling channel are constant inflow velocity and 
static pressure (0 Pa). A no-slip condition is used on all walls. A transient 
heat source is applied to the LIBs during the discharge process using 
equations (1–16) implemented by a user-defined function (UDF). 

2.4.2. Numerical method 
ANSYS-Fluent 19.3 is used for the numerical simulations. Transient 

simulations are conducted based on the control volume method (CVM) 
using Eqs. (5–25). The algebraic multigrid-based second-order iterative 
calculator is employed for the CVM discretization. The SIMPLEC algo-
rithm is used for coupling the velocity and pressure equations. The total 
computational time depends on the C-rate of batteries during the 
discharge operation. 

The BTMS domain is triangularly meshed (Fig. 3a) and a mesh in-
dependence study is performed. Fig. 3(b) illustrates the maximum 
temperature of the LIB pack during the 1C transient discharge operation 
for increasing grid numbers. According to the results, the deviations are 
less than 0.047% from the extrapolated definite values when the grid 
numbers increase from 6.5 × 105 to 41 × 105. The simulation is 
continued until the completion of the discharge process at a 1C rate, 
which requires approximately one hour. Thus, a grid number of 28 × 105 

is employed for the next simulations to have efficient performance. In 
addition, an analysis on the independence of the time step is conducted, 
which resulted in using a time step of 1.0 s because the obtained results 
deviate only less than 0.04% from the extrapolated exact values. 

3. Results and discussion 

A novel cooling system for the new 46800-type Li-ion battery is 
designed, which includes direct/indirect cooling channels, and meshed 
separator plates. In this numerical investigation, different influences on 
the thermal efficiency of the proposed LIB pack are studied, including C- 
rates (1C, and 3C), direct coolant (dielectric fluid-HFE-7100), indirect 
coolants (CuO nanofluid and water), mesh plates (circle, square, and 
triangular), inflow velocity of coolants (0.1–0.3 m/s), inlet/outlet lo-
cations, and ambient temperature. 

3.1. Validation 

To the best of the authors’ knowledge, the thermal performance of 

46800-type battery pack with a cooling system has not been experi-
mentally studied so far; therefore, the thermal performances of 46800- 
type battery and liquid cooling system are separately validated. To 
check the accuracy of the numerical results, a comprehensive validation 
study has been conducted. First, the lumped thermal model of 46800- 
format is evaluated and compared with Tranter et al. [51]. They used 
a coupled electrochemical model and thermal properties for conven-
tional tabbed design to predict the temperature of a 46800-type LIB cell 
under 1C discharge operation. The computational jelly-roll was formed 
by rolling a lengthy electrode with two sides upon itself, creating a spiral 
shape. The battery cell consisted of 40 layers that were rolled, and 
computational nodes were established at 10-degree intervals within the 
current collector computational domains, resulting in a resistor model. 
According to Tranter et al., heat dissipation occurred solely at the outer 
boundaries of the battery cell [51]. The volumetric heat generation rates 
of different types of single LIB cells (46800, 21700, and 18650) under 1C 
discharge operation at the ambient temperature of 25 ◦C are depicted in 
Fig. 4(a). The comparison is conducted under the same conditions for 
the mentioned types of LIBs with NCM cathode. All LIBs feature con-
ventional tab designs and generate heat due to ohmic losses resulting 
from internal resistances. The calculated heat generation rates in this 
study align well with the results of Tranter et al. Additionally, it is 
evident that the heat generation of the 46800-type LIB cell surpasses 
that of its 18,650 and 21700-type counterparts during 1C discharge 
operation, highlighting the necessity for highly efficient cooling systems 
[45,52]. As can be seen in Fig. 4(b), the predicted maximum tempera-
ture variations have a good agreement with Tranter et al. [51] a devi-
ation of less than 1.87%. Thus, the lumped thermal model is an excellent 
choice for the thermal performance evaluation of LIBs even for the new 
46800-format batteries. 

After validation of the battery thermal model, it is then coupled to 
the liquid-cooling model. Here, the thermal performance of the cooling 
system with the battery pack is validated by comparing with the results 
from our previous experimental study [53], using 21700-type battery 
equivalents. In the experimental investigation, the thermal behavior of a 
21700-format battery pack with 15 cells and an indirect liquid cooling 
system was reported. In this comparison, water was used to match with 
experiments. During the 3C discharge operation, the maximum tem-
perature values of the LIB pack were measured using 15 K-type ther-
mocouples positioned at the top section. Initially, the state of charge 
(SOC) was regulated to 100%. The discharge process was subsequently 
conducted at an ambient temperature of 25 ◦C. Based on the experi-
mental findings, the highest temperature in the battery pack was 
recorded in the last row of cells within the LIB pack. Fig. 4(c) displays 
the maximum temperature fluctuation of the 21700-type battery pack 
during the 3C discharge rate, as observed in both experimental and 
numerical investigations conducted under the same conditions. In 
addition, we compare the temperature difference of the 21700-type LIB 

Fig. 3. (a) The meshed BTMS (top view); (b) The variation of the maximum temperature of the LIB pack for various grid numbers.  
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pack with the experimental results (Fig. 4(d)) in order to highlight the 
credibility of our computational model. Based on the results of the 
comparison between the numerical and experimental investigations, the 
maximum temperature and temperature difference variations of the 
numerical study has good agreement with the experimental results, with 
the deviations of less than 3.2% and 6.1%, respectively. 

3.2. Effects of C-rate and coolant 

In this work, the thermal behavior of the battery pack using both 
indirect and direct liquid-cooled strategies without separator walls is 
investigated throughout various C-rates (1, and 3), and coolants (water, 
HFE-7100, and CuO nanofluid). The peak temperature and temperature 
difference of the battery pack are monitored to fully comprehend what 
happens inside the LIB pack during different thermal and hydraulic 
conditions. To evaluate the effects of C-rates and coolants, different 
combinations of fluids have been used during 1C and 3C discharge op-
erations. Three combinations of coolants including HFE-7100/water, 
HFE-7100/CuO 2%VF, and HFE-7100/CuO 4%VF are used for direct 
and indirect cooling channels. The inflow velocities of direct and 

indirect cooling channels are 0.1 m/s and 0.2 m/s, respectively. 
Fig. 5 shows both the maximum temperature (a) and temperature 

non-homogeneity (b) of the LIB pack during 1C discharge process using 
different coolants for direct and indirect cooling channels. Based on 
Fig. 5(a), CuO nanofluid with 2% and 4% volume fractions exhibit lower 
max temperatures compared to the water in the indirect cooling chan-
nels. The maximal temperature values of the LIB pack employing water, 
2%, and 4% volume fractions of CuO nanofluids for indirect channels are 
31 ◦C, 29.8 ◦C, and 28.9 ◦C, respectively, during the 1C discharge 
operation. The maximum temperature of the 46800-type battery pack 
during the 1C discharge process is reduced by 6.7% when 4%VF CuO 
nanofluid is used instead of water. In addition to the 1C operation, the 
maximum temperature of the battery pack throughout the 3C discharge 
process is illustrated in Fig. 6(a) employing similar coolants. It can be 
observed that the maximum temperature of the LIB pack decreases by 
5.2% when a 4% CuO nanofluid is utilized instead of water. The im-
provements in thermal efficiency of the LIB pack during both 1C and 3C 
discharge operations can be attributed to the higher thermal conduc-
tivity, heat capacity, and ultimately, heat transfer coefficient of the 
nanofluid. Consequently, the CuO nanofluid exhibits increased 

Fig. 4. (a) Heat generation rate comparison of LIB cells vs. DOD; (b) Maximum temperature comparison of 46800-type LIB [51] at 1C discharge; (c and d) Maximum 
temperature and temperature difference comparison with experimental results [53] for 21700-type LIB pack at 3C discharge. 

M. Tousi et al.                                                                                                                                                                                                                                   



Applied Thermal Engineering 235 (2023) 121402

8

convective heat transfer, which reduces the temperature of LIBs. As 
expected, a higher volume fraction favorably affects the thermal effi-
ciency of the battery pack during the operation. 

Fig. 5(b) and Fig. 6(b) exhibit that the temperature non- 
homogeneities of the battery pack notably improved by using the CuO 
nanofluids in indirect cooling channels. The results show that temper-
ature differences of LIB pack throughout 1C and 3C discharge processes 
reduced by 0.46 ◦C, and 1.52 ◦C, respectively, when indirect channels 
employed 4% CuO nanofluid instead of water. Throughout 1C and 3C 
discharge operations, the temperature variations of LIBs are directly 
dependent on the heat generation rates of cells. 

Based on the temperature difference illustrated in Figs. 5 and 6, the 
improvement percentages for 1C and 3C processes are 23.5% and 28%, 
respectively, when comparing different combinations of coolants. From 
these results, we can infer that the main contributing factor to the 

limited improvement observed in the 1C process, in comparison to the 
3C process, is the lower heat generation rates of LIBs during the 1C 
process. These lower heat rates did not negatively affect the thermal 
condition of the battery pack. Hence, we can conclude that water, as a 
coolant, can effectively manage the thermal efficiency of the battery 
pack during 1C discharge operations. However, for high C-rates (fast 
discharging), it is recommended to use CuO nanofluid to handle the 
maximum temperature and temperature non-homogeneity of the bat-
tery pack. 

The peak temperature and temperature difference of the LIB pack 
suddenly increase during the initial stages. Following the sudden in-
crease, a temperature drop occurred, influenced by two factors: the 
direct impact of LIB heat generation rates on temperature variations in 
LIBs, which decreased due to variations in local current density [51], 
and the initial efficacy of the highly efficient proposed cooling system in 

Fig. 5. The temperature variation of 46800-type LIB pack using different coolants during 1C discharge process: (a) peak temperature; (b) temperature difference.  

Fig. 6. The temperature variation of 46800-type LIB pack using different coolants during 3C discharge process: (a) peak temperature; (b) temperature difference.  
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reducing temperature. After a short thermal equilibrium between 
generated heat of LIBs and the heat removal of coolants; again, tem-
perature values increased during the final stages of the process. Essen-
tially, Figs. 5 and 6 indicate that the peak temperature and temperature 
difference of LIBs during 3C discharge process are significantly 
increased by 17.1% and 66.9%, respectively, compared to 1C process 
even with using 4%VF CuO nanofluid. The most cogent reason for 
worsening the thermal behavior of the battery pack during high C-rates 
is that a high voltage drop happens inside the LIBs while the current rate 
is increased. Due to this phenomenon, the cutoff voltage reaches a lower 
SOC in the cathode; thus, causing a higher SOC in the anode [54]. 
Consequently, the heat generation rate of 46800-type Li-ion batteries is 
increased. 

Accordingly, the thermal behavior of LIBs indicated that the CuO 
nanofluid with any volume fraction in the proposed cooling system is 
sufficient for low C-rate (less than1C) discharge processes. However, C- 
rates > 1 produce higher heat inside the LIBs requiring high efficiency 
BTMS. The following sub-sections provide more practical and effective 
strategies to upgrade the combined direct/indirect liquid-cooled system. 

3.3. Effect of using meshed separator plates 

In this sub-section, the influence of employing separator plates with 
different types of mesh on the thermal behavior of 46800-format battery 
pack is evaluated throughout the 3C discharge operation. According to 
the outcomes of the previous sub-section, the proposed cooling system is 
not acceptable due to the high temperature variations during 3C 
discharge process. Hence, mesh separator plates are added to increase 
overall convective heat transfer and lower LIB temperature peaks. HFE- 
7100 and 4%-VF CuO nanofluid are chosen for direct and indirect 
cooling channels, respectively; also, the inflow velocities are 0.1 m/s 
and 0.2 m/s for direct and indirect channels. Through this evaluation, 
different arrangements for BTMS with and without separator plates are 
considered to assess the highest temperature and temperature difference 
of the battery pack. As can be seen in Fig. 2, various shapes of meshed 
separator plates are designed including simple, circular, square, and 
triangular. 

The LIB pack’s peak temperature and temperature non-uniformity 
for various cases are depicted in Fig. 7. Clearly, the circular case has 
the most effect on reducing the maximal temperature of the LIB pack, 
followed by the square, triangular, simple, and no-wall. The maximal 

temperature decreased by 10.5% when the cooling system used circular 
mesh walls compared to the no-wall case. Similarly, as illustrated in 
Fig. 7(b), the thermal performance of the LIB pack is improved by 22.7% 
by using the circular case in comparison to the no-wall case. Based on 
the outcome of this section, the thermal behavior of the battery pack is 
enhanced by employing each type of mesh plate. Therefore, using 
meshed separator walls should be taken into account for LIB packs in 
electric vehicles. One of the main reasons for employing mesh plates is to 
fully exploit the coolant’s capabilities in the direct cooling channel. 
Previously, coolant would enter the channel through the inlet and 
immediately exit through the outlet, causing numerous issues, such as 
thermal non-uniformity [53]. This rapid discharge of coolant resulted in 
diminished cooling capacity within the channel, undeveloped thermal 
and hydraulic flow, and increased thermal non-uniformity for LIBs. 
Additionally, the presence of low-flow areas among LIBs led to the for-
mation of hot spots. This issue can be addressed by incorporating 
separator mesh plates to promote turbulent flow through the mixing 
effect and enhance heat transfer as HFE-7100 flows into the direct 
channel towards the outlet section. Therefore, by comparing various 
common shapes, we are able to optimize the thermal performance of the 
LIB pack. 

The most significant impact of the meshed separator plates is on the 
temperature variation in the battery pack. This is highlighted in 2D top 
view contours to depict the thermal behavior of the battery pack during 
high heat generation rates of LIBs. Four different cases, namely no-wall, 
simple, circular, and triangular are exhibited in Fig. 8. Comparing the 
simple wall case with other meshed plates, the core temperature of LIBs 
notably reduced when the mesh plates are added. The circular plate has 
the best thermal performance compared to other geometries tested. 

Thus, in the high C-rates cases where temperature variation is a 
critical concern, meshed separator plates are recommended. These 
proposed structures can be useful in regulating temperature differences 
in the LIB pack. 

3.4. Effect of indirect/direct inflow velocity 

The influence of the indirect and direct inflow velocities on the 
thermal performance of the LIB pack throughout the 3C discharge 
operation has also been evaluated. To comprehensively assess the effect 
of flow rate in both types of channels, different inflow velocities for HFE- 
7100 in the direct channel (0.1, 0.15, and 0.2 m/s), and 4% CuO 

Fig. 7. The temperature variation of 46800-type LIB pack using various meshed separator plates: (a) peak temperature; (b) temperature difference.  
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nanofluid in the indirect channel (0.2, 0.25, and 0.3 m/s) are consid-
ered. Based on the results from the previous section, the circular meshed 
separator walls are integrated into the direct cooling channel for 
maximum thermal performance during the high C-rate process. It should 
be noted that the present work did not consider the immersion cooling 
method which coolant does not move in the direct cooling channel and 
the flow cooling method is used for all simulations due to its high 
thermal reliability. However, immersion cooling performance can be 
readily obtained by evaluating the limit where inlet velocity → zero. 

Fig. 9 depicts the highest temperature and temperature variation 
observed in the battery pack across different scenarios. There are three 
scenarios that include the combinations of inflow velocities. The first 
case is the combination of 0.2 and 0.1 m/s velocities for indirect and 
direct channels, respectively. The second and third cases’ combinations 
of velocities are 0.25/0.15 m/s, and 0.3/0.2 m/s, respectively, for in-
direct and direct channels. As seen in Fig. 9(a), the peak temperature of 
the battery pack decreases from 32.19 ◦C to 30.8 ◦C when the inflow 
velocities of the indirect and direct channels are increased from 0.2 to 
0.3 m/s and from 0.1 to 0.2 m/s, respectively. This maximal temperature 
reduction improved the thermal performance of the battery pack by 

4.3%. Furthermore, by increasing the inflow velocities of the cooling 
channels, Fig. 9(b) demonstrates a notable reduction in the temperature 
non-homogeneity of the battery pack throughout its operation. For 
instance, the temperature difference of the LIB pack is reduced from 
3.47 ◦C to 3.06 ◦C while the inflow velocities of the indirect and direct 
channels increased from 0.1 to 0.2 m/s, and from 0.2 to 0.3 m/s, 
respectively. The thermal behavior of the battery pack is enhanced by 
11.8% when both indirect and direct cooling channels used high inflow 
velocities (0.2 and 0.3 m/s). Increasing the inflow velocity of the cooling 
channels not only increases the momentum of the coolants in the 
channel but also increases the heat transfer of both direct and indirect 
liquid cooling systems. Therefore, by increasing the heat transfer during 
the operation, the peak temperature and temperature non-uniformity of 
the battery pack is correspondingly reduced. 

According to Fig. 10, the temperature contours of the cooling sys-
tems with LIBs are illustrated for cases 1 and 3 at the end of the discharge 
operation. As indicated, the batteries located in case 1, especially in the 
first columns, have a higher core temperature. This is due to the higher 
inflow velocity of case 3 compared to case 1. Additionally, it can be 
observed that the temperature of the indirect cooling channels mono-
tonically increases as the nanofluid circulates around the LIBs towards 
the outlet section, and this effect is more pronounced in case 1. This is 
anticipated since the coolant temperature increases as it absorbs the 
generated heat of the LIBs towards the outlet. 

3.5. Effect of coolant flow direction 

While increasing the inflow velocities of both direct and indirect 
cooling channels enhances the thermal efficiency of the battery pack, 
this improvement may come at the expense of increased pressure drop 
within the cooling channels, resulting in higher pumping power re-
quirements. Based on the previous sub-section’s outcome, case 3 has the 
best performance; but, a higher overall power might be consumed. 
Therefore, in this subsection, we examine a practical approach to pre-
dicting the impact of the inlet and outlet positions in the direct cooling 
channel on thermal efficiency. To improve the thermal behavior of the 
LIB pack, the inlet/outlet locations are changed from both the left side of 
the channel to the inlet-left and outlet-right locations. Different inflow 
velocities for these two locations are used to comprehensively evaluate 
the effect of the fluid flow direction in the direct cooling channel. Other 
thermal and hydraulic conditions of the BTMS are similar to the previous 
section. 

The peak temperature and temperature diversity of the LIB pack for 
various locations of the inlet and outlet are shown in Fig. 11(a) and (b), 
respectively. The results show that using the inlet-left side and outlet- 
right side of the direct cooling channel reduces the maximal tempera-
ture of the LIB even with lower inflow velocity (case 1) compared to both 
left-side inlet/outlet. The maximal temperature of case 3 with left-inlet/ 
right-outlet is decreased by 1.2 ◦C compared to case 3 with both left 
inlet/outlet. This reduction of the maximal temperature leads to a 3.8% 
improvement in the thermal performance of the battery pack. The 
principal reason for this improvement is the proper temperature uni-
formity of LIBs by changing the coolant flow direction in the direct 
cooling channel. The temperature non-homogeneity of the LIB pack is 
also reduced from 3.06 ◦C to 2.68 ◦C by using left-inlet/right-outlet lo-
cations of the channel compared to both left-side locations. Moreover, 
the LIB pack with lower inflow velocity (case 1) and the new flow di-
rection (In-left/Out-right) has better thermal performance (6.5%) 
compared to the higher velocity (case 3) without changing the flow 
direction. 

3.6. Effect of ambient temperature 

The impact of different ambient temperatures on the performance of 
the proposed cooling system is assessed to analyze its effectiveness in 
various weather conditions. In addition to the 25 ◦C ambient 

Fig. 8. The 2D top view contours of the battery pack’s temperature variation 
employing different meshed separator walls: (a) No-walls; (b) Simple; (c) Cir-
cular; (d) Triangular. 

M. Tousi et al.                                                                                                                                                                                                                                   



Applied Thermal Engineering 235 (2023) 121402

11

temperature utilized in previous sections, three additional temperatures 
are considered: 30 ◦C, 35 ◦C, and 40 ◦C. Based on previous findings, the 
optimal parameters for the cooling system as discussed in previous 
sections areemployed. It is important to note that all solid components, 
such as the LIBs and cooling channels, initially start at 25 ◦C but change 
once the discharge operation commences. For example, when the 
ambient temperature is set to 40 ◦C, all solid components begin with an 
initial temperature of 25 ◦C. In addition, coolants enter the channels at a 
consistent 25 ◦C temperature for all cases. This approach enables an 
examination of how ambient temperature affects the thermal 

performance of the LIB pack in an electric vehicle during different 
weather conditions [55]. 

Fig. 12 illustrates the peak temperature and temperature difference 
of the LIB pack under 3C rate discharge processes, considering various 
ambient temperatures. In Fig. 12(a), the maximum temperature curves 
for different ambient temperatures initially began at 25 ◦C, but the gaps 
between them noticeably increased towards the end of the operation. 
While the temperature intervals between the maximum temperature 
curves remained around 2 ◦C during the initial periods of the discharge 
process, after approximately 10 min of operation, the gaps gradually 
expanded, reaching 6.7 ◦C between the 35 ◦C and 40 ◦C curves. Addi-
tionally, it is evident that the maximum temperature of the LIB pack 
exceeded the safe limit of 25 ◦C − 40  ◦C when the ambient temperature 
was 40 ◦C. This variation primarily results from the influence of ambient 
temperature, which significantly affects the maximum temperature of 
the LIB pack. Consequently, this increase indicates that the cooling 
system becomes more vulnerable as the ambient temperature rises. 
Similarly, Fig. 12(b) displays the temperature difference of the LIB pack, 
following a similar pattern observed in the maximum temperature 
curves. In conclusion, even with a consistent coolant inlet temperature 
of 25 ◦C, effectively controlling and managing the high heat generation 
rate of the 46800-type LIB pack at an ambient temperature of 40 ◦C 
becomes challenging. Therefore, it can be inferred that high ambient 
temperatures, such as 40 ◦C, have an adverse effect on the thermal 
performance of the LIB pack, even when utilizing an optimized com-
bined liquid cooling system. However, the proposed cooling system can 
stabilize the maximum temperature and temperature difference of the 
LIB pack during the discharge operation at ambient temperatures of 
30 ◦C and 35 ◦C. 

3.7. Pressure drop 

After the comparative studies of using 2% and 4% CuO nanofluids 
with different inflow velocities, the pressure drop evaluation in both 
direct and indirect cooling channels should be taken into account. 
Moreover, since the LIB pack provides the required energy for pumping 
the coolants into the channels, it is of importance to analyze the pressure 
drop values in detail. It should be noted that the flow rate and nano-
fluid’s volume fraction have a direct relation to the pressure drop and 
correspondingly to the pumping power as well. The pressure drop 

Fig. 9. The temperature variation of 46800-type LIB pack using different combinations of inflow velocities; case 1: 0.2/0.1 m/s, case 2: 0.25/0.15 m/s, and case 3: 
0.3/0.2 m/s are the for indirect and direct channels, respectively; (a) peak temperature; (b) temperature difference. 

Fig. 10. The 2D top view temperature contours of the battery pack: (a) case 1; 
(b) case 3. 
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variations of the direct and one of the indirect channels are indicated in 
Fig. 13(a) and (b), respectively. As illustrated, increasing the Reynolds 
number of the coolants, and the nanofluid’s volume fraction caused the 
increment of pressure drop value. For instance, the pressure drop in the 
direct channel increased by 59.5% when the Reynolds number increased 
from 2475.4 to 4950.8. Also, the pressure drop of 4%-VF CuO nanofluid 
is increased by 55% compared to the water in the indirect channel at an 
inflow velocity of 0.3 m/s. 

4. Conclusions 

This study utilizes an innovative approach of combined direct and 
indirect liquid cooling to improve the thermal efficiency of a newly 
developed 46800-type LIB pack. The novel design incorporates HFE- 
7100 (direct cooling) and CuO nanofluid (indirect cooling) channels 

and a mesh separator plate to prevent flow bypass and enhance mixing. 
The thermal performance of the battery pack is assessed under different 
conditions and the maximum temperature and temperature difference 
within the pack are reported. The following conclusions can be reached 
from the results: 

• The results indicated that using a 4%-VF CuO nanofluid in the in-
direct channels resulted in a 25% improvement in the thermal per-
formance of LIBs, specifically in terms of temperature uniformity, 
during a 3C discharge operation, as compared to water.  

• Due to the loss of voltage in LIBs under 3C-rate operation, more heat 
is generated in the LIBs, which worsened the thermal efficiency by 
66.9% compared to 1C operation.  

• After achieving high temperature variations in the battery pack 
during 3C discharge process, novel meshed separator plates with 

Fig. 11. The temperature variation of 46800-type LIB pack using different inlet/outlet locations, case 1: 0.2 m/s (indirect)/0.1 m/s (direct), and case 3: 0.3 m/s 
(indirect)/0.2 m/s (direct): (a) peak temperature; (b) temperature difference. 

Fig. 12. The temperature variation of 46800-type LIB pack at different ambient temperatures: (a) peak temperature; (b) temperature difference.  
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different shapes (circular, square, triangular, and simple) are 
designed for the direct cooling channel. The LIB pack that used cir-
cular meshed separator plates demonstrated a decrease of 3.81 ◦C in 
peak temperature and a 1 ◦C reduction in temperature difference 
when compared to the configuration that did not have a mesh 
separator plate. The temperature contours reveal that incorporating 
circular meshed separator walls enhanced the temperature unifor-
mity of the LIB pack by 22.7%.  

• Moreover, when utilizing inflow velocities of 0.2 m/s and 0.3 m/s 
(case 3) for the indirect and direct channels, respectively, the 
maximum temperature of LIBs is reduced by 1.3 ◦C in comparison to 
using inflow velocities of 0.1 m/s and 0.2 m/s (case 1).  

• A new technique has been introduced to address the impact of rising 
pressure drop resulting from an increase in flow rate within the 
liquid cooling channels. This technique involves modifying the inlet 
and outlet sections of the direct cooling channel to optimize the 
thermal performance of the battery pack. By implementing this 
approach, the thermal performance of the LIB pack in Case 1, using 
the left-inlet/right-outlet configuration, demonstrates a 6.5% 
improvement compared to Case 3, which employs the left-inlet/left- 
outlet sections. These results highlight the significance of flow di-
rection within the cooling channel, even when working at a low flow 
rate.  

• The performance of the proposed cooling system is analyzed at 
different ambient temperatures (25 ◦C, 30 ◦C, 35 ◦C, and 40 ◦C) to 
evaluate its effectiveness under various weather conditions. At an 
ambient temperature of 40 ◦C, the maximum temperature of the LIB 
pack reached 45.2 ◦C, which exceeded the acceptable range. How-
ever, with the optimized cooling system operating at 35 ◦C, the 
maximum temperature (38.5 ◦C) and temperature difference (4.1 ◦C) 
were maintained within desirable ranges 
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