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Abstract: This paper introduces a novel hybrid thermal management strategy, which uses secondary
coolants (air and fluid) to extract heat from a phase change material (paraffin), resulting in an increase
in the phase change material’s heat extraction capability and the battery module’s overall thermal
performance. A novel cold plate design is developed and placed between the rows and columns of the
cells. The cold plate contains a single fluid body to improve the thermal performance of the battery
module. Experimental studies were conducted to obtain the temperature and heat flux profiles of the
battery module. Moreover, a numerical model is developed and validated using the experimental
data obtained. The numerical data stayed within ±2% of the experimental data. In addition, the
ability of nanoparticles to increase the thermal conductivity of water is examined and it is found that
the cooling from the liquid cooling component is not sensitive enough to capture the 0.32 W/m K
increase in the thermal conductivity of the fluid. Furthermore, in order to enhance the air cooling, fins
were added within the air duct to the cold plate. However, this is not feasible, as the pressure drop
through the addition of the fins increased by ~245%, whereas the maximum temperature of the battery
module reduced by only 0.6 K. Finally, when scaled up to an entire battery pack at a high discharge
rate of 7 C, the numerical results showed that the overall temperature uniformity across the pack was
1.14 K, with a maximum temperature of 302.6 K, which was within the optimal operating temperature
and uniformity ranges. Therefore, the developed thermal management strategy eliminates the
requirement of a pump and reservoir and can be scaled up or down according to the energy and
power requirements.

Keywords: phase change material; Li-ion cylindrical cells; computational fluid dynamics (CFD)
analysis; battery thermal management; hybrid cooling; liquid channels

1. Introduction

A major issue encountered by the transportation industry is the reduction in green-
house gas emissions, as they are responsible for 29% of the overall emissions [1]. To
overcome this issue, transportation electrification was introduced, and lithium-ion (Li-ion)
batteries are currently being used to develop electric vehicle (EV) packs. This is mainly
due to the low rate of the self-discharge of the Li-ion cells, the high energy density, the
extended lifecycle, and the high power density [2–4]. However, thermal issues related to
Li-ion batteries need resolution, as they require a narrow operating temperature range for
effective performance [5].

The strategies developed for thermal management (TMS) are based on the primary
strategies that include air, fluid, and phase change material (PCM). The most cost-effective
is the air-based TMS; however, air has limited cooling capabilities due to its low thermal
properties [6]. Fluids generally have higher cooling capacities compared to air; therefore,
they are capable of improved cooling and can effectively maintain the required thermal
environment for the operation of the Li-ion cells [7]. The simplest form of liquid-based
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TMS is designed using electrically insulating fluids. These fluids extract heat from the cell’s
surface through direct contact [8–10]. Usually, there is an increased viscosity associated
with these fluids, which results in the requirement of a large pumping capacity. Moreover,
in large battery packs, there is an increased risk of the leakage of the fluid that can cause
unfavorable effects on the electrical battery pack [11]. To counter these issues, electrically
noninsulating fluids are utilized. They have lower viscosities compared to insulating fluids;
therefore, they require less pumping power. In order to incorporate them into the battery
pack, cold plates are used that contain these fluids. The cold plates are connected to the
cells’ surface to extract heat. However, the application of the cold plates is restricted to
rectangular cell geometries because the degree of manufacturing difficulty for cylindrical
cells is higher [12–14]. An alternative to a cold plate is to use serpentine liquid channels
developed to run through the cylindrical cell rows. These liquid channels contain electri-
cally noninsulating fluids. In these cases, the part of the cell in contact with the channels
cools at a higher rate than the part not in contact, causing temperature nonuniformity.
Zhao et al. [15] developed multiple configurations of serpentine channels, and temperature
uniformity occurred incrementally in the streamwise direction of the contact surface area
with the liquid channels. Furthermore, to eliminate the restrictions of using cold plates for
cylindrical cells, Rao et al. [16] used variable-sized blocks of aluminum placed in contact
with the cylindrical cells, and the length of the block was varied to achieve uniform cooling
through the battery pack. Liquid channels ran within these aluminum blocks to extract
heat from the blocks. Liquid cooling is effective at extracting heat from the cells; however,
the high pumping power causes a hindrance in its application within the battery packs [17].

PCMs are also effective in extracting heat through latent heat capacity. Initially, its
use was suggested by Al-Hallaj and Selman [18], and later on, Javani et al. [19] showed
that a high thermal uniformity is achievable in battery packs. Jiang et al. [20] applied a
composite phase change material (CPCM), and maximum temperatures were limited to
44 ◦C. This CPCM was developed by combining a paraffin base with expanded graphite
(EG) to increase the thermal conductivity. In comparison, through a 1 m/s airflow, the
temperature reached 72 ◦C. He et al. [21] conducted an investigation with the EG/paraffin
CPCM, and the results concluded with a 2.82 ◦C of temperature uniformity with 7% of EG.
This was considered as the optimum EG proportion within the CPCM. Furthermore, a novel
CPCM composition was investigated by Hussain et al. [22]. For the CPCM, the nickel foam
was coated with saturated paraffin and graphene. Based on the results, when compared
to pure paraffin, the thermal conductivity of the CPCM increased 23-fold. A novel CPCM
consisting of dual regions of two different phase change temperatures was designed by Ye
et al. [23]. The lower temperature region was activated at regular ambient temperatures.
This enabled the TMS to maintain the battery module temperature between 25.9 and 34.9 ◦C.
Similarly, at high ambient temperatures, the higher temperature region was activated.
Through this, the battery module temperature was kept below 49.2 ◦C. In addition to
dual phase change temperature regions, EG was added to the CPCM, and 1.98 W/m K
of thermal conductivity was achieved. Additionally, a flexible CPCM was studied by Wu
et al. [24]. The flexibility of the CPCM allowed it to encase the cylindrical geometry of
the cell completely, which increased the surface area in contact with the cell, resulting in
increased heat transfer. The novel CPCM had a thermal conductivity of 1.64 W/m K and
exhibited better flexibility between −5 and 20 ◦C. Compared to a rigid CPCM, the results
concluded a 4 ◦C reduction in the maximum temperature. Furthermore, Faraji et al. [25]
developed a CPCM by adding hybrid nanoparticles, and the results concluded a safe
operation of the electronic components with a significantly high temperature uniformity.
Arshad et al. [26] added copper nanoparticles to the PCM and the results showed that the
heat transfer rates were increased by ~2.9%, which resulted in a reduction in the melting
time of the PCM by ~2.6%. Faraji et al. [27] also studied the insertion of nanoparticles in
the PCM by adding SiO2–MWCNT hybrid nanoparticles, and it was found that the melting
time of the PCM increased by 92% compared to pure PCM, and the maximum temperature
was reduced by 11 ◦C on the electronic components. The PCM application in the TMS
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exhibits promising results. However, its low overall heat transfer coefficient results in
a hindrance to its mass adoption. When the PCM is utilized and completely melted, a
secondary TMS is needed to charge the PCM.

Since there are a few drawbacks to using the cooling mediums individually in a TMS,
hybrid TMSs are introduced that combine two or more cooling mediums. A simple hybrid
system combines air and liquid cooling by incorporating mist into the airflow. This was
investigated by Saw et al. [4], and it was concluded that 3% of vapors within 5 g/s of airflow
is required to maintain the temperatures below 40 ◦C. Moreover, the natural evaporation of
water was utilized by Wei and Agelin-Chaab [6,28]. Water channel strips within the battery
pack were exposed to airflow. Through this, the water vapors were formed using natural
evaporation and were incorporated into the airflow stream. Additionally, the air particles
regained their heat capacity once they interacted with the water strips. This resulted in an
improvement of 56% in the uniformity and 20% in temperature reduction. Wang et al. [29]
studied a combination of cold plates and airflow. The cold plates were stationed below the
cells, and the airflow circulated through cold plate surfaces to extract heat from the cold
plates. Multiple strategies and concepts were tested. The temperature uniformity increased
2.42 times, and a further 3.45 ◦C maximum temperature reduction was achieved. In the
authors’ previous study [30], a novel design was developed by attaching liquid jackets to
cylindrical cells. The liquid jackets contained fluid, and since it was isolated to each cell, the
design was capable of employing direct cooling by using electrically noninsulating fluids.

In this paper, a novel hybrid thermal management strategy is developed by incorpo-
rating air, liquid, and PCM cooling, and analyzed experimentally and numerically. In this
strategy, the PCM is the primary coolant, which is in direct contact with the cells, whereas
the liquid and air are secondary coolants, which extract the heat simultaneously from the
PCM, resulting in the increased heat extraction capability of the PCM and the improved
thermal performance of the battery module. In order to eliminate the fluid pumping power
requirements, a novel cold plate is designed which houses a single body of stationary fluid
and can be placed between the cell rows and columns to improve the thermal performance
of the battery module. Additionally, a novel modular battery pack design is developed
which is capable of scalability in power and energy. The principal objective of this paper is
to maintain the maximum temperature of the battery module within the optimal ranges of
25–45 ◦C and attain high thermal uniformity within 5 ◦C. Moreover, secondary objectives
are to eliminate the pumping power for the fluids and reduce the airflow velocity, which
reduces the power requirements of the TMS.

2. Description of the Proposed Hybrid Strategy
2.1. Battery Module Configuration

Based on the objectives, novel hybrid thermal management strategy is designed and
developed. The strategy consists of a combination of air cooling, liquid cooling, and PCM
cooling systems. In order to develop the strategy, the following designs are considered:

• The battery module should have a high temperature uniformity.
• The fluid pumping power should be eliminated.
• It should have modularity for scalability.

In the proposed hybrid strategy, PCM (paraffin) is used for direct cooling and airflow
within the air duct and water in the cold plates is used for indirect cooling, as shown in
Figure 1.

Rectangular cold plates of a 1.5 mm width and 0.5 mm wall thickness were added
in between each cell’s rows and columns, which were completely filled with fluid, and
which protrudes in the air duct. This cold plate was sealed and closed from all sides so
that there was no leakage of fluid. The cold plates were all connected to each other, and
the fluid within this was considered a single body of fluid. The working principle behind
this is divided into three stages. In the initial stage, the heat will be extracted using the
PCM through direct contact. In the intermediary stage, the fluid within the cold plates
will extract heat simultaneously from the PCM. In the final stage, the air flows over the
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protruded cold plate and will be used to cool the fluid within it. Due to a single fluid body,
the protrusion of the cold plate will allow the fluid in between the columns to cool as well.
Since the fluid in this strategy is sealed, the requirement for a fluid pump and reservoir is
eliminated, as shown in Figure 2.
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Moreover, for the experimental and numerical validation, the module housing was
made of wood, and paraffin was used as the PCM. Once the model was validated, for all
the numerical studies, an all-aluminum housing was used, and a CPCM with a higher
thermal conductivity was used.

Pure paraffin usually has a low thermal conductivity. In order to improve the cooling
of the Li-ion batteries, researchers have worked on increasing the various properties of
paraffin, including the thermal conductivity, using different types of property-enhancing
materials (PEMs), such as expanded vermiculite, graphene oxide, carbon foam, copper
foam, porous graphite foam, and expanded graphite. A review study by Mishra et al. [31]
reviewed a paraffin-based PCM equipped with various PEMs for the past 17 years that
were developed by researchers. For this study, a paraffin base combined with copper foam
was selected as the CPCM, as it has a higher thermal conductivity of 3.11 W/m K and has
a feasible phase change temperature range for Li-ion batteries. The material details are
provided in Table 1.
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Table 1. Physical properties of the materials used [31–33].

Materials Density (kg/m3)
Specific Heat

(J/kg K)

Thermal
Conductivity

(W/m K)

Melting Heat
Capacity

(J/kg)

Phase Change
Temperature (◦C)

Aluminum 2719 871 202.4 - -
Wood 700 2310 0.173 - -

Air 1.225 1006 0.0242 - -
Water 998.2 4182 0.6 334,000 100

Paraffin 880 2150 0.21 245,000 42–44
Paraffin with
Copper Foam 880 2150 3.11 170,400 42–43

2.2. Increasing the Thermal Conductivity of Water through Nanoparticles

The fluid within the cold plate is required to remove heat from the CPCM. Hence,
thermal conductivity is one of the defining factors for heat removal. A high thermal
conductivity will result in increased heat removal from the CPCM. To study this, the fluid
within the cold plates was changed from pure water to water combined with nanoparticles.
In order to select the nanoparticles, recent studies in open literature were reviewed [34–39],
and it was found that 0.04% of silver and 0.16% multiwalled carbon nanotubes combined
with a water base (H2O–AG–MWCNT) provided the highest thermal conductivity of
0.92 W/m K at 42.24 ◦C [36]. The temperature of 42.24 ◦C was selected, as it is the phase
change temperature of the CPCM (the paraffin base with copper foam).

2.3. Addition of Fins in the Battery Module to Improve Heat Transfer

This study attempts to further improve cooling by increasing the heat transfer from the
fluid in the cold plate to the airflow. This was done by adding fins to the cold plate region
within the air duct. Two separate configurations were developed. In the first configuration,
one fin of a thickness of 0.5 mm was added parallel to the airflow in the middle of the air
duct, as shown in Figure 3a. In the second configuration, two fins were added parallel to
the airflow, as shown in Figure 3b. In order to keep the same Reynolds number of 1950, the
velocity increased at the inlet, and the details for the two configurations are provided in
Table 2. The Reynolds nummber is calculated using the following equation:

Re =
ρ
→
v D
µ
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Table 2. Number of fins and corresponding inlet velocity for the developed configurations.

Battery Module Configuration Number of Fins Inlet Velocity (m/s)

Configuration 1 1 5.93
Configuration 2 2 9.28

2.4. Scalability of the Battery Module

The battery module with no fins and water as the fluid was used to scale it to the entire
battery pack. For reference, a Tesla 75 kWh battery pack with the dimensions of ~1660 mm
in length, ~964 mm in width, and 174 mm in height and a total of 5880 cylindrical cells was
used [40]. To accommodate the battery modules within the exact dimensions, 25 modules
were connected in a series (in terms of the airflow), which amounted to 1600 mm of length,
as shown in Figure 4a. Each series setup of modules (BMA) was connected 15 times in
parallel (in terms of the airflow), which amounted to a width of 960 mm, as shown in
Figure 4b.
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Finally, two arrays of series and parallel modules were placed vertically on each other
to amount to a height of 154 mm. Therefore, the total number of battery modules in the
battery pack is 750, which contains a total of 6750 cylindrical cells. The modules in the
width and height directions are in a parallel airflow; therefore, one series configuration
of 25 modules, as shown in Figure 4a, was used for the evaluation of the scalability of
the module. Since the spacing between the cells and cold plate is compact, it was not
feasible to conduct the simulation for all 25 modules at once due to the high computational
requirements. Therefore, the results were obtained for 2, 3, and 4 modules in a series,
and the maximum temperature of the airflow and the battery modules was extrapolated.
Moreover, a simulation was conducted for the airflow only across the 25 battery modules
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to obtain the pressure drop through the air duct. The schematic for the airflow domain is
shown in Figure 5. The domain is based on a single airflow channel within the air duct.
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3. Experimental Setup and Procedure

In this study, two separate experiments were conducted. In Experiment I, the heat flux
profiles were obtained at the surface of a Samsung INR18650-25R cell. The heat flux profile
was obtained as a boundary condition in the numerical modeling. In Experiment II, the
battery module was manufactured, and the temperature measurements were obtained. The
detailed experimental setup and procedure are described in the subsections below.

3.1. Experiment I—Heat Flux Measurement

Experiment I was performed to acquire the heat flux measurements. This will then be
used in the numerical modeling as the transient boundary. The experimental setup is shown
in Figure 6a, and the schematics are shown in Figure 6b. The Samsung INR18650-25R
cell with aluminum tabs attached to the positive and negative terminals was used for this
experiment. The length of the cell is 65 mm, and the diameter is 18 mm. The nominal
discharge capacity is 2.5 Ah and 3.6 V [41]. The electrical insulation at the surface of the
cells was detached to obtain accurate measurements, as the noninsulated cells were used in
the battery module. For the charging of the cells, a Turnigy charger was used. It can charge
4 cell groups simultaneously up to 300 W and 20 A. The charger was powered through
a power supply (Jesverty SPS-3010N) which was sourced from Toronto, ON, Canada. To
discharge the cells, a load discharger (TDI RBL488) was used. It has high power draining
load capacities of up to 800 W and 120 A. It incorporates variable-speed forced-air cooling
to ensure a quiet environment. To measure the heat flux profiles, the Omega HFS-5 was
used. In order to measure the readings from the HFS-5 sensor, the data acquisition device
(DAQ) NI-9211 was used.

As shown in Figure 6a, alligator clips were connected to the electrode tabs of the
Li-ion cell. The cell was charged in two stages. The first stage of the charging process
comprised a constant current (CC) charge at 1 A. During this stage, the voltage of the cell
increased gradually. Once the voltage reached 4.2 V, it was charged at constant voltage
(CV) of 4.2 V, and the charging current was reduced from 1 A to 0 A. Once the cell was
completely charged, it was kept at an ambient environment of 25 ◦C for 1 h. The discharge
cycle of 2.5 A CC discharge was then initiated (which corresponds to 1 C) until the voltage
reached the cut-off voltage. During the discharge process, the data were logged using the
LabView.

The experiment was repeated three times for a 1 C discharge rate, and the error analysis
was conducted using the technique recommended by Moffat [42]. The details are tabulated in
Table 3. The average percentage uncertainty in the heat flux measurements is ±3.59%.

Table 3. Calculated values of the relative bias and precision errors and total uncertainty of the heat
flux measurement.

Parameters Reference Value
(W/m2)

Absolute Bias
Error (W/m2)

Relative Bias Error
(%)

Relative Precision
Error (%)

Total Uncertainty
(%)

Min. Heat Flux 18.99 1.27 6.69 1.90 6.95
Max. Heat Flux 584.16 1.27 0.22 0.05 0.22
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3.2. Experiment II—Temperature Measurement

Experiment II was performed to attain the battery module’s temperature profiles. The
setup is shown in Figure 7a, and the schematics are shown in Figure 7b. The specifics
of the equipment are already provided in the previous section. For this experiment, the
module was manufactured. The outer casing was made from wood. The cells were placed
within the battery module with a series connection. Aluminum liquid channels were filled
with water and placed between the PCM material. An axial fan was used to force air
through the air duct in the battery module, and the velocity of the airflow was measured
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using the Proster Anemometer (sourced from Toronto, ON, Canada. Finally, one T-type
thermocouple was attached to each cell and the temperature was measured.
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To manufacture the battery module, the panels of the wooden housing were laser cut,
including the holes in the bottom and the top plates to hold the cells and liquid channels in
place. The wooden panels were then glued together. All nine cells were then placed inside
the housing. Four aluminum liquid channels were placed inside the housing and filled
with water. Thermocouples were then attached to each cell using adhesive tape. Then, the
PCM blocks (paraffin wax) were melted using a wax melt warmer, and the melted PCM
was then poured into the battery pack. The wires were then connected to the tabs of the
cells to connect them all in a series. Finally, the air duct was placed on the module.
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The procedure for Experiment II consisted of charging the cells using the Turnigy
charger. The cells were charged with the CC-CV process. The total voltage at the end of
charge was 37.8 V (the voltage of each cell was 4.2 V). The cells were discharged at the CC
once the measurements from the thermocouples reached 25 ◦C. The readings were logged
using LabView. Once the voltage of the battery module reached the cut-off voltage of 22.5 V,
the discharge process was terminated.

The experiment was repeated three times for a 1 C discharge rate, and the error analysis
was conducted using the technique recommended by Moffat [42]. The details are tabulated in
Table 4. The average percentage uncertainty in the temperature measurements is ±3.59%.

Table 4. Calculated values of the relative bias and precision errors and the total uncertainty of the
temperature measurement.

Parameters Reference Value
(◦C)

Absolute Bias
Error (◦C)

Relative Bias Error
(%)

Relative Precision
Error (%)

Total Uncertainty
(%)

Min. Temp. 25 1 4 2.22 4.57
Max. Temp. 47 1 2.13 1.49 2.6

4. Numerical Modeling
4.1. Governing Equations

The numerical model was conducted using ANSYS Fluent. The solidification/melting,
energy, and flow models in Fluent were coupled to achieve the numerical model for
this concept. The following assumptions were considered for the development of the
numerical model:

• Airflow through the duct is incompressible and the temperature of the air at the battery
module inlet is at an ambient temperature.

• The fluid in the liquid cooling is incompressible and the temperature of the fluid at
the start of the discharge process is at an ambient temperature.

• There is no leakage of fluid from the liquid cooling components.
• The battery module is kept at an atmospheric pressure.

The governing equations for the energy and fluid flow models are as follows [32].
Energy Equation

∂

∂t
(ρE) +∇·

(→
v (ρE + P)

)
= ∇·

(
kT∇T − ∑j hj

→
J j +

(
=
τe f f ·

→
v
))

+ Sh (2)

Momentum Conservation Equation

∂

∂t

(
ρ
→
v
)
+∇·

(
ρ
→
v
→
v
)
= −∇P +∇·=τ + ρ

→
g +

→
F (3)

where:
=
τ = µ

[(
∇→

v +∇→
v

T
)
− 2

3
∇·→v U

]
(4)

Continuity Equation
∂ρ

∂t
+∇·

(
ρ
→
v
)
= Sm (5)

The solidification/melting model was only applied to the PCM region. The enthalpy–
porosity technique was used to model the phase change process. In this technique, the
interfaces where the solid melts are not explicitly tracked. Instead, a liquid fraction (β)
quantity is introduced, which provides the fraction of each cell volume that is in a liquid
form. This liquid fraction is based on the enthalpy balance [32]. The enthalpy of the PCM
is based on the latent heat and sensible enthalpy, as shown below [32].

H = h + ∆H (6)
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where:

h = hre f +
∫ T

Tre f

cpdT (7)

The liquid fraction is 0 if the temperature (T) is less than the solidification temperature
(Tsolidus) of the PCM. Additionally, the liquid fraction is 1 if the temperature (T) is more
than the melting temperature (Tliquidus) of the PCM. The equation for the liquid fraction
during the change in the phase is provided below [32].

β =
T − Tsolidus

Tliquidus − Tsolidus
(8)

The latent heat equation in terms of the liquid fraction and latent heat of the material
(L) is shown below [32].

∆H = βL (9)

Therefore, the energy equation is as follows [32].

∂

∂T
(ρH) +∇·

(
ρ
→
v H

)
= ∇·(k∇T) + S (10)

The enthalpy–porosity technique considers the partially solidified region (the mushy
zone) as the porous medium. In regions that are completely solid, the porosity is equal
to zero. The momentum sink due to the reduced porosity in the mushy zone is provided

in Equation (11) and is utilized in the term
→
F in the momentum conservation equation

(Equation (3)) [32].

S =
(1 − β)2

(β3 + ϵ)
Amush

(→
v −→

v p

)
(11)

4.2. Mesh-Independence and Time-Independence Studies

The cross-section of the developed mesh is shown in Figure 8. Since the air flows
within the duct region only, the inflation layers were added to the walls in this region to
capture the boundary layer.
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In order to verify that the results are not dependent on the size of the elements in
the mesh, a mesh-independence study was performed. A coarse mesh, medium mesh,
medium-fine mesh, and fine mesh were developed. In each subsequent mesh, the total
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elements were increased by approximately 50%. To compare the results, the airflow velocity
profiles are provided in Figure 9a. In addition, the average velocity is provided in Figure 9b.
According to the results, the medium mesh was selected.

Moreover, a time-independence study (TIS) was conducted to make sure that the
results are not dependent on the time step. An optimum time-step size is required, as
a large time step will produce inaccurate results and a small time step will increase the
computational time significantly. The results are provided in Figure 9c for the TIS and a
time step of 0.5 s was chosen based on the results.
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4.3. Boundary Conditions and Simulation Procedure

In order to assess the impact of the nanofluids, the ambient temperature was set to
42.24 ◦C to evaluate and compare the phase change in the CPCM with different fluid
thermal conductivities. This is the temperature at which the CPCM will start to change its
phase. The CPCM was solid at the beginning of the discharge cycle, and once the discharge
process started, the CPCM started to melt due the heat absorption from the cells. The inlet
velocity of the airflow was based on the Reynolds number of 1950. The heat flux boundary
condition at the 7 C discharge rate was applied at the surface of the cells. Additionally,
the configurations were also simulated at an ambient temperature of 25 ◦C to evaluate the
reduction in the maximum temperature by the two configurations.

In order to evaluate the impact of the addition of fins, the ambient temperature was
set to 25 ◦C. The heat flux boundary condition at the 7 C discharge rate was applied at
the surface of the cells. The inlet velocity was changed for the three configurations, as per
Table 2.

For the scalability analysis, the inlet air velocity was based on the Reynolds number of
1950. The heat flux boundary condition at the 7 C discharge rate was applied at the surface
of the cells. The ambient temperature was set to 25 ◦C.

Moreover, a transient simulation was conducted using a pressure-based solver. The
SIMPLE scheme was used for the pressure–velocity coupling. The convergence criterion
was set to 0.000001 for the residuals of the continuity, velocities, and energy. Finally, a fixed
time advancement of a 0.5 s time-step size was used.

5. Results and Discussion
5.1. Heat Flux Profile and Numerical Model Validation

The heat flux profiles were obtained at various discharge rates ranging from 1 C to
7 C, and are provided in Figure 10a. In comparison, the highest heat flux throughout
the experiment was obtained for the 7 C discharge rate with 584 W/m2; hence, 7 C was
considered as the worst-case scenario, and the numerical simulations for all the strategies
were conducted at this discharge rate.

Figure 10. Cont.
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Figure 10. (a) Heat flux profiles and (b) numerical model validation results.

The numerical simulations provide effective results; however, it is important to vali-
date the results of the numerical model with the experimental results. Since the numerical
model is based on the battery module developed for Experiment II, the results of Experi-
ment II were used for validation. The validation results are shown in Figure 10b. It can
be seen that the numerical results are within the ±2% temperature error bars, which falls
within the ±3.59% experimental uncertainty. Therefore, the numerical model is considered
completely validated.

5.2. Thermal Analysis of the Proposed Hybrid Strategy

In order to comprehend the cooling phenomenon of the proposed hybrid strategy
with the CPCM (the paraffin with copper foam), the contours for the temperature are
provided in Figure 11. To evaluate the thermal performance, two separate simulations were
conducted. The first simulation was conducted at a 25 ◦C ambient temperature, and the
second simulation was conducted at the phase change temperature of the CPCM, which
is 42.24 ◦C in this case. The temperature contours for the 25 ◦C ambient temperature
are provided in Figure 11a–c, and the temperature contours for the 42.24 ◦C ambient
temperature are provided in Figure 11d–f.

It can be seen that, due to the presence of the cold plates, a high amount of cooling
was achieved. The lower-temperature surfaces are the ones that are in front of the cold
plates, whereas the higher-temperature surfaces are the ones that are facing the module
housing. Since the housing of the module is cooled through the ambient environment and
the airflow only, as compared to the liquid cooling effect for the other cell surfaces, these
temperatures were higher. This shows the effectiveness and importance of the presence of
liquid cooling within the proposed strategy.

Moreover, according to Figure 11b, the cold plates also act as a heat sink for the CPCM.
Adding a cold plate eliminates the high-temperature region within the composite PCM
between the neighboring cells as the fluid removes heat from the CPCM. Since the high-
temperature regions are eliminated, the temperature of the cells does not reach the phase
change temperature of the CPCM, and the melting does not occur.
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Additionally, according to Figure 11c, the lower portion of the fluid has the highest
temperature, and it gradually reduces to the minimum towards the top portion of the fluid.
This is because of the air-cooling effect on the cold-plate region that is protruding within
the air duct. Additionally, the lowest temperature of the fluid is exhibited near the inlet of
the air duct, and as the air flows through the cold plate, its heat extraction capacity reduces,
and the temperature of the fluid increases towards the outlet of the air duct. The impact of
the single fluid body can be seen in Figure 11c, as the same airflow allows the fluid to cool
between the cell columns.

Finally, at the ambient temperature of 42.24 ◦C, the phase change in the composite
PCM begins. It can be seen from Figure 11d–f that all temperatures for the entire battery
pack are within the range of 42.2 to 42.3 ◦C, as the phase change in the composite PCM
limits the temperature of the cells, and the PCM and the airflow at the same temperature
limits the cooling of the fluid to the ambient temperature of 42.24 ◦C.
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5.3. Increasing the Thermal Conductivity of Water through Nanoparticles

As discussed in Section 2.2, the thermal conductivity of the fluid is increased to 0.92 W/m K
using H2O–AG–MWCNT from 0.6 W/m K of water. To compare the effect of increased fluid
thermal conductivity using nanoparticles, two different sets of numerical simulations were
conducted. In the first simulation, the amount of CPCM usage through the phase change was
investigated. Since the phase temperature of the CPCM was 42.24 ◦C, the simulation was
conducted at an ambient temperature of 42.24 ◦C. Moreover, in the second simulation, the
increase in the maximum temperature was investigated, and for this, the ambient temperature
was set to 25 ◦C. The result of the phase change evaluation is provided in Figure 12a. It can be
seen that approximately 7% of the CPCM changed its phase using both fluids, and the graphs
completely overlap each other. Additionally, the result for the maximum temperature increase is
shown in Figure 12b. It can be seen that the maximum temperature in both instances increases
to 27.8 ◦C, and there is no difference in the results, as the graphs completely overlap each other.
This shows that the cooling from the fluid is not sensitive enough to capture the change of
0.32 W/m K thermal conductivity in the fluid.
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5.4. Addition of Fins in the Battery Module to Improve the Heat Transfer

As discussed in Section 2.3, in the first configuration, one fin was added to the cold
plate within the air duct, and in the second configuration, two fins were added. The fins
were incorporated to assist in improving the heat transfer to the airflow, as, through the fins,
the contact area with the airflow increases. However, this increase in the heat transfer will
come at the cost of a higher pressure drop. The results of this study are shown in Figure 13.
It can be seen from the results that the cooling achieved is not significant enough when
compared to the pressure drop increase. With one fin, the pressure drop increases from
~11 Pa to ~38 Pa, whereas the maximum temperature reduces by only ~0.6 ◦C. Similarly,
with two fins, the pressure drop increases by ~70 Pa, and the maximum temperature
reduces by ~0.5 ◦C when compared to the results of the one-fin configuration. Therefore,
the addition of fins does assist in improving the cooling. However, the pressure drop
increase is much higher, which will result in higher fan power requirements.
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5.5. Scalability of the Battery Module

In order to evaluate the scalability of the battery module, four different numerical
simulations were performed. The first simulation consisted of one battery module only,
the second consisted of two battery modules in a series, the third consisted of three battery
modules in a series, and the fourth consisted of four battery modules in a series. The
maximum temperature of the airflow and battery modules was obtained and is provided
in Figure 14. As expected, it can be seen that the temperature of the airflow and modules
increases as the number of the modules increases in a series. This is because the air extracts a
higher amount of heat from the initial battery modules, and, as it moves along in a series, its
heat extraction capacity reduces, which results in an increase in the temperature. However,
due to the hybrid design of the developed battery module, the impact of this phenomenon
has been significantly reduced, as the temperature difference for the battery modules is
approximately 0.31 ◦C across the four battery modules. This is mainly because the CPCM
is used as the primary coolant, and it extracts the heat and maintains the uniformity. This
can also be seen in the temperature contours provided in Figure 15.
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In order to extrapolate the results over the 25 battery modules in a series, the equations
obtained from the trendlines for both the airflow and cell temperature were used and are
provided below. The R2 value for the airflow trendline is 0.9953 and the battery module
trendline is 0.9963.

Air Flow Temperature = 0.293122289793738ln B + 28.3571103960402 (12)

Battery Module Temperature = 0.226234840293359ln B + 28.725253374811 (13)

where B is the number of modules attached in a series.
The result of this extrapolation is provided in Figure 16. It can be seen that the

temperature difference between the maximum temperature of the final module and the
initial module is 0.72 ◦C, whereas the difference in the airflow is 0.94 ◦C. Moreover, the
overall temperature uniformity across the entire battery pack is 1.14 ◦C. This shows that,
even with 25 modules stacked in a series, the temperature uniformity is still high. Therefore,
the developed thermal management strategy can be scaled up or down according to the
vehicle requirements.
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Similarly, the pressure drop was also obtained using the numerical simulations, and
the results for up to four battery modules are provided in Figure 17a. A trendline was
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obtained, and the results were extrapolated for the entire 25 battery modules in a series, as
shown in Figure 17b. The trendline equation is provided below.

Pressure Drop = −0.0459999999999923(B2) + 2.89520000000002(B) + 7.92099999999991 (14)
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Furthermore, for the verification, a numerical simulation was conducted over the
entire 25 battery modules in a series, and the pressure contours for the single air duct
channel are provided in Figure 18. For a single battery module, the maximum pressure
drop was ~11 Pa (Figure 13), whereas, for the 25 battery modules, the maximum pressure
drop increased to ~51 Pa. Additionally, for a single channel of 19 mm in width and 6 mm
in height, the airflow in terms of the cubic feet per minute (CFM) amounted to ~0.75 CFM.
Hence, for the complete battery pack, the total CFM requirement will be ~68 CFM.
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5.6. Comparison with the Open Literature

The results obtained from the scalability study were compared with the maximum
temperature and temperature uniformity of various thermal management strategies de-
veloped by researchers in the open literature. The comparison is provided in Figure 19.
Zeng et al. [43] developed a hybrid strategy by combining liquid cooling and microheat pipe
arrays. Liu et al. [44] developed a hybrid strategy by combining a CPCM and copper tube
liquid cooling. Xu et al. [45] developed a liquid cooling strategy using a wrench-shaped
cold plate with a bifurcation structure. Xiong et al. [46] developed a novel liquid-cooling
bionic flow channel in the shape of a spider web, and the results were compared with
honeycomb and helical flow channels. Ling et al. [47] designed various configurations of
minichannel cold plates and optimized the designs.
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It can be seen from Figure 19 that the maximum temperature of the scaled battery pack
at a 7 C discharge rate is similar to the results obtained in the studies in the open literature
with a smaller battery module and discharge rates up to 3 C. Moreover, the temperature
uniformity of 1.14 ◦C of the scaled battery pack is higher compared to the studies in the
open literature. Additionally, the open literature studies require flowing fluid through
the entire battery modules, which results in power consumption. However, the improved
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thermal performance obtained from the strategy developed in the present study is achieved
without the flow of fluid and pumping power requirements.

6. Conclusions

This paper proposed a hybrid thermal management strategy for electric battery mod-
ules and conducted experimental and numerical studies to evaluate the strategy. At the
core of the proposed strategy are cylindrical lithium-ion cells in direct contact with the
composite phase change material. An air duct was added to the top of the cells to allow
airflow. Rectangular cold plates were added between each cell’s rows and columns, filled
with fluid and protruding in the air duct. The cold plates were all connected, and the fluid
within this was considered a single body of fluid. Due to a single fluid body, the protrusion
of the cold plate within the air duct allowed the fluid in between the columns to cool as
well. Two experimental studies were conducted. In the first experimental study, the heat
flux profiles were recorded, and in the second study, the battery module was developed,
and temperature profiles of all the cells were obtained at a 1 C discharge rate. A numerical
model was also developed based on the proposed strategy and validated using the second
experimental study. The numerical data stayed within ±2% of the experimental data. The
numerical results showed that the maximum temperature was limited to 300.95 K, and
a high temperature uniformity of 0.4 K was obtained. Additionally, when comparing
the addition of nanoparticles to increase the thermal conductivity of water, the results
concluded that the cooling from the fluid was not sensitive enough to capture the increase
of 0.32 W/m K thermal conductivity through the use of nanoparticles. Furthermore, to
enhance the airflow’s cooling, the proposed strategy was modified by adding fins to the
protruded cold plate section in the air duct. The results showed that the pressure drop
through the addition of fins increased by ~245%, which will result in higher fan power
requirements, whereas the maximum temperature of the battery module reduced by only
0.6 K. Additionally, when scaled up to an entire battery pack, the overall temperature
uniformity across the pack was 1.14 K, with a maximum temperature of 302.6 K, which was
within the optimal operating temperature and uniformity ranges. In terms of the airflow
requirements for the 25 battery modules, the maximum pressure drop was ~51 Pa, which
amounted to ~0.75 cubic feet per minute (CFM) of airflow. Hence, for the complete battery
pack, the total CFM requirement was ~68 CFM. Finally, when compared to data in the
open literature, the temperature uniformity of 1.14 K of the scaled battery pack at the 7 C
discharge rate was higher compared to the smaller battery modules with discharge rates of
3 C. Therefore, the developed thermal management strategy provides significant cooling
and temperature uniformity, eliminates the requirement of a pump and reservoir, and can
be scaled up or down according to the energy and power requirements.

7. Limitations and Future Research Outlook

As concluded above, the hybrid thermal management strategy is capable of maintain-
ing the battery module temperatures within the feasible operating range while significantly
reducing the energy requirements for the operation of the thermal management system.
However, gaps still remain which require further investigation and research in order to
apply this strategy to practical applications.

The limitations of the research performed in this thesis are as follows:

• The research was conducted on 18650 Li-ion cells and it is not applicable to larger cells
without further investigation.

• The research was conducted on cylindrical Li-ion cells and it is not applicable to
different cell geometries without further investigation.

• The research is not applicable to discharge rates higher than 7 C without further
investigation.

• The structural integrity of various developed components has not been investigated.
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Furthermore, several recommendations can be made for future research, as listed below:

• Experiments should be conducted to obtain heat flux profiles of lithium-ion cells at
high charging rates and at various drive cycles, and used to obtain and improve the
thermal performance of the hybrid battery module.

• Experiments should be conducted by developing a prototype of the scaled-up battery
pack to improve the numerical simulations for the scaled battery pack and further
validate it.

• A study should be conducted for the developed hybrid battery module with larger
lithium-ion cells, such as the 26650 and 42120 cylindrical cells.

• An experimental and numerical study should be conducted to evaluate the perfor-
mance of the developed hybrid thermal management strategies and battery module in
instances of thermal runaway.
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Nomenclature

ρ density (kg m−3)
t time (s)
⇀
v velocity (m s−1)
ϵ is a small number (0.001) to prevent division by zero
D characteristic length (m)
Sm user-defined function for the continuity equation
P pressure (Pa)
=
τ stress tensor
Amush is the mushy zone constant
⇀
g gravitational acceleration (9.81 m s−2)
⇀
F external forces, porous-media source terms, and user-defined sources
µ dynamic viscosity (Pa s)
T temperature (K)
U unit tensor
E energy (J)
kT effective thermal conductivity (W m−1 K−1)
H enthalpy (J)
h sensible enthalpy (J)
∆H latent heat (J)
β liquid fraction
cp specific heat capacity (J kg−1 K−1)
m mass (kg)
Q heat generation (W)
Re Reynolds number (dimensionless)
v volume (m3)
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