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Abstract: Research on battery thermal management systems (BTMSs) is particularly significant
since the electric vehicle sector is growing in importance and because the batteries that power
them have high operating temperature requirements. Among them, heat pipe (HP)-based battery
thermal management systems have very high heat transfer performance but fall short in maintain-
ing uniform temperature distribution. This study presented forced air cooling by an axial fan as
a method of improving the cooling performance of flat heat pipes coupled with aluminum fins
(FHPAFs) and investigated the impact of air velocity on the battery pack’s maximum temperature
differential (ATmax). All experiments were conducted on lithium nickel manganese cobalt oxide
(NMC) pouch battery cells with a 20 Ah capacity in seven series connections at room tempera-
ture, under forced and natural convection, at various air velocity values (12.7 m/s, 9.5 m/s, and
6.3 m/s), and with 1C, 2C, 3C, and 4C discharge rates. The results indicated that at the same
air velocity, increasing the discharge rate increases the ATmax significantly. Forced convection
has a higher ATmax than natural convection. The ATmax was reduced when the air velocity was
increased during forced convection.

Keywords: battery thermal management system; lithium-ion battery; heat pipe; cooling performance;
air flow; electric vehicle; maximum temperature differential; convection

1. Introduction

At present, the trend of sustainability is popular in many countries. Due to the United
Nations Framework Convention on Climate Change (UNFCCC) Conference of the Parties
26 (COP26) in Glasgow, United Kingdom, from 31 October—13 November 2021 [1], Thailand
attended this meeting and announced its policy to reach carbon neutrality by 2050 and
net-zero greenhouse gas emissions (GHG) before 2065 [2]. The COP26 meeting motivated
the governance department to set the policy for green energy and emission reduction
in Thailand. The Electric Vehicle Association of Thailand, or EVAT, is the organization
that promotes and supports the industrial manufacturing, research, and development of
electric vehicles in Thailand. EVAT recorded the status number of new electric vehicle (EV)
registrations in Thailand, and the result shows an increasing number of vehicles, such as
battery electric vehicles (BEV), plug-in hybrid electric vehicles (PHEV), and hybrid electric
vehicles (HEV), from 2018 to 2022 [3], as shown in Figure 1.

The growth in electric vehicles is the best way to reduce emissions, provide clean
energy for transportation, and be environmentally friendly. Other advanced energy
conversion technologies, such as thermoelectric, can advance the development of envi-
ronmentally friendly transportation [4]. The most common power source in an electric

World Electr. Veh. ]. 2023, 14, 306. https:/ /doi.org/10.3390/wevj14110306

https:/ /www.mdpi.com/journal /wevj


https://doi.org/10.3390/wevj14110306
https://doi.org/10.3390/wevj14110306
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/wevj
https://www.mdpi.com
https://doi.org/10.3390/wevj14110306
https://www.mdpi.com/journal/wevj
https://www.mdpi.com/article/10.3390/wevj14110306?type=check_update&version=2

World Electr. Veh. ]. 2023, 14, 306

2 of 20

vehicle is a lithium-ion battery (LIB) because of its high power, low self-discharge, fa-
vorable stability, and long life cycle [5]. There are many kinds of LIB, such as lithium
iron phosphate (LFP), NMC, lithium nickel cobalt aluminum oxide (NCA), lithium-ion
manganese oxide (LMO), lithium-ion cobalt oxide (LCO), lithium titanium oxide (LTO),
etc. Numerous research studies have proposed methods to enhance the efficiency of
lithium-ion batteries [6,7]. However, excessive temperatures have been shown to have
the following effects: lithium melting, capacity decay, power attenuation, self-discharge,
and thermal runaway [8]. Many studies propose improved approaches to advanced
battery safety management with machine learning (ML) in battery fire diagnosis and
early warning [9]. In general, when the battery temperature is too high, the stability,
safety, and service lifetime are all affected [10]. Hence, it is important to monitor the
health status of lithium batteries during operation. The micro-health parameters stand
for the performance of active material and electrolytes inside the battery, and changes in
the micro-health parameters can represent the battery’s internal health state [11]. The
ideal electrochemical performance of Li-ion batteries is between 25 °C and 40 °C with
a maximum 5 °C temperature difference within the module or pack [12]. Designing a
functional BTMS can ensure the safe operation of Li-ion batteries because heat generation
by Li-ion batteries is an inevitable phenomenon. The primary classifications of BTMSs
are based on their power requirements, heat transfer medium, and contact between the
coolant and the battery surface [13]. Additionally, a battery pack’s cell configuration can
be used to categorize it [14]. However, the cooling techniques can be divided into two
groups: traditional BTMSs and new BTMSs. Air, liquid, and refrigerant were used in
traditional BTMSs, and a heat pipe, PCM, and thermoelectric elements were used in new
BTMSs [15].
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Figure 1. Number of new EV registrations in Thailand [3].

Air cooling can be classified as free or forced convection cooling [16]. The main benefits
of these systems include their affordability, electrical safety, low weight, lack of leakage
concerns, ease of maintenance, and others [17]. Natural cooling proved insufficient to meet
the demands of a high-temperature working environment, bigger battery pack cooling,
and high charge-discharge cycles. The forced-air cooling method is used in conjunction
with the addition of exhaust fans [18,19], blowers [20], redesigned airflow channels [21], fin
structures [22], etc., to overcome these constraints.

Phase change materials (PCMs) are used in the passive thermal management system
known as PCM-BTMS. Because PCMs absorb a lot of heat through latent heat without
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changing their temperature, they are suitable for passive battery thermal management.
Additionally, the battery pack can be kept at the ideal temperature by adjusting the phase
change temperature of PCMs [23]. Because of their low cost, simple installation, and
excellent cooling efficiency, PCM-based battery thermal management systems are regarded
as the most promising cooling technology among all BTMSs. The uniform distribution of
the cell surface temperature is another outstanding and significant benefit of PCM-BTMSs.
The usage of PCM-BTMSs has been hampered by low heat conductivity, leakage, and
the occurrence of volume changes in pure PCMs, and numerous investigations are being
conducted to address these problems [24].

The heat pipe is a heat transfer component with extremely high thermal conductivity
that transfers heat through the evaporation and condensation of a working fluid in a
completely enclosed vacuum tube that is primarily separated into two parts: the evaporator
and condenser. Additionally, many heat pipes have an adiabatic component that performs
the transport function and separates the evaporator and condenser at the proper distance to
meet heat pipe usage criteria. A heat pipe may have more than one evaporator, condenser,
and transport section. The fundamental idea behind a heat pipe is to transport heat through
capillary action. This method has a number of benefits, including high thermal conductivity,
isothermal, variability, reversibility, qualities that maintain a constant temperature, and
environmental adaptability. According to their shapes, heat pipes can be categorized into
numerous types, including loop heat pipes, oscillating heat pipes, flat heat pipes, and
tubular heat pipes [25]. The advantages of such a system are its high heat transfer rate,
low weight, small size, low cost, extended lifespan, and great capacity for transferring heat
from the interior of the battery pack to the outside [26]. To guarantee optimal performance,
the heat pipe construction in the condenser portion can also be combined with forced
air [27], a water spray [28], or a PCM [29]. To increase the rate of heat transfer, some
researchers have attached an aluminum fin to the condenser [30]. With an HP-BTMS, it is
still difficult to keep the battery temperature within the optimal range, especially when the
charge-discharge rate is high. Some studies have used plate-flat heat pipes for BTMSs to
achieve temperature homogeneity in the battery pack [31-33]. Additionally, some research
has been conducted on heat pipes that can manage heat release at a high discharge rate [34].
There are many parameters that affect the performance of the heat pipe, such as the ambient
temperature, coolant temperature, coolant flow rate, heat generation rate, start-up time,
inclination angle of the heat pipe, and length of the condenser/evaporator section [35].

In our previous study [36], we proposed a new design for heat dissipation in LIB with
flat heat pipes coupled with aluminum fins (FHPAF). The overall results indicated that the
FHPAF can significantly reduce Tmax and ATmax. However, FHPAFs alone cannot handle
heat generation at high charge and discharge rates. In this study, cooling performance was
enhanced with forced air cooling by an axial fan, and the effect of airflow on the maximum
temperature difference of the battery pack (ATmax) was investigated.

2. Materials and Methods

In this section, the researcher will present details of the battery pack with FHPAF,
improvements to the battery cooling system by an axial fan, setting up the equipment used
in the experiment, and the experimental method.

2.1. Schematic of the Battery Thermal Management System

In previous work, the battery thermal management system consisted of a copper flat
heat pipe with an aluminum fin. A copper flat heat pipe with a sintered copper wick and
distilled water as working fluid was chosen. The specification of the flat heat pipe is shown
in Table 1.
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Table 1. The flat heat pipe specification.

Detail Value
Type Flat heat pipe
Material Copper
Working fluid Distilled water
Wick Sintered
Length (mm) 150
Width (mm) x Thickness (mm) 8.0 x 3.0
Operating temperature (°C) 30-120

Aluminum fins (AFs) were installed on the condenser side of the flat heat pipe (FHP)
(Figure 2a). The thickness was 2 mm. The width was 3 cm, and the length was 10 cm. The
distance between the aluminum fins was 5 cm. One set of FHPAFs consisted of eight FHPs
and four aluminum fin plates. There were three sets of FHPAFs, as seen in Figure 2b.

(b)

Figure 2. Components of the cooling unit: (a) aluminum fins; (b) three sets of FHPAFs.

The NMC battery pouch cell was used in the experimental tests (Figure 3). The capacity
of an NMC cell is 20 Ah per cell. The nominal voltage is 3.7 V. The maximum and minimum
voltages are 4.2 V and 2.8 V, respectively. The battery module has seven series-connected
pouch cells (7S). Daly brand (Model NMC 75 24V 100A) was chosen as a battery management
system (BMS) to protect the battery pack. The specifications of the battery are presented
in Table 2.

Figure 3. The NMC battery pouch cell.
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Table 2. The battery cell specification.

Detail Value

Cathode NMC

Package pouch
Capacity (Ah) 20
Nominal voltage (V) 3.7
Maximum voltage (V) 42
Minimum voltage (V) 2.5
Internal resistance (m(2) 1.5

Operating temperature (°C) —40 to 50
Dimensions H x W x T (mm) 128 x 210 x 7
Weight (kg) 0.345

Three FHPAFs were inserted between the battery cells, as shown in Figure 4b. Thermal
grease was filled between the flat heat pipe and aluminum fin and between the battery
surface and the heat pipe surface to enhance thermal conductivity [37], as illustrated in
Figure 4a.

(b)

Figure 4. Assembling the FHPAFs in the battery pack: (a) filling thermal grease; (b) installation
of FHPAFs.

The battery cells, which were inserted by FHPAFs, were packed in a stainless steel case.
The condenser side was placed over the top of the stainless steel case for heat dissipation
into the surrounding area. BMS was installed outside the battery pack to prevent heat
generated by BMS.

In this study, we enhanced cooling performance with forced air cooling using an axial
fan. The rated power of the axial fan was 160 W, and the rated air volume flow rate was
13.3 m3/min. An acrylic duct was fabricated to control the direction of airflow through the
condenser side of the FHP. One side of the acrylic duct was connected with a flexible duct,
which connected with an axial fan. The other side was not connected to anything, so that
air velocity will be measured on this side. An acrylic duct was installed at the top of the
battery pack and sealed with silicone to prevent air leakage. The airflow rate was adjusted
using a silicon-controlled rectifier (SCR).

2.2. Experimental Setup

The battery pack was discharged using a bi-directional power supply, IT6005C-80-
150 (made by ITECH, Shanghai, China), with a voltage accuracy of 0.01% and a current
accuracy of 0.05%. The battery temperature was measured by a K-type thermocouple
with an accuracy of 0.1 °C. One thermocouple was attached to the battery surface near
the center of the battery. The battery temperature values of seven NMC battery cells were
recorded every 2 s using a data logger with eight channels, 5S220-T8 (made by Huato
Electric Co., Ltd., Shenzhen, China), and the temperature was downloaded to a computer.
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The air velocity was measured using an anemometer, the Testo 416, with an accuracy
reading of 0.2 m/s + 1.5%. Figure 5 shows the image of the experimental setup.

[ld ,;7 {-
SR D ool

Acrylic Battery pack
duct with FHPAF

Bi-directional
power supply

K-type thermocouple

Figure 5. The experimental setup.

2.3. Testing Procedure

To investigate the ATmax, we discharged the battery pack at room temperature (22-23 °C),
and the condenser zone was cooled by means of air under different convection conditions,
i.e., natural convection and forced convection, at different air velocity values (12.7 m/s,
9.5m/s, and 6.3 m/s). The battery cells used in this experiment have a maximum discharge
at 6C, and for the safety of the experiment, they were not tested at the maximum capacity
of the battery. The battery pack with FHPAFs was discharged at 1C, 2C, 3C, and 4C for all
different convection conditions. The charge and discharge rates of a battery are governed
by C-rates. The capacity of a battery is commonly rated at 1C, meaning that a fully charged
battery rated at 1Ah should provide 1A for one hour. The same battery discharging at 0.5C
should provide 500 mA for two hours, and at 2C, it delivers 2A for 30 min. Losses at fast
discharges reduce the discharge time, and these losses also affect charge times. In this study,
all experiments were tested at discharges of 1C, 2C, 3C, and 4C, so the time for each test was
1 h, 30 min, 20 min, and 15 min, respectively. For protection of the battery cell, the cut-in
and cut-off voltages were set at 2.7 V and 4.1 V per cell, or 19.6 V and 28.7 V per battery
pack, respectively. Before each test, we charged the battery according to its constant-current
mode (CC) and constant-voltage mode (CV). To be specific, the battery was first charged at
a constant current of 20 A (i.e., 1C, where C is the rated capacity) until its voltage reached
4.1 V. Charging then proceeded at this constant voltage and finally ended when the battery
was fully charged. After charging, the battery pack with FHPAFs was left for a long time
to ensure thermal equilibrium with the surroundings at a given room temperature. This
was followed by discharging experiments at a constant current, i.e., 20 A (1C), 40 A (2C),
60 A (3C), and 80 A (4C), and seven temperatures on the surface of each battery cell were
measured accordingly. The testing procedure flowchart is illustrated in Figure 6.
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NS

The battery was charged at 1C in constant-current mode (CC) and
constant-voltage mode (CV) to full charge.

l

The battery pack with FHPAF was left for a long time to ensure that
its temperature was equal to room temperature.

Condition 1: The battery with FHPAF was discharged at a 1C rate
under natural convection until finished.

Did the experiment complete
all conditions?

Figure 6. The testing procedure flowchart.

To characterize the thermal responses of the battery in various cooling conditions, we
presented the changes in each measured surface temperature, T; (i=1, 2,.. ., 7) during the
discharge and evaluated their maximum, Tmax, and maximum differences, ATmax. These
variables are defined, respectively, by

Tmax = max(Tj) (1)

ATmax = Ti,max - Ti,min (2)

where Tj max, and Tj min represent the maximum and minimum of the seven temperature
measurements, respectively. The control criteria are that the T; ,,x must not exceed 50 °C
and the ATmax must not exceed 5 °C [30]. If the T max exceeds 50 °C, the discharge process
will be stopped to prevent battery damage.

3. Results and Discussion

The experimental results are included, consisting of air velocity measurements, experi-
mental results at various discharge rates, and a comparison of temperature differences at
various rates of discharge in the case where the rate of discharge is constant and the air
velocity is constant.

3.1. Air Velocity Measurement

The cross-section dimensions of the acrylic duct were 11 cm in width and 6.5 cm in
height. The air velocity was measured using an anemometer, the Testo 416. We conducted
the first experiment at 12.7 m/s by adjusting the voltage supply at SCR to 220 V, which was
the maximum line-to-neutral voltage. After that, air velocity was reduced by approximately
25% to 9.5 m/s by adjusting the voltage supply at SCR to 145 V. In the last test, air velocity
was reduced by approximately 50% to 6.3 m/s by adjusting the voltage supply at SCR
to 120 V. Voltage supply cannot reduce it any lower because the Tnax in Experiment 4C
discharge rate was close to 50 °C. If the voltage is lower than this, the Tnax will be higher
than 50 °C, which is the threshold value. The air velocity values were measured at nine
points for the purpose of calculating the average value. The air velocity measurement point
and air velocity values are shown in Figure 7 and Table 3.
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Figure 7. The air velocity measurement method: (a) The air velocity measurement point; (b) Air
velocity measurement.

Table 3. The air velocity values (the unit of air velocity is m/s).

SCR Voltage
Point Number
220V 145V 120V
1 13.2 8.9 5.6
2 11.3 8.0 5.5
3 11.7 8.4 54
4 14.0 10.9 7.1
5 10.9 8.3 5.5
6 10.7 6.6 43
7 14.3 11.3 7.9
8 14.4 11.1 7.5
9 13.8 11.7 8.2
Average 12.7 9.5 6.3

3.2. Cooling Test at 1C Discharge Rate

At a 1C discharge rate experiment under natural convection, it was found that after
1 h of testing, the highest temperature and the ATmax occurred at 2780 s, which was T,
41.4 °C. The lowest temperature was at 2780 s, which was T5, 39.0 °C. So, the Tax Was
41.4 °C, and the ATmax was 2.4 °C. This result is illustrated in Figure 8a,b.
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Figure 8. The Tmax and ATmax at 1C discharge rate under different convection conditions. (a) The
Tmax under natural convection. (b) The ATmax under natural convection. (c) The Tmax under forced
convection at an air velocity value of 12.7 m/s. (d) The ATmax under forced convection at an air
velocity value of 12.7 m/s. (e) The Tmax under forced convection at an air velocity value of 9.5 m/s.
(f) The ATmax under forced convection at an air velocity value of 9.5 m/s. (g) The Tmax under forced
convection at an air velocity value of 6.3 m/s. (h) The ATmax under forced convection at an air
velocity value of 6.3 m/s.

Under forced convection at an air velocity value of 12.7 m/s, it was found that the
highest temperature occurred at 2626 s, which was Ty, 27.8 °C. The lowest temperature
was at 2626 s, which was T5, 25.7 °C. At 2626 s, the Tpax was 27.8 °C and the AT was
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2.1 °C. However, the ATmax occurred at 2652 s, which was 2.3 °C. The highest and lowest
temperatures were 27.8 °C (T1) and 25.5 °C (T5), respectively. This result is illustrated in
Figure 8c,d.

Under forced convection at an air velocity value of 9.5 m/s, it was found that the
highest temperature occurred at 2668 s, which was T, 27.5 °C. The lowest temperature
was at 2668 s, which was Ts, 25.2 °C. At 2668 s, the Tihax was 27.5 °C and the AT was
2.3 °C. However, the ATmax occurred at 2686 s, which was 2.4 °C. The highest and lowest
temperatures were 27.5 °C (Ty) and 25.1 °C (T5s), respectively. This result is illustrated in
Figure 8e f.

Under forced convection at an air velocity value of 6.3 m/s, it was found that the
highest temperature and the ATnax occurred at 2630 s, which was T, 28.4 °C. The lowest
temperature was at 2630 s, which was Ts, 26.0 °C. So, the Timax was 28.4 °C, and the ATmax
was 2.4 °C. This result is illustrated in Figure 8g h.

3.3. Cooling Test at 2C Discharge Rate

At a 2C discharge rate experiment under natural convection, it was found that the
temperature of T1 reached 50.1 °C after discharge proceeded at 1156 s, while the finished
time of 2C equals 30 min or 1800 s. The bi-directional power supply was turned off to
protect the battery from heat generation. At 1156 s of testing, the highest temperature was
50.1 °C, which was T;. The lowest temperature was 45.0 °C, which was T7. So, the Trmax
was 50.1 °C, and the AT was 5.0 °C. However, the ATnax occurred at 1150 s, which was
5.1 °C. The highest and lowest temperatures were 49.9 °C (T1) and 45.2 °C (T4), respectively.
This result is illustrated in Figure 9a,b.
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Figure 9. The Tmax and ATmax at 2C discharge rate under different convection conditions. (a) The
Tmax under natural convection. (b) The ATpyax under natural convection. (¢) The Tmax under forced
convection at an air velocity value of 12.7 m/s. (d) The ATmax under forced convection at an air
velocity value of 12.7 m/s. (e) The Trax under forced convection at an air velocity value of 9.5 m/s.
(f) The ATmax under forced convection at an air velocity value of 9.5 m/s. (g) The Tmax under forced
convection at an air velocity value of 6.3 m/s. (h) The ATmax under forced convection at an air
velocity value of 6.3 m/s.

Under forced convection at an air velocity value of 12.7 m/s, it was found that after
30 min or 1800 s of testing, the highest temperature and the ATmax occurred at 1246 s, which
was Ty, 34.6 °C. The lowest temperature was at 1246 s, which was Ts, 27.8 °C. So, the Tmax
was 34.6 °C, and the ATmax was 6.8 °C. This result is illustrated in Figure 9¢,d.

Under forced convection at an air velocity value of 9.5 m/s, it was found that after
30 min or 1800 s of testing, the highest temperature occurred at 1262 s, which was Ty,
36.9 °C. The lowest temperature was at 1262 s, which was Ts, 29.6 °C. At 1262 s, the Tiax
was 36.9 °C and the AT was 7.3 °C. However, the ATpax occurred at 1128 s, which was
7.4 °C. The highest and lowest temperatures were 36.8 °C (T) and 29.4 °C (T5s), respectively.
This result is illustrated in Figure 9e,f.

Under forced convection at an air velocity value of 6.3 m/s, it was found that after
30 min or 1800 s of testing, the highest temperature occurred at 1270 s, which was Ty,
39.3 °C. The lowest temperature was at 1262 s, which was Ts, 31.4 °C. At 1270 s, the Tinax
was 39.3 °C and the AT was 7.9 °C. However, the ATax occurred at 1150 s, which was
8.0 °C. The highest and lowest temperatures were 39.0 °C (T,) and 31.0 °C (Ts), respectively.
This result is illustrated in Figure 9g,h.
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3.4. Cooling Test at 3C Discharge Rate

At a 3C discharge rate experiment under natural convection, it was found that the
temperature of T; reached 50 °C after discharge proceeded for 362 s, while the finished
time of 3C equals 20 min or 1200 s. The bi-directional power supply was turned off to
protect the battery from heat generation. At 362 s of testing, the highest temperature was
50.0 °C, which was T;. The lowest temperature was 42.4 °C, which was Ty. So, the Trmax

was 50.0 °C, and the ATmax was 7.6 °C. This result is illustrated in Figure 10a,b.
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Figure 10. The Tax and ATmayx at 3C discharge rate under different convection conditions. (a) The
Tmax under natural convection. (b) The ATpyax under natural convection. (¢) The Tpax under forced
convection at an air velocity value of 12.7 m/s. (d) The ATmax under forced convection at an air
velocity value of 12.7 m/s. (e) The Tmax under forced convection at an air velocity value of 9.5 m/s.
(f) The ATmax under forced convection at an air velocity value of 9.5 m/s. (g) The Tmax under forced
convection at an air velocity value of 6.3 m/s. (h) The ATnax under forced convection at an air
velocity value of 6.3 m/s.

Under forced convection at an air velocity value of 12.7 m/s, it was found that after
20 min or 1200 s of testing, the highest temperature occurred at 702 s, which was T1, 39.2 °C.
The lowest temperature was at 702 s, which was T, 31.5 °C. At 702 s, the Trax was 39.2 °C
and the AT was 7.7 °C. However, the AT . occurred at 576 s, which was 7.8 °C. The
highest and lowest temperatures were 39.0 °C (T; and Ty) and 31.2 °C (T5), respectively.
This result is illustrated in Figure 10c,d.

Under forced convection at an air velocity value of 9.5 m/s, it was found that after
20 min or 1200 s of testing, the highest temperature occurred at 630 s, which was T, 44.5 °C.
The lowest temperature was at 630 s, which was Ts, 33.4 °C. At 630 s, the Trax was 44.5 °C,
and the AT was 11.1 °C. However, the AT .x occurred at 560 s, which was 11.2 °C. The
highest and lowest temperatures were 44.4 °C (T,) and 33.2 °C (T5), respectively. This
result is illustrated in Figure 10e,f.

Under forced convection at an air velocity value of 6.3 m/s, it was found that after
20 min or 1200 s of testing, the highest temperature occurred at 824 s, which was T2, 48.5 °C.
The lowest temperature was at 824 s, which was Ts, 37.9 °C. At 824 s, the Tiax was 48.5 °C,
and the AT was 10.6 °C. However, the AT .x occurred at 550 s, which was 11.4 °C. The
highest and lowest temperatures were 47.2 °C (T;) and 35.8 °C (T5), respectively. This
result is illustrated in Figure 10g,h.

3.5. Cooling Test at 4C Discharge Rate

At a 4C discharge rate experiment under natural convection, it was found that the
temperature of T; reached 50.2 °C after discharge proceeded for 252 s, while the finished
time of 4C equals 15 min or 900 s. The bi-directional power supply was turned off to protect
the battery from heat generation. At 252 s of testing, the highest temperature was 50.2 °C,
which was T;. The lowest temperature was 41.8 °C, which was T4. So, the Trmax was 50.2 °C,
and the ATmax was 8.4 °C. This result is illustrated in Figure 11a,b.

Under forced convection at an air velocity value of 12.7 m/s, it was found that after
15 min or 900 s of testing, the highest temperature occurred at 520 s, which was T, 43.8 °C.
The lowest temperature was at 520 s, which was Ty, 35.3 °C. At 520 s, the Tiax was 43.8 °C,
and the AT was 10.3 °C. However, the ATax occurred at 424 s, which was 10.3 °C. The
highest and lowest temperatures were 43.3 °C (T;) and 33.0 °C (T4), respectively. This
result is illustrated in Figure 11c,d.
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Under forced convection at an air velocity value of 9.5 m/s, it was found that after
15 min or 900 s of testing, the highest temperature and the ATnax occurred at 538 s, which
was T, 44.3 °C. The lowest temperature occurred at 538 s, which was Ts, 33.2 °C. At 538 s,
the Tmax was 44.3 °C, and the ATpax was 11.1 °C. This result is illustrated in Figure 11e f.
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Figure 11. The Tmax and ATmax at 4C discharge rate under different convection conditions. (a) The
Tmax under natural convection. (b) The ATmax under natural convection. (c) The Tmax under forced
convection at an air velocity value of 12.7 m/s. (d) The ATmax under forced convection at an air
velocity value of 12.7 m/s. (e) The Tmax under forced convection at an air velocity value of 9.5 m/s.
(f) The ATmax under forced convection at an air velocity value of 9.5 m/s. (g) The Tmax under forced
convection at an air velocity value of 6.3 m/s. (h) The ATmax under forced convection at an air
velocity value of 6.3 m/s.
Under forced convection at an air velocity value of 6.3 m/s, it was found that after
15 min or 900 s of testing, the highest temperature occurred at 794 s, which was T, 49.4 °C.
The lowest temperature was at 794 s, which was Ts, 38.7 °C. At 794 s, the Timax was 49.4 °C
and the AT was 10.7 °C. However, the AT.x occurred at 490 s, which was 11.5 °C. The
highest and lowest temperatures were 48.0 °C (T;) and 36.5 °C (T5), respectively. This
result is illustrated in Figure 11g,h.
The results of Tmax and ATmax of all experiments are summarized in Table 4.
Table 4. The Tpax and ATmax values.
. Air Velocity
Discharge Rate Parameter Natural Convection
12.7 m/s 9.5 m/s 6.3 m/s
1c Tmax (°C) 27.8 27.5 28.4 41.4
ATpmax (°C) 2.3 24 24 24
2C Tmax (°C) 34.6 36.9 39.3 50.1*
ATmax (°C) 6.8 7.4 8.0 5.1%
3C Tmax (°C) 39.2 445 48.5 50.0 *
ATmax (°C) 7.8 11.2 114 7.6%*
AC Tmax (°C) 43.8 44.3 494 50.2 *
ATmax (°C) 10.3 11.1 11.5 8.4*

* The discharge process was stopped before the end of the test because the Tiax exceeded 50 °C.

From all the experimental results in Table 4, it was found that as the discharge rate
increased, Trmax also increased. This was because the higher the discharge rate, the more
heat was released from the battery. In addition, it was found that when the discharge
rate increased, ATax also increased, and ATax under natural convection was better than
under forced convection because of the turbulence created during forced convection; each
battery cell temperature distribution was not uniform. However, if only the case of forced
convection were considered, it was found that increasing the air velocity caused the ATmax
to decrease.
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3.6. Comparison of the Air Velocity with Discharge Rate

Considering the forced convection condition at any value, it was found that if the
discharge rate increased, the AT max also increased. At an air velocity of 6.3 m/s, the ATmax
at 1C, 2C, 3C, and 4C discharge rates were 2.4 °C, 8.0 °C, 11.4 °C, and 11.5 °C, respectively.
At an air velocity of 9.5 m/s, the ATmax at 1C, 2C, 3C, and 4C discharge rates were 2.4 °C,
74°C,11.2°C, and 11.1 °C, respectively. At an air velocity of 12.7 m/s, the ATmayx at 1C,
2C, 3C, and 4C discharge rates were 2.3 °C, 6.8 °C, 7.8 °C, and 10.3 °C, respectively. This
result is illustrated in Figure 12.
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Figure 12. The ATmax at different convection conditions and various discharge rates. (a) The AT max
under natural convection. (b) The ATmax under forced convection at an air velocity value of 6.3 m/s.
(c) The ATmax under forced convection at an air velocity value of 9.5 m/s. (d) The ATmax under
forced convection at an air velocity value of 12.7 m/s.

In addition, considering the comparative experimental results with and without forced
air convection, it was found that using forced air convection improved the Tmax significantly.
On the other hand, the ATy« did not improve. In a 1C discharge rete, ATmax was similar.
The ATmax of the 1C discharge rate without forced convection was 2.4 °C, which equaled
the ATmax at air velocities of 6.3 m/s and 9.5 m/s. The ATyax at an air velocity of 12.7 m/s
was 2.3 °C, which was a little better than 2.4 °C. On the other hand, discharge rates at 2C,
3C, and 4C, ATmax, were worse than in experiments without forced convection. However,
if only the experiments with forced convection were compared, it was found that if the air
velocity increased, the ATmax improved. This result is illustrated in Figure 13.
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Figure 13. The Trmax and ATmay at various discharge rates and different convection conditions. (a) The
Tmax at 1C discharge rate. (b) The ATmax at 1C discharge rate. (c¢) The Tmax at 2C discharge rate.
(d) The ATmax at 2C discharge rate. (e) The Tmax at 3C discharge rate. (f) The ATmax at 3C discharge
rate. (g) The Tmax at 4C discharge rate. (h) The ATmax at 4C discharge rate.

4. Conclusions and Future Work
4.1. Conclusions

In this study, the enhancement in cooling performance using FHPAFs with forced
air cooling using an axial fan is presented. The effect of air velocity on the maximum
temperature difference of the battery pack (ATmax) is investigated. The NMC pouch
battery cells, 20 Ah in seven series connections, were used in this experiment. All
experiments were performed at room temperature under different convection conditions,
i.e., natural convection and forced convection, at different air velocity values (12.7 m/s,
9.5 m/s, and 6.3 m/s), with 1C, 2C, 3C, and 4C discharge rates. The results are indicated
as follows:

e By increasing the discharge rate while the air velocity remains constant, the ATmax
increases significantly. This is due to the increased heat generated by higher levels of
discharging, resulting in a more uniform temperature between batteries.

e  The AT ax under natural convection is lower than under forced convection. Due to
the turbulence that forced cooling created, each battery cell temperature distribution
was not uniform.

e In forced convection, increasing the air velocity has the effect of decreasing the ATmax.

According to the results of most experiments, the temperature difference exceeded
5 °C. To solve this problem, the air velocity must be increased. Because of the experi-
mental results, it can be seen that if the air velocity increases, the temperature difference
between the battery cells will decrease. In addition, it may be improved by adding
heat-absorbing materials evenly throughout the contact surface, such as graphite film or
hot plates, etc.

4.2. Future Work

In future studies, computational fluid dynamics (CFD) simulation software (2023 R2)
by Ansys® should be used to analyze and confirm the results of experiments. Using CFD
simulation software by Ansys® (Canonsburg, PA, USA), it is possible to determine the
appropriate number of heat pipes and aluminum fins, air velocity value, and other factors
to improve the cooling performance, especially AT max.
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