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charge/discharge and the cell temperature. The former is relatively easy to gauge because
the value is constant for a certain period. Therefore, the cell performance can be mapped
with respect to the current rate. However, the cell temperature varies temporally and
dimensionally, making mapping cell performance concerning temperature difficult. This
study employs a comprehensive thermal approach, with the aim to evaluate the degree
of thermal variation with respect to various testing temperatures and cell arrangements
conducted in a thermal chamber. Thermal measurements are measured, such as cell
surface temperature at various cell locations. The experimental results provide an insight
that different testing arrangements in which the cell is suspended vertically and
horizontally do not alter the temperature variation of the cell significantly. Nevertheless,
temperature difference up to 3°C is manifested along the cell surface, which happens at

Keywords: 5°C ambient temperature. This analysis highlights that cell temperature on the surface of
Lithium-ion battery; thermal non- 18650 cell is highly non-uniform, and the data could be further used to facilitate the cell's
uniformity; heat transfer cooling system in for cells in this nature.

1. Introduction

Target graph data from the IEA Net Zero Scenario shows that the renewable generation of global
electricity reached almost 29% in 2020, as described in the International Agency Report [1]. Since
then, current energy has been chosen to be renewable energy and will be selected as the modern
innovation towards green technology. Technological developments and electrification plans depend
significantly on lithium-ion (Li-ion) batteries as this will drive other issue that stems from storage of
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renewable energy as extensively described by Ardani et al., [2]. Lithium-ion batteries have emerged
as a preferred battery for the majority of electric vehicles mainly due to their high power density.
This provides an advantage to run a high power brushless direct current motor, which greatly boosts
speed, power, torque, and has a low maintenance requirement as described by Abd Aziz et al., [3].
The responsiveness of battery installation enables emission reductions in the transportation industry,
as highlighted by Richardson et al., [4]. A cylindrical cell is one of the safest types of lithium-ion
battery. It has good mechanical rigidity with built-in safety pressure vents, and the cell's
manufacturing process is relatively mature. Therefore, the cell can be made at a higher capacity at a
relatively lower cost as described by Deng [5]. In cylindrical cell design, a key concern, a short circuit,
is minimized by putting foil strips of anode and cathode due to low internal resistance between them.
The cylindrical cell design consists of an anode and cathode that roll around in the same direction in
which the detail of design is explained by Wei et al., [6]. Even though lithium-ion batteries have
reasonable mechanical properties, they are also prone to thermal issues, especially during
continuous charging and discharging, which significantly impacts lithium-ion battery life and
performance, as described by Hunt et al., [7]. To date, the cylindrical cell comes in variable sizes; the
most common size is 18650. Other sizes are also available in the market, such as 21700 and 26500,
with more storage capacity in large sizes. Typically, cylindrical cells have a capacity of 2Ah up to 4Ah
per cell as mentioned by Wei et al., [6] and Ouyang et al., [8].

Some of the earliest research on lithium-ion batteries concerning battery performance under
thermal gradient, low-temperature operation and thermal runaway was conducted by Spotnitz and
Franklin [9]. Kong et al., [10]. Subsequently, Hasan et al., [11] and Troxler et al., [12] conducted one
of the most critical thermal analyses focused on thermal uniformity. The study highlights that thermal
gradient across cell thickness affects the battery performance in which a high-temperature layer
possesses a lower impedance. This causes larger currents to flow in this region. Additionally, Yang et
al., [13] and Huang et al., [14] investigated the thermal gradient, including battery capacity variations
regarding cell impedance variations. A battery with a thermal gradient has less operational capacity
than its nominal capacity. On a larger scale, particularly battery modules, the impact of thermal
gradient is much more pronounced, as described by Liu et al., [15]. Wang et al., [16] and Chen et al,,
[17] expanded their research to explore the most effective thermal management method for lithium-
ion batteries in a bid to improve the efficiency of battery performance based on temperature
distribution using a simulation technique. This method is deemed necessary because some battery
parameters cannot be directly measured. Therefore, this requires a robust computer simulation
prediction to predict the battery's local SOC and internal temperature.

The temperature has a significant influence on battery performance. Therefore, much research
is focused on the method for controlling the temperature of lithium-ion batteries, particularly for
cylindrical cells. Battery thermal management (BTMS) is typically employed to gauge the temperature
of cells in a module or pack to be within the desired temperature envelope. A basic system uses a
phase change material (PCM) that wraps around the cell and absorbs heat generated by the battery,
which is extensively described by Siddique et al., [18]. A BTMS provides temperature control via two
methods, which are active and passive. The active method requires a control system which can
regulate the mass flow rate or the speed of the cooling medium. The cooling medium is typically in
the form of air, liquid or a dedicated temperature control. A regulated pump is often used to control
airflow to cool batteries in a pack or module. Higher air flow tends to keep the cell temperature
relatively low. However, this will create a non-uniform temperature across the battery in the
module/pack, as described by Wang et al., [19]. On the other hand, liquid cooling offers better cooling
capability; however, it needs comparatively higher power to pump liquid across the module/pack.
Higher liquid viscosity will require more pumping power, as elaborated by Xin et al., [20].

115



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 118, Issue 2 (2024) 114-127

A direct cooling method via conduction is a more effective cooling system. However, this method
is not suitable for use in actual operation due to its high power demand. This method uses a
thermoelectric module to cool a surface to which batteries are attached. This method is employed
by Troxler et al., [12] and Lyu et al., [21]. Additionally, Nasir et al., [22] investigated the influence of
heat through the piping method to stabilize the temperature within the batteries, which is reasonably
practical in the BTMS system due to its simplicity and effectiveness in removing heat from batteries.
Subsequently, Shetty et al., [23] have used the BTMS system to optimize a liquid cooling system for
a single cylindrical lithium-ion cell based on the modelling design of Newman, Tiedemann, Gu, and
Kim (NTGK). The work presented uses a cylindrical cell with a diameter, which is essential because
the heat generated will also increase as the cell gets larger in diameter.

On the other hand, the passive method is relatively simple. It depends solely on the external
system of the battery in which the condition is relatively constant. Fan et al., [24] evaluated the
effectiveness of a phase change material. This method is acceptable if the current discharge rate of
the battery is moderate. Nevertheless, due to the EVs relying on a more significant number of battery
packs or battery modules, maintaining the temperature at the optimal battery performance is crucial,
as described by Kumar and Goel [25]. Tian et al., [26] conducted numerical research for a cooling
system on a battery pack by using active control PCM. This is realized by placing PCM in an air duct.
Therefore, the impact of active cooling can be achieved by regulating the air flow that passes through
the PCM.

Wang et al., [27] investigated the cooling impact of a battery pack using cylindrical cells to map
the battery performance for cells with different consistency. It is found that force air cooling creates
non-uniform cooling capability. Hence, higher cooling rates create larger cell performance variation.
This finding is important, especially when dealing with cell placement in the module/pack. Yang et
al., [28] pointed out that the placement of the batteries is critical since an aligned arrangement of
the battery will optimize temperature reduction. When force air cooling is used through a cylindrical
lithium-ion module, the temperature differential falls by 50% compared to an unaligned battery
configuration. There are several types of forced cooling. These include a U-type flow, as investigated
by Lu and Tang [29], and a novel J-type flow, as investigated by Liu and Zhang [30]. The latter claimed
that by designing a J-type cooling system, power consumption for the cooling system can be reduced
by 30% while increasing the temperature differential by 70%.

Akbarzadeh et al., [31] conducted computational research on the thermal analysis of a single
18650 lithium-ion cell cooling system. They discovered that the passive cooling approach is sufficient
for the cell and the entire module at low current rates. The finding is essential to navigate away from
over engineered design. Subsequently, Hong et al., [32] released a study on a phase refrigerant of
the typical cooler approach. This method can keep the surface temperature relatively constant. A
relatively new cell matrix, the cell cooling coefficient (CCC), has been introduced. This gauges the
cell's capability to reject heat depending on the cooling method and direction of heat transfer, which
is extensively highlighted by Hales et al., [33]. Therefore, due to the temperature being a vital aspect
in achieving optimum cell performance and safety, it is essential to manage heat generation from the
cell during usage, especially at higher current rates.

2. Methodology
2.1 Temperature Measurement Locations

An analysis of the variations in temperature's effects on cylindrical lithium-ion cells is deemed

necessary to determine the extent to which thermal behaviour affects their capacity, power, and
lifespan. Thermocouple detects temperature variation temporally; hence, thermal mapping on the
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cell's surface can be obtained by placing several thermocouples in various locations along the cell
surface. This is crucial as the cell undergoes an electrochemical process; it generates heat, eventually
altering its performance due to temperature variations. In order to probe the temperature variations
along the cell surface, high and variable discharge current rates are an effective method that will
promote heat generation; therefore, significant temperature increases can be measured. The
temperature measurement is conducted by securing thermocouples on the cell’s surface using a
kapton tape.

For this work, three thermocouples are attached to three different locations along the cell
surfaces, as shown in Figure 1. The three locations are close to the cell's positive tab, centre, and
negative tab, respectively. These locations were chosen mainly due to the appreciable differences in
thermal resistance of the cylindrical cell. However, placing the thermocouple directly at both tabs is
inherently challenging due to space constraints. Electrical connections at both tabs are required,
which thoroughly wraps the tabs; hence, the thermocouples are placed slightly offset of both tabs,
as shown in Figure 1. These locations could represent the average temperature at both tabs.

+ve cap “VE cap
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Battery
Fig. 1. Three thermocouple locations along
the cylindrical cell (Near to positive tab,
Centre and Near to negative tab)

As the temperature varies along the cylindrical surface, the thermocouples are positioned at
three (3) locations: positive, centre, and negative, as illustrated in Figure 1. Two electrical connections
are required, which are the connection to the positive and negative tab of the battery. The
connection consists of a plastic holder with a metal terminal built on the inner side of the holder. This
requires a bit of space at both ends to securely fix the holder. The thermocouples are attached to the
cell's surface via Kapton tape. Subsequently, the cell is placed in a thermal chamber in which the
thermal conditions exposed on the cell's surface are regulated from 5°C to 45°C with increments of
10°C.

As shown in Figure 2, two test positions are conducted to evaluate the possibility of thermal
variation concerning cell position during the test. The cell is placed horizontally and vertically, with
respect to the location of the thermal chamber fan. This primarily ensures that the further test result
is independent of the cell's orientation. This initial comparison is crucial because heat transfer has a
direction; therefore, minimising the impact of external heat transfer variation is essential to produce
reliable findings.
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Fig. 2. Top view of cylindrical cell inside thermal chamber: (a) Cell
is placed horizontal, (b) Cell is placed vertical

A thermal chamber is used to provide a different ambient temperature that artificially creates
different external conditions for the cell. The thermal condition inside the chamber is regulated by a
fan, which provides a forced convection condition on the cell surface. Prior to the discharge test, the
cell is kept in the thermal chamber for at least 20 minutes. This allows the cell to reach thermal
equilibrium at that test temperature before the discharging test is conducted. Once the test is
finished, the chamber's temperature is switched to another test temperature. Subsequently, the cell
is allowed to rest to allow for another thermal equilibrium at a new test temperature. This process is

shown in Figure 3, whereby the chamber's ambient temperature is regulated from one test
temperature to another.
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Fig. 3. Controlled ambient temperature at
various test temperature

2.2 Battery Charging-Discharging System

The test utilises a pristine Panasonic NCR-18650B with a nominal capacity of 3.3Ah. Two electrical
devices are used for the cell’s electrical test, namely an electronic load and a power supply, as
illustrated in Figure 4. The former is critical as the device provides a constant electrical load that
discharges the cell at a specific current demand. On the other hand, the power supply provides a
charging current to ensure the cell is at 100% state of charge (SOC) prior to discharging tests. BK
Precision makes electrical equipment, and it uses dedicated software to switch between charge and
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discharge. The system is unidirectional in that the current that passes from either the electronic load
or power supply runs only in one direction depending on the set program and runs on a one-by-one
basis.

Due to the arrangement of the electrical system, the cell needs to be connected in parallel. The
cell’s positive and negative tabs are attached to the electronic load and power supply separately, as
shown in Figure 4. This eventually creates a parallel string between both systems. To ensure the cell
is always at 100% SOC before the discharge test, a charging procedure which consists of constant
current (CC) and constant voltage (CV) is conducted. The applied charging current is at 1C, which
corresponds to 3.3A. This current is applied until the cell voltage reaches 4.2V. Subsequently, the
charging mode switches to CV. This holds the voltage at 4.2V while allowing the current to drop until
it reaches at least 500mA. A fully charged cell is defined when the current drops below 500mA during
the CV charging and thermal equilibrium has been reached concerning the thermal chamber
temperature.
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Fig. 4. Schematic of battery charging-
discharging system

As mentioned, an initial test was conducted whereby the cell was placed horizontally and
vertically. This aims to evaluate any differences in the cell’s performance concerning the cell’s test
positioning. Figure 5 compares the cell’s voltage curve at various test temperatures from 5°C to 45°C
under a 2C discharge rate. It can be seen that the voltage curve from both cases is relatively similar.
Therefore, a further test is conducted horizontally with the cell. For further analysis, discharge rates
of 1C, 2C and 3C were conducted from this cell position. The voltage window for this cell is from 2.5V
to 4.2V hence, the cell is charged and discharged only within this voltage window. These voltages
correpond to 0% and 100% SOC.
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3. Battery Voltage Curve

w2
~
—

w
(]
T

Voltage [V]

5°C Horizontal
5°C Vertical

Increasing
temperature

\\\ \\‘ B

160 320 480 640 800 960 1120 1280 1440 1600

ime [s

Fig. 5. Voltage curve comparison for horizontal and

vertica

| arrangement (Dash line represents cell in

horizontal and solid line in vertical position)

Figure 6 highlights the behaviour of the voltage curve at three different C-rates and ambient
temperatures. Since the cell is rated at 3.3Ah, the applied current discharges are 3.3A, 6.6A and 9.9A
which corresponds to 1-C, 2-C and 3-C. When the cell is discharged at higher rates, it can be seen that
the time taken for the cell to sweep from 100% to 0% SOC decreases. This is mainly because the
energy from the cell is being taken at a higher power, causing rapid depletion of its energy content.
However, although the variation of the discharge current applied is linear from low to high, the time
the cell takes to reach 0% SOC, drops relatively exponential following Arrhenius's rate of law. The
voltage curves have a distinct behaviour, especially at low discharge rates. Several peaks can be seen

at along the voltage curve under 3.3A discharge, particularly at high ambient thermal conditions.
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Fig. 6. Voltage curve at different ambient
temperature and C-rate conducted at horizontal
arrangement

Conversely, the voltage curve is relatively linear at a high discharge rate (2-C and 3-C), and this
behaviour spans from 100% SOC to 0% SOC. The relatively linear trend of the voltage curve at high
discharge currents contributes to the domination of irreversible heat. This eventually masks
reversible heat during discharging and causes the voltage curve to be quite linear. The reversible heat
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contains entropic relation which portrays the electrochemical behaviour of the cell, however the
effect will not clearly appear in the event of high discharge rate. At high discharge rate, reversible
heat in the form of joule heating dominates the heating of the cell.

The testing is conducted at a constant ambient temperature from low to high. Nevertheless, the
test temperature is relatively narrow. This is primarily to prevent any significant cell degradation that
could eventually affect the test data. No tests were conducted below 5°C or above 45°C. This aims to
minimize the risk of degradation, namely lithium plating at low temperatures, and increase the cell's
internal resistance at high temperatures. In relation to the ambient temperature effect, it can be
seen that at all C-rates, the cell performs better at high ambient temperatures. The time it takes to
reach 0% SOC is the longest in all cases for high ambient temperature testing. This happens due to a
significant reduction of cell impedance at this temperature, which eventually reduces heat
generation as current passes through the cell. The reduction in heat generation translates to more
energy available to be used as a current output from the cell. On the contrary, testing at low
temperatures results in relatively rapid cell depletion. A higher cell's impedance at this temperature
generates more heat, eventually limiting the usable limit of the cell's energy content.

4. Temperature Profiling
4.1 Temperature Variations Along the Cell Surface

There are four thermocouples used in measuring thermal conditions in the cell. Three
thermocouples are attached to the surface of the cell, and one thermocouple is placed in the vicinity
of the thermal chamber. The latter is primarily to ensure that the test temperature provided by the
thermal chamber is relatively similar to the desired test temperature. To probe temperature
variations along the cell’s surface, three thermocouples are fixed close to the negative tab, the
positive tab and the centre locations along the surface.

There is a possibility that thermal resistance at the positive tab is higher than at the negative tab.
This is reflected by the highest temperature observation at this location at all test temperatures, as
shown in Figure 7. Heat generation due to 2-C discharge causes the cell’s surface temperature to
increase. Although the starting temperature for all thermocouples is relatively identical, the
temperature at the positive tab region increases at higher rates when the discharge proceeds. The
temperature deviation from the center and negative tab keeps increasing towards the end of
discharge. This indicates that additional heat is generated in this region. The additional heat could
possibly be in the form of joule heating. When current passes this region, it generates additional heat
on top of electrochemical heat. The most significant temperature differences occur at low ambient
temperatures. Higher impedance at low temperatures promotes higher heat generation, therefore
causing more heat generation while reducing the amount of usable discharge energy. Nevertheless,
the general trends remain the same whereby the highest temperature occurs at the positive tab
region and it reduces towards the negative tab region.
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Fig. 7. Temperature profile across cell surface under 2-C full discharge at
horizontal arrangement: (a) 5°C ambient, (b) 15°C ambient, (c) 25°C ambient,
(d) 35°C ambient and (e) 45°C ambient

4.2 Local Temperature Difference

In order to evaluate the thermal conditions along the cell surface, local temperature analysis is
conducted at all test temperatures. Figure 8 compares the dimensional and temporal behaviour of a
cell's surface temperature by grouping the temperature profile for each cell's location namely
positive, centre and negative region. Higher thermal resistance at the positive tab causes higher peak
temperatures in this region. This could contribute by the inherent design of positive tab for cylindrical
cell in which it has more component than the negative tab. The tabs design for cylindrical cell are
well documented in the public literature and it is relatively similar for all cell manufacturer. Figure
8(a) highlights the temperature increase at the positive region at all test temperatures. As the test
temperature gets lower, the final temperature when the cell is at 0% SOC will be the highest.

The highest temperature increase is 22°C, which occurs at 5°C test temperature and this happens
at the positive region. The peak temperature reduces moving from centre to negative region with a
value of 20°C and 18°C respectively. Surprisingly, the value of temperature increase in all regions, are
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relatively similar. Supposedly, the temperature increase at low ambient test temperature should be
significantly higher due to higher impedance in this condition. However, as this cell has a smaller
thermal mass, the heat generated can exit the cell volume at higher rates. This is also driven by higher
temperature differences between the cell's surface and the test temperature or the set temperature
of the thermal chamber. Additionally, discharging at higher C-rates shortens the total discharge time,
causing the cell to deplete faster. This limits the time for heat to accumulate that eventually reduces
the cell's chances of reaching a higher peak temperature. Nevertheless, the trend of higher
temperature at positive and it reduces towards negative region can be seen clearly from Figure 8 (left
to right). This indicates the thermal resistance plays a role in affecting the temperature profile along
the cell surface.
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Fig. 8. Temperature difference at three different cell regions at
various ambient temperature for cell at horizontal position

Although the peak temperatures at all test temperatures and the cell regions are relatively
similar, it is worth noticing that the rate of temperature increase varies significantly. The rate of
temperature increase at low ambient temperature testing is consistently higher at all regions. This
indicates that heat generation at low temperatures is higher due to a significant increase in cell
impedance. Additionally, higher temperature increase rates can be seen towards the end of the
discharge as it enters a higher resistance region at low SOC. The condition is exacerbated at low
ambient temperatures, where peak temperature can be clearly seen. Temperature data from the
start of discharge up to 200 seconds are taken to quantitatively determine the rate of temperature
increase at all test temperatures and cell regions. This duration is taken into consideration mainly
due to its reasonably linear behaviour. Hence, a temperature differential is conducted to obtain its
gradient. Figure 9 illustrates the temperature gradient at all test temperatures and cell regions. The
highest rate of temperature increase is approximately 0.05°C/s, and it reduces as the test
temperature increases. Higher thermal resistance at the positive tab causes additional heat
generation, whereby this effect consistently happens along the cell surface. The rate of temperature
increase is always higher in the positive tab region, and it reduces in another region. The rate varies
significantly with respect to the test temperature; however, the change of rate is relatively constant
between positive to negative tab region.

123



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 118, Issue 2 (2024) 114-127

0.050 ¢ .
5 - @ - Positive tab region
Y Centre region
~
0.0454 L3S - % - Negative tab region 1
e
& *. ..
P .
$0.040 | o o'
Aot ~
+~= A >
g S s
= (N >
=0.035 Yo, . ‘s
c * Vi
- ~ » (o
E \\ ™ i e
£0.030 f e Mg, 0 "
5 RS
[=% ~
g %o _
=0.025 | "R, '
emm
0.020 ; : ;
15 25 35 45

Ambient temperature [°C|
Fig. 9. Rate of temperature increase at early stage
of discharge at three different cell regions

5. Energy Evaluation

The same cell is repeatedly used within the specified temperature range and C-rate for this work.
These conditions are selected based on the cell manufacturer's specifications. This aims to focus on
the cell performance whilst minimising degradation. Since the cell capacity remains unchanged, the
energy content of the cell with respect to the applied test temperature and C-rate is evaluated. This
parameter is rarely described extensively, mainly because it varies significantly with respect to the
test's thermal conditions. The energy content of the cell is evaluated by integrating the voltage curve
(Figure 6) at three different C-rate and ambient temperatures and multiplying by the applied current
rate. This is mathematically represented by the equation below, and the result is shown in Figure 10.

Energy =1X [Vdt (Wh)

A lower C-rate generally causes lower voltage polarization, making more energy available. The
energy available at this C-rate is much higher at higher ambient temperatures, as shown in Figure 10.
Additionally, since the cell'simpedance is lower at high temperatures, more energy is available rather
than the energy being converted to thermal energy. This phenomenon can be seen clearly at all
C- rates, where more energy is available at a specific C-rate at high ambient test temperatures.
Conversely, at lower ambient temperatures, battery electrolyte viscosity increases, leading to higher
internal resistance, thus limiting the battery's ability to deliver energy efficiently. From these tests,
the maximum energy is 2.3 Wh, which is one order of magnitude difference compared to the worst
condition, which is at a 3-C discharge rate at 5°C ambient temperature. These findings highlight the
importance of considering ambient temperature and discharge rate for battery optimization.
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When examining the battery's behaviour across a spectrum of discharge currents, from high to
low, it becomes evident that higher discharge rates often lead to reduced available energy. This is
mainly due to a higher rate of voltage polarization, and a significant portion of the cell's energy is
converted to thermal energy due to joule heating, which subsequently causes a rapid temperature
increase. This analysis could provide insight into energy demand and an understanding of the trade-
off between discharge rates and temperature variations. This is crucial to accurately evaluating the
energy content of batteries to better facilitate decisions in practical applications and further
advancements with regards to battery technology.

6. Conclusions

The presented experimental works aim to establish an understanding of the relationship between
thermal conditions and cell performance, focusing on energy and thermal aspects. This work also
highlights the presence of a unique temperature profile along the cell surface, which remains
consistent across all test temperatures. The maximum temperature difference along the cell surface
is approximately 4°C. This could potentially hinder the cell performance due to thermal non-
uniformity. It is evident that cell construction has a significant impact on the thermal outcome which
is manifested on the cell surface. These findings could assist in the placement of thermal sensors, as
they should be positioned at the location with the highest temperature. By examining the cell
performance in a broader scale, we can obtain a more precise calculation of the cell's energy
content. This departs from the traditional approach, which relies on data from the cell's specification
sheet, such as nominal voltage and rated cell capacity.
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