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Highlights:

e Ejector bubbles enhanced cooling of LiFePO4 battery packs.

e Quiet air, circulating air, and bubble cooling modes were tested.

¢ Slug film, elongated slug film, and clustered bubbles were observed.
¢ At 1.5 Ipm, Tmax and thermal resistance fell by 3.75% and 5.98%.

¢ Higher airflow reduced PDF kurtosis and sample entropy.

Abstract

This study identifies flow patterns in the cooling channels and analyzes temperature during LiFePO4
battery cooling using an ejector bubble generator. The cooling fluids included quiet air, circulating
air, and bubbles, with airflow rates ranging from 0.1 to 1.5 Ipm. The temperature patterns were
analyzed using probability density functions (PDFs), and Sample entropy—PDFs were quantified
using mean, variance, skewness, and kurtosis. The results showed the formation of a slug film, an
elongated slug film, and clustered bubbles on the bottom wall of the battery pack. There was a
3.75% and 5.98% decrease in the maximum temperature and thermal resistance, respectively, at
an airflow rate of Qa = 1.5 Ipm. The farther the thermocouple is from the bubble-generator nozzle
and the greater the supplied airflow, the lower the PDF's kurtosis. The greater the airflow, the
lower the entropy.

Keywords: Slug film; Thermal resistance; Chaotic analysis
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1.Introduction

Rising oil prices, increasing demand to reduce the transportation sector's carbon footprint,
and significant concerns about environmental pollution have motivated the development of
electric vehicle technology [1], [2]. Electric vehicles offer high energy efficiency, diversification of
energy resources, equitable distribution of power system loads, minimal exhaust emissions, and
sufficient operation [3]. However, several factors still hinder the widespread commercialization of
electric vehicles, such as a lack of reliability for long-distance travel and a relatively short vehicle
lifespan, especially related to battery longevity [4]. Several factors affect battery performance, but
the main factor is its susceptibility to thermal effects [1], [2], [5], [6]. Conventional Li-ion electric
vehicle battery packs operate optimally between 15 °C and 35 °C. Because batteries are
electrochemical systems, operating them below optimal temperature can reduce capacity and
increase internal resistance [7]. Conversely, higher temperatures can cause premature aging of the
battery, thermal runaway, decreased battery capacity, and even fires [7], [8], [9]. Therefore,
several battery-cooling systems have been developed and tested to maintain the battery's
operating temperature within the optimal range [10], [11], [12], [13].

The most basic types of battery cooling systems are air cooling [14], [15], liquid cooling [16],
[17], [18], [19], [20], fin cooling [21], [22], solid-liquid phase change material (PCM) [5], [6], [7],
[16], [21], heat pipe cooling [5], [8], [23], thermos-electric cooling [2], [24], [25], and combines two
or more of these cooling systems [3], [16], [21], [24], [26], [27], [28]. All cooling methods have
advantages and disadvantages in terms of manufacturing, maintenance, cost, and thermal
performance. Air cooling is a conventional method that is simple to manufacture and maintain,
making it more economical. Still, it has challenges in increasing heat dissipation capacity and
accelerating temperature reduction. Its heat dissipation performance is not good enough when
applied to battery cooling because its thermal conductivity is low [29].

Liquid cooling, both direct and indirect, offers the potential for good thermal performance
but requires additional external power to move water into the battery pack, making it more
complex to manufacture and maintain and less economical [30]. Immersion cooling can reduce
thermal runaway, has low thermal resistance, and is relatively easy to manufacture [18], [31], [32],
[33], [34], [35]. However, immersion cooling is compatible only with certain working fluids and can
increase flow energy losses when using high-viscosity fluids, ultimately making it less economical.

PCM cooling utilizes the latent heat capacity of materials undergoing phase change from solid
to liquid to reduce the heat produced in batteries [5], [16]. This cooling method has drawbacks
regarding low thermal conductivity, difficulty controlling phase changes, and high heat
accumulation. Therefore, a combination with high-thermal-conductivity media, such as graphite
sheets [23], paraffin-graphene [24], graphite [25], silica [26], copper and nickel foams [27], [28], is
required. This combination only increases the battery's heat dissipation capacity and increases the
heat accumulation in the PCM. Combining a PCM with a heat pipe is one alternative to reduce heat
accumulation in the PCM.

Heat pipes transfer heat without moving components and are highly efficient because they
combine water and air cooling. Their manufacturing costs are relatively high because they must be
airtight, corrosion-resistant, and require high-precision manufacturing processes. Heat pipe
performance is strongly influenced by gravity, and it is necessary to increase the thermal contact
between the battery and the heat pipe to improve temperature distribution and heat dissipation
capacity [5], [8], [23]. Thermoelectric cooling, which uses the Peltier effect for heat dissipation,
provides optimal temperature control but has low thermal efficiency in battery cooling, so it needs
to be combined with other cooling methods [2], [36], [37], [38]. In addition, this method is closely
related to higher manufacturing costs.

Another cooling method that needs to be developed is injecting bubbles into the battery
cooling channel. Bubble cooling has so far been applied only to heat exchangers [39], [40], [41].
There was an increase in the number of transfer units (NTU) by up to 12.4% due to air bubbles
injected into the heat exchanger plate, while the effectiveness increased by up to 14.6%. On the
other hand, the increase in entropy reached 4.1 W/K [39]. The effect of bubbles on the thermal
performance of heat exchangers was studied, and the results showed that the maximum increases
in NTU and effectiveness were 153% and 68%, respectively [40]. The thermal performance of the
heat exchanger was improved by increasing the bubble size. The bubble injection technique played
an essential role in increasing NTU and effectiveness by 59% and 18.6%, respectively, on the cold-
water side of the heat exchanger [41].
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Most applications of bubbles as coolants still focus on conventional heat transfer systems,
such as heat exchangers or common fluid flow channels [39], [40], [41], [42]. The application of
bubble-injection mechanisms in battery-cooling systems remains relatively limited. Unlike
conventional heat transfer systems, battery cooling systems have several special requirements,
including uniform temperature distribution across cells, limited space in the battery pack, and the
need for energy-efficient cooling [43], [44]. Therefore, effective heat transfer enhancement
mechanisms in conventional heat exchangers do not necessarily provide the same performance
when applied to battery cooling systems.

Based on the aforementioned research gap, this study aims to experimentally investigate the
application of an ejector-type bubble generator, as characterised by Catrawedarma et al. [45], in a
battery cooling system. The main focus of this study is to evaluate how bubble formation affects
the maximum battery temperature, the temperature distribution, and the system's thermal
resistance. This study also conducts further analysis on statistical parameters to provide a
guantitative rationale for the effect of chaotic flow on battery thermal performance. Thus, this
study provides new insights into the potential of using a bubble-injection-based two-phase flow
mechanism to improve the performance of a battery cooling system.

2. Apparatus, Methods, and Procedure

This research was conducted at the Mechanical Engineering Workshop of Politeknik Negeri
Banyuwangi, where apparatuses were installed following the schematic in Figure 1a. The materials
and tools used include a 2 mm thick aluminum plate as a battery pack wrapper so that the battery
does not come into direct contact with the coolant, a 3 mm thick transparent acrylic plate for
visualizing the bubble flow in the cooling channel, 24 units of prismatic LiFePOs batteries with
nominal capacity of 30 Ah and a nominal voltage of 3.2 V connected in series, 1 unit of battery
management system with 24 pins to regulate the distribution of electricity to all battery cells, water
as a cooling medium, one unit of 2000W mid-driven BLDC electric motor as a load on the battery,
a controller to control the electric current to the motor, a 2.4W DC5V water pump to circulate
water, a 1.0 W air pump to circulate air, an ejector type bubble generator to form bubbles [45],
[46], [47], a high-speed camera to record video of the bubble flow in the cooling channel, and a
50W LED lamp for increased illumination when recording videos. The measuring instruments used
include water and air flow meters to measure the input water and air flow, 12 K-type
thermocouples to measure the bottom wall temperature of the battery pack, and the input and
output temperatures, with thermocouple placement as shown in Figure 1b.

The data collection phase begins by filling the cooling gap with water through the air outlet
to a height of 8.0 cm. A Lutron BTM-4208SD data logger with a sampling rate of 1.0 data points
every 3.0 seconds was turned on to record the temperature. The water and air pumps were turned
on, and the water flow rate was set to 3.4 Ipm using the air flow meter, and the air flow rate was
set to 0.1 Ipm. Five minutes after the system stabilized, a high-speed video recording was
conducted. Next, the ignition key was turned on to start the electric motor at maximum speed.
This process begins to load the battery by maintaining a discharge current of 24.6 amperes and
keeping the water level in the cooling channel to ensure the system operates steadily. The motor
was turned on for 1800 seconds, and the temperature was recorded for 10800 seconds to observe
temperature changes at no load. Repeat the steps above for various airflow rates from 0.1 to 1.5
Ipm by adjusting the airflow meter. For quiet-water research, the steps are the same as above, but
the water and air pumps were not turned on. For research with circulating water, only the water
pump was turned on, with the air pump off. The data processing stage involved visualizing the flow
and image processing of the bubble flow video, analyzing the temperature distribution and thermal
resistance. The temperature time series was processed to obtain statistical moments, the PDF, and
the chaotic level, which were used to assess the bubble's ability to cool the battery.

To ensure reproducibility of the results, each experimental condition was repeated three
times with the same operating parameters. The temperature values reported in the manuscript
are the average of the experimental repetitions, with an average difference of 0.1 °C, indicating
that the experimental system has good stability and repeatability. The thermal resistance
uncertainty was calculated using the error propagation method, accounting for uncertainties in
temperature and heat power measurements. The accuracy of the thermocouple and input power
is about 0.4% and 3%, so that the uncertainty in the calculation of thermal resistance is £0.005467
°C/W.
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To strengthen the validity of the experimental results, temperature and thermal resistance
data were statistically analyzed by calculating means, standard deviations, and confidence
intervals. The main results were reported with 95% confidence intervals; this analysis also helps
ensure that the performance differences between conditions with and without bubble injection
are outside normal experimental variation, thereby confirming the observed improvements are
statistically significant.
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(a) Schematic diagram
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bubble generator;
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position

3. Results and Discussion
3.1. Bubble Flow Structure

Figure 2 illustrates the bubble flow changes from the bubble generator and the flow in the
cooling water under the battery casing. Overall, elongated slug films, slug films, and clustered
bubble films are attached to the bottom of the battery casing. Clustered bubbles are a group of
bubbles gathered in a particular area, slug films are layers that are longer than bubbles due to the
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merging of several bubbles, and elongated slug films are layers that are longer than slugs due to
the merging of several slug films. The differences among these three films are shown in Figure 2a.
When bubbles continue to be injected, several clustered bubbles merge into an unstable slug film,
which is characterized by an unstable/wavy slug surface. In this condition, elongated slug films still
form near the bubble generator nozzle as shown in Figure 2b. Bubble merging continues to occur
due to the continuous supply of bubbles from the bubble generator, so that the unstable slug
surface will become more stable and form a slug film as in Figure 2c. The bubble supply continues
to be provided by the bubble generator, and bubble merging continues to occur, especially in areas
further from the nozzle, which ultimately results in several slug films merging with other bubbles
and slug films to form an elongated slug film, as in Figure 2d.

Figure 2e shows the onset of surface instability of the elongated slug due to the merging of
several slugs and bubbles, which causes the bubble volume to increase and is followed by an
increase in buoyancy so that the elongated slug part, which has high buoyancy, will begin to detach
and start flowing upwards as in Figure 2f. The upward bubble will get bigger, followed by the slug
film and other bubbles dragged to form a large bubble, as in Figure 2g. The large bubble rises and
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Figure 3.
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detaches from the bottom wall of the battery casing, forming a clustered bubble again, as in Figure
2h. The large bubble continues to rise until the buoyancy force is no longer sufficient to overcome
the hydrodynamic forces of the surrounding water. The large bubble's velocity will decrease.
However, the velocity of the water dragged around it remains high and finally penetrates the large
bubble, forming a spike that drags the elongated slug near the nozzle, as in Figure 2i. When water
continues to penetrate, the large bubble will break into small bubbles as in Figure 2j. In this system,
the larger-diameter bubble regime provides greater heat transfer because buoyancy and
hydrodynamic forces are stronger, disrupting the slug layer that forms on the bottom wall of the
battery casing. The larger the bubble diameter, the faster the slug layer detaches from the wall,
thus increasing heat transfer.

3.2. Time Series Temperature

Figure 3a shows the temperature changes of the motor wall (TC-11) and the bottom wall of
the battery in the area closest to the bubble generator nozzle (TC-3 and TC-4), compared to the
water temperature at the inlet (TC-1) and outlet (TC-2). In general, the trend in all graphs is an
increase in temperature to a maximum, followed by a decrease. The temperature of the motor
wall (TC-11) increases significantly when the motor is started until 1800s when it is turned off, as
in area (i). The area is also called the heating or battery discharge area. Furthermore, in area (ii),
there is a cooling process or a decrease in temperature of the motor and the bottom wall of the
battery. However, the temperature at TC-1 and TC-2 tends to be constant, as in area (iii), which is
called the steady cooling area. The area is the peak point for TC-1 and TC-2. Furthermore, in area
(iv), all temperatures experience a decrease. It indicates that cooling stability has been achieved.

The increase in battery temperature (TC-3 and TC-4) is also not as drastic as the motor wall
temperature (TC-11). The temperature of TC-3 is not significantly different from the temperature
of TC-4 because it is parallel to the bubble generator nozzle. However, both temperatures are
higher than the temperatures of TC-1 and TC-2. The temperature at the outlet side (TC-2) is greater
than that at the inlet side (TC-1) because, as in flows, the water from the inlet side absorbs heat
from the battery cell, increasing the temperature of the cooling water at the outlet side. Heat from
the bottom wall of the battery cell is transferred by conduction to the aluminum bottom surface
of the battery casing. The heat from the aluminum bottom wall is transferred to the water, and
bubbles rise through it by convection. The cooling water flows to the outlet side, then returns to
the bubble generator via the water pump. The maximum temperature of the battery wall is 31.0
°C, and the maximum temperature from the outlet side is 29.6 °C. After reaching the maximum
point, the battery temperature decreases gradually, unlike the exponential decrease in the walls
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of an electric motor. It is caused by the electric motor being in direct contact with ambient air;
chemical reactions in the battery cells also contribute.

Figure 3b compares the temperatures in the center of the bottom wall of the battery in TC-5
and TC-6. Both temperatures are above the inlet (TC-1) and outlet (TC-2) temperatures of the
cooling water, with a maximum temperature of 31.2 °C. The temperature is slightly higher than in
the area closer to the nozzle in TC-3 and TC-4, shown in Figure 3a. Figure 3c shows the temperature
changes in TC-7 and TC-8 compared to the motor temperature (TC-11), input temperature (TC-1),
and output temperature (TC-2). The maximum temperature in TC-7 and TC-8 is 31.3 °C; it is the
highest because it is the area closest to the cooling water outlet. Figure 3d is an interpretation of
the temperature in the middle of the battery wall of TC-9 and TC-10. The thermocouple is located
in the midpoint of the width and height of the battery cell pack. With a maximum temperature of
32.3 °C, the temperature is higher than that on the bottom wall of the battery. It indicates that the
middle part of the battery is hotter than the top and bottom.

Figure 4a and Figure 4b show the temperature changes from upstream (the area closest to the
inlet), middle, and downstream (the area furthest from the inlet). The temperature closest to the
inlet is lower. The further from the inlet, the higher the temperature. It is caused by an outlet
temperature higher than the inlet temperature, resulting in lower heat absorption when the
cooling water exits the outlet. In addition, an air film on the bottom wall of the battery can raise
temperatures by increasing thermal resistance. It is known that the temperature rises by 0.6% from
upstream to the middle, increases by 0.3% from the middle to downstream, and increases by 3.1%
from downstream to the middle wall of the battery.

The motor temperature in Figure 3 and Figure 4 is used to show the system's overall thermal
response during operation. The trendline graph shows that the motor temperature fluctuates after
the motor is turned off, in contrast to the battery temperature, which does not fluctuate and tends
to decrease slowly. These two temperatures are not directly related and do not influence each
other because they have different mechanisms for temperature change. Battery temperature is
strongly influenced by the C-rate, the battery's internal resistance, and the electrochemical
processes that occur during charging and discharging [27]. Meanwhile, motor temperature is
influenced by mechanical load, motor efficiency, electrical losses and the motor's cooling system.
However, an indirect relationship between battery and motor temperatures occurs due to system
loading. As the load increases, the C-rate increases, ultimately raising the battery temperature due
to resistive losses. Under the same conditions, the motor works harder, generating more heat. The
C-rate is a parameter that determines the amount of current flowing through the battery and
affects internal heat generation [27].

Figure 5 shows the effect of bubbles injected into the cooling gap on the temperature
distribution. It is known that the lower the air flow rate, the higher the maximum temperature of
the battery wall. It is caused by the production of fewer, smaller bubbles, so that it takes longer to
form an elongated slug film, and the longer this film sticks to the bottom wall of the battery pack.
The phenomenon increases thermal resistance and prevents heat absorption by the coolant
because the elongated slug film has a surface tension greater than the hydrodynamic force
of water, thereby maintaining its shape and position. The elongated slug film will break and flow
upwards if more bubbles come out of the nozzle, so that bubble merger occurs and the bubble
volume increases, which implies a greater buoyancy force to move upwards and detach from the
bottom wall of the battery packing [48], [49], [50]. The analysis is in accordance with the research
of Hasan et al. [40]. Increasing the bubble size can improve a heat exchanger's thermal
performance.
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Figure 5.
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When comparing the quiet and
circulating fluid, it is known that the
circulating water has a slightly lower
maximum temperature due to heat transfer
by forced convection and advection. Also,
water movement increases heat absorption.
The maximum temperatures for quiet air,
quiet water, circulated water, Qa = 0.1 lpm,
Qa = 0.5 lpm, and Qa = 1.5 lpm, are 32 °C,
31.4°C,31.3°C,31.2°C,31.1°C, and 30.8 °C,
respectively. A maximum temperature
decrease of 3.75% between the quiet air
cooling fluid and the bubble cooler with an
air flow rate of Qa = 1.5 lpm.

Thermal resistance is one indicator of a cooling system's thermal performance. Thermal
resistance is the measure of a material's resistance to heat flow. In cooling systems involving
convection heat transfer, thermal resistance includes convection thermal resistance due to heat
transfer between the surface and the fluid, and advection thermal resistance due to heat transfer
along the flow of the cooling fluid. The convection coefficient and surface area influence the
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convection thermal resistance, while
advection thermal resistance is determined
by the fluid's mass flow rate and heat
capacity. The analysis only uses forced-
moving cooling fluids, namely, circulated
water and bubble injection, to understand
convection and advection thermal resistance
in depth.

Figure 6a shows the convection thermal
resistance for a moving coolant fluid. It is
known that circulated water has the lowest
convection thermal resistance of 0.13701
°C/W. Furthermore, the thermal resistance
due to convection decreases as the input air
flow rate increases. It is due to the increase
in the convection coefficient as the water
circulates. The convection coefficient is
proportional to the Nusselt number, fluid
velocity increases the Reynolds number, and
the Nusselt number is a function of the
Reynolds number and Prandtl. Therefore,
fluid velocity significantly affects convection
heat transfer.

Figure 6b shows that the advection
thermal resistance decreases with increasing
air flow rate. The cooling medium with water
circulation has the highest advection thermal
resistance. It is influenced by the increasing
fluid mass flow rate when bubbles are
injected. Due to the addition of bubbles, heat
transfer occurs in the two-phase air-water
flow as well as random movement of the
cooling fluid due to collisions, mergers, and
bursting of bubbles, thereby increasing the
local velocity of the two-phase flow, which
ultimately has implications for improving the
mass flow rate of the cooling fluid.

Mechanical Engineering for Society and Industry, Vol. 6 No. 1 (2026) 201



IGNB Catrawedarma et al.

Figure 6¢c shows the trend of total resistance, which is the sum of convection and advection
resistance. It is known that the greater the air flow rate, the lower the total thermal resistance.
The highest total thermal resistance is 0.17078 °C/W in the circulated water cooling fluid, and the
lowest is 0.16057 °C/W, resulting in a decrease of 5.98%. Compared with Figure 6a and Figure 6b,
the most influential factor in this cooling system is the advection thermal resistance, which is
predominantly driven by changes in the cooling fluid's mass flow rate.

In this study, temperature distribution was analyzed by placing several temperature sensors
at different points around the battery. The measurements showed that the cooling system
maintained temperature differences between battery points within a relatively small range,
thereby minimizing temperature gradients. The presence of two-phase flow with bubbles
distributed within the fluid also helped improve fluid mixing, ultimately improving heat distribution
within the system. Additionally, the fluid flow rate is set at a specific value to achieve a balance
between increased heat transfer and pump energy consumption. The use of two-phase flow with
bubble formation increases local turbulence and fluid mixing, thereby increasing the heat transfer
coefficient without significantly increasing the flow rate, ultimately helping reduce pumping power
requirements.

Experimental results show that bubbles in a two-phase flow enhance convection through
microturbulence and increased interaction between the gas and liquid phases. It accelerates heat
transfer from the battery surface to the coolant, thereby improving the system's overall thermal
performance. Overall, the study's results indicate that the approach improves heat transfer and
maintains uniform battery temperature, while keeping the pumping power requirement at an
efficient level. These three aspects indicate that the studied system has the potential to be applied
to practical battery thermal management systems, especially in systems with high cooling
requirements, such as electric vehicles or energy storage systems.

Although the maximum temperature increase of 3.75% and the thermal resistance decrease
of 5.98% appear relatively small, these values are still within the range of improvements often
reported in optimization studies of cooling systems that are already close to optimal conditions
[51]. This result is in accordance with that reported by Jauhari et al. [42], with a decrease of 6.1%
from the battery without cooling to the hybrid paraffin oil-fan cooler. In battery applications,
particularly in electric vehicles or energy storage systems, even a few degrees of temperature
reduction can have a significant impact on battery life, performance stability, and operational
safety [52]. Lower thermal resistance indicates that heat can be dissipated more effectively from
the battery to the cooling medium. Therefore, small improvements at the laboratory level can yield
greater benefits when applied to battery systems with larger cell counts, where heat accumulation
becomes more significant [51].

The two-phase flow concept used in this study is theoretically applicable to larger systems
because the heat transfer enhancement mechanism stems from bubble interactions and increased
local turbulence, which are independent of system size. However, implementation at the module
or battery-pack scale requires further optimization of fluid channel design, flow distribution, and
bubble-formation control. The heat transfer increase in this system is achieved without a
significant increase in fluid flow rate, resulting in relatively little additional pumping power. It is
one of the advantages of this approach over performance improvements that rely solely on
increasing fluid flow.

This research focuses primarily on demonstrating that a two-phase flow mechanism with
bubble formation can reduce the thermal resistance of a battery cooling system. The results show
a consistent trend of increasing thermal performance, which can serve as a basis for developing a
more efficient battery-cooling design in future research, especially through optimization of
parameters such as bubble size, flow rate, and cooling channel geometry.

3.4. Statistical Moments

Statistical moments are used to identify temperature time series patterns for quantitative,
objective analysis. The statistical moments used include the mean, variance, skewness, and
kurtosis. Figure 7a shows the average temperature for all cooling media from quiet air, quiet water,
circulating water, and bubble cooler with air flow rate from 0.1 Ipm to 1.5 Ipm at all thermocouple
positions. Part (i) shows the temperature of the inlet (TC-1) and outlet (TC-2) positions, part (ii)
shows the temperature of the battery wall closest to the bubble generator nozzle (TC-3 and TC-4),
part (iii) is the middle part of the bottom battery wall (TC-5 and (TC-6), part (iv) is the part furthest
from the bubble generator nozzle (TC-7 and TC-8) and closest to the outlet side (TC-2). The lowest
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average temperature is at TC-2, which is the cooling fluid outlet. The average temperature of quiet
air has the greatest value due to its lower thermal conductivity.

Bubble cooling with an air flow of 1.5 Ipm could optimally reduce the battery wall's
temperature. It is evident from its average temperature, which has the lowest value among other
cooling media. For all thermocouples, TC-9 and TC-10 had the highest average temperature values.
It is evidence that the temperature of the battery wall in the center is the highest, and then it is
distributed to the outer parts, which are getting lower by conduction. The average temperature on
the battery wall tends not to increase significantly from TC-3 to TC-6. Still, there is a decrease in
TC-7 and TC-8; this occurs because the influence of bubbles that emerge from the ejector is carried
to the area closest to the outlet, leading to random flow, which significantly contributes to the
temperature decrease. The average temperature on TC-9 and TC-10 is very high, even though the
thermocouples are closer to the top, which is in contact with the atmosphere. It shows that
atmospheric air is not so dominant in reducing the temperature of the battery wall. Instead, the
chemical reactions in the battery are the main factors influencing changes in the battery wall's
temperature.

Figure 7b shows the temperature variance for each thermocouple position and coolant
treatment. This variance indicates temperature amplitude fluctuations. The largest fluctuations
occur at the inlet and outlet because the measured temperature is the fluid temperature, which
fluctuates wildly as the fluid moves. It differs from the stationary coolant, where temperature
amplitude fluctuations are very low. Temperature amplitude fluctuations on the battery wall did
not differ significantly between TC-3 and TC-8. Amplitude fluctuations increased at TC-9 and TC-10
because the thermocouples are positioned above, close to, atmospheric air with fluctuating
temperatures.

Figure 7c shows the skewness values for all coolant treatments at various thermocouple
positions. The skewness value indicates the deviation of a distribution curve from its symmetrical
shape. It can be seen that all skewness values are negative, indicating that the temperature
distribution is concentrated above the average temperature. The trend in the graph shows that TC-
1, TC-2, TC-9, and TC-10 have a higher skewness than the temperature at the bottom wall of the
battery. It indicates that the temperature at the bottom wall of the battery is more concentrated
at values above the average. In other words, temperatures above the average occur more
frequently.
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Figure 8.
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Figure 7d displays the kurtosis values for each position and coolant treatment. Kurtosis is a
measure of the flatness of the temperature distribution curve. A higher kurtosis indicates a sharper
distribution curve, indicating a very low temperature distribution. It is evident in the temperature
at the bottom of the battery, which has a higher kurtosis than at other thermocouple positions. It
means that the temperature distribution on the bottom wall of the battery is minimal because it is
determined by the battery's packaging material and the chemical reaction of the fluid inside the
battery, which do not change over a wide range. Skewness and kurtosis are values that objectively
characterize the temperature distributions shown in Figure 8 and Figure 9.

3.5. Probability Density Function

It is clearly seen in Figure 8 and Figure 9 that the temperature distributions at the inlet (TC-1)
and outlet (TC-2) for all coolant treatments exhibit very high kurtosis; several temperature ranges
have a very high frequency of occurrence. It is quite different from the temperature on the battery
wall. No dominant temperature appears when the coolant is not moving (quiet air and quiet
water). It is caused by insignificant temperature fluctuations and by natural heat transfer via
convection, so the temperature decrease tends to be gradual. When the coolant is circulated (Qa
= 0.1 to 0.5 Ipm) to induce forced convection, the temperature distribution narrows, leading to
several dominant temperatures and increased kurtosis. For the bottom wall temperature of the
battery, TC-7 and TC-8 tend to exhibit PDFs with low kurtosis. It indicates a spread in the emergence
of temperature due to the random flow pattern downstream of the ejector bubble generator.
Entropy analysis is needed to see the random flow and temperature level more objectively, as in
Figure 10.
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Figure 9.
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3.6. Chaotic Analysis

Chaotic systems are characterized by patterns that never repeat the same, or the level of
regularity of the time series, which can be determined using several methods, such as the
Kolmogorov-Smirnov [33], [34], Approximate entropy (AppEn) [53], and Sample entropy (SampEn)
[54], [55]. The current study uses SampEn because it develops the AppEn and Kolmogorov
methods. SampEn provides more accurate results than ApEn because it does not calculate self-
matches (patterns that are compared with themselves) and is more stable for short datasets [54].
The SampEn calculation in this study uses parameters commonly used in physical time series
analysis, such as the Embedding dimension (m), which is chosen to be 2, because this value is often
used in experimental signal analysis to maintain a balance between sensitivity to data patterns and
the need for sufficient data length [48], [56]. The tolerance (r) is set to 0.2 times the standard
deviation of the data, a value widely recommended in the entropy analysis literature for physical
and biomedical systems. This value allows the detection of similar patterns in the signal without
being overly sensitive to measurement noise [57]. The selection of these parameters aims to
ensure that the obtained entropy values reflect the real complexity of temperature dynamics.

Figure 10 shows the entropy of each temperature and cooling fluid position. A relatively large
entropy occurs at the inlet and outlet for a stationary cooling fluid. It indicates that the
temperature change pattern is irregular due to natural convection, which causes irregular
movement of the cooling fluid. Circulating water tends to have the lowest entropy because the
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because the smaller the bubble diameter and the fewer bubbles produced, causing more random
bubble movement due to the higher frequency of bubble merging and breaking [46], [47], as well
as the longer time for elongated bubbles to break and detach from the bottom wall of the battery,
which ultimately causes irregular temperature changes.

In the context of temperature dynamics in battery cooling systems, sample entropy is used
to measure the complexity and irregularity of temperature fluctuations over time. Higher entropy
values indicate a system experiencing more random and unstable temperature fluctuations, while
lower entropy values indicate more orderly and stable thermal behavior. In this study, the decrease
in entropy observed after bubble injection indicates that battery temperature fluctuations are
better controlled. It indicates that the fluid-mixing mechanism induced by the bubbles can improve
the stability of the heat transfer process. In other words, the decrease in entropy reflects a more
stable thermal condition, which aligns with the experimental results showing a decrease in the
maximum temperature and thermal resistance of the system.

Conventional thermal analysis of battery cooling systems typically focuses on macroscopic
parameters, such as average and maximum temperatures and the heat transfer coefficient. This
approach is effective for evaluating the system's overall performance, but often fails to capture
the nonlinear and temporal dynamics of temperature fluctuations, particularly in two-phase flow
systems. Stochastic characterization via statistical moments and sample entropy enables a more
in-depth analysis of the temporal structure of the temperature signal. This method can identify
changes in thermal dynamics patterns, such as the degree of instability of temperature
fluctuations, changes in the complexity of thermal dynamics, and the system's response to two-
phase flow disturbances. Thus, this approach provides additional insights into the system's thermal
stability that are not readily apparent from average or maximum temperature parameters alone.

4. Conclusion

This study provides information on the potential of using bubble generators as a cooling
medium in LiFePO4 battery thermal management systems. It uses various cooling fluids, including
air, water, and an air-water mixture. The flow patterns of the formed bubbles, the maximum
temperature of the battery wall, thermal resistance, PDF, and chaotic system are analyzed to
characterize the temperature time series. The PDF was quantified using statistical moments,
including mean, variance, skewness, and kurtosis. The results can be summarized as follows:

e Slug film, elongated slug film, and clustered bubbles form on the bottom wall of the battery.
The greater the injected airflow rate, the faster the elongated slug film detaches from the
bottom wall, thereby improving thermal performance.

e Quiet air coolant has the highest maximum temperature compared to the others. The greater
the air flow rate, the lower the maximum temperature. There is a 3.75% decrease in maximum
temperature between quiet air and bubble coolant with an air flow rate of Qa = 1.5 lpm.

¢ The highest total thermal resistance is 0.17078 °C/W in the circulated water cooling fluid, and
the lowest is 0.16057 °C/W in the cooling fluid with Qa = 1.5 lpm, resulting in a 5.98% decrease
in thermal resistance.
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e When the coolant is stationary (quiet air and quiet water), no dominant battery wall
temperature is observed, resulting in a low-kurtosis PDF. The farther the battery wall
thermocouple is from the bubble generator nozzle and the greater the air flow rate supplied,
the lower the kurtosis of the PDF curve.

¢ Significant entropy occurs at the inlet and outlet of a stationary coolant fluid. Circulated water
tends to have the lowest entropy. The greater the supplied air flow rate, the lower the entropy.
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