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ABSTRACT 
This paper investigates the working fluid with different flow directions on the battery management cooling system with de-ionized water and ferrofluid 
(0.015%by volume). The pack of batteries with two different coolant directions (Models I, II) used in the present study with sixty Li-ion cylindrical 
cells (25.2V and 30A) are tested under the trickle method for charged process and constant ampere for the discharged process to consider the battery 
module temperature distribution and cooling performance. The uniform temperatures of the battery pack significantly affect the long lifecycle and 
thermal performance. It is found that average temperatures are nearly constant at about 28.5oC and 29.65oC for models I and II, respectively. Decreasing 
the maximum temperature of the pack and the temperature gradient across the cell results in the decreasing reverse effect of the cell. In addition, the 
cooling model I gives the temperature gradient across the cell less than those from model II. In addition, the improved thermal physical properties of 
the coolant (Ferrofluid) significantly affect the battery pack decreasing operating temperature, compared with de-ionized water. However, the cooling 
system optimized condition, including the battery module with different operating conditions on a large scale, has been done for more extensive thermal 
performance and a more significant long lifecycle. 
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1. INTRODUCTION 
The batteries have been continuously developed from the lead-acid types 
to Nickel-based types and then now Li-ion batteries (Chen et al., 2016), 
which the Lithium-based types have many different cathode materials. 
For ideal, the battery charging process is performed at 100% state of 
charge (SOC) and 0%SOC for the discharging process. However, it has 
performed 90%SOC for the charged condition and 20% SOC for the 
discharged condition for safety. For the charging process, the average 
temperature of the battery should be between 0-45oC and 20-60oC for the 
discharging process. The thermally stable LiMn2O4 is more than LiCoO2 
for the battery using 500 cycles, and the cell capacity loss of about 
12.91% (Chen et al. 2017). 

The cylindrical shape battery is designed to mimic the battery and 
internally created roll alternating with stainless steel and mica layers. The 
cylindrical cell density module is about 1593 kg/m3. This result is similar 
to the 18650 types (Spinner et al., 2016), which have an operating 
temperature of 20–40oC. However, under the thermal runaway effect, the 
temperature can be increased over 80oC (Deng et al., 2018). The rising 
temperature is still lower than 3oC (Jaguemont et al., 2018) for the fast-
charged condition. Energy efficiency for the fast charging two-stage 
constant current process with high-low is better than the two-stage 
constant current with low-high and standard one-stage constant current 
(Xu et al., 2018). The status stage of the charged condition is determined 
from the remaining time of discharged condition (Chen et al., 2019). For 
the charged condition, the maximum current is used 6.7 times the total 
current (Amietszajew et al., 2016). The main topic of research on battery 
Li-ion focuses on safety without thermal runaway (Abada et al., 2016). 
The properties of the cylindrical cells are different between the radial and 
axial direction anisotropic (Drake et al., 2014). 

The BTMS has research and experiment to control the temperature 
with air, water, other liquids, and phase change material (PCM) for 
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cooling batteries used method direct or indirect. The BTMS can be 
protected from the temperature rise to the critical point. This may be 
caused to thermal runaway. Appropriate BTMS will increase the 
efficiency of electric vehicle batteries (Liu et al., 2017). The battery 
thermal runaway has an enormous effect on EVs working efficiency. 
This effect is not suitable for the battery thermal management system or 
electrochemical short-circuits, such as a controlled temperature lower 
than 110oC of LiFePO4 battery (Wang et al., 2012). Concept three-level 
of the thermal runaway hazard is mechanical, electrical, and thermal 
abuse to reduce this hazard of smoke, fire, and explosion (Feng et al., 
2018). Larsson et al., (2018) experimentally studied the Graphite-LiCoO2 
battery has thermal runaway risen at temperature 190oC. While 
experiment test with LiO2 graphite battery has thermal runaway growth 
in environmental temperature start 150oC (Ren et al., 2018), the thermal 
runaway hazard with compression battery (Sheikh et al., 2017), and with 
phase change materials (Wilke et al., 2017). In the LiCoO2 battery test at 
an environmental temperature of 80oC in different conditions of SOC, 
the results show that 100% SOC lowest onset is thermal runaway risen 
(Taniguchi et al., 2019), and battery deterioration can increase the 
thermal runaway (Parhizi et al., 2017) when the increasing battery 
temperature causes the reducing electric power to 75% (Feng et al., 
2015). Also, thermal runaway is a chain chemical reaction that causes 
increasing cell temperature. Many researchers have solved this problem 
by designing a cooling system to protect battery thermal runaway with 
many different techniques, including a mini-channel heat sink, graphite 
composite sheet, and aluminum extrusion (Yuan et al., 2019). The BTMS 
has a fluent effect on working efficiency and long lifetime. The battery 
cooling systems are divided into three groups according to the coolant 
flowing in the system. 

Air cooling is the technique in which air flows through an electric 
vehicle battery module. Researchers have designed the air cooler by 
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forcing air to flow through space under conditions such as the inlet air 
corner, outlet air corner, air channel size, and outlet air channel size. 
Research conducted on the air pattern that flows through the space 
between the batteries (Cheng et al., 2018; Xie et al., 2017; Hong et al., 
2018; Chen et al., 2017;2017;2018; Sun et al., 2014; Shahid et al., 2018; 
Chen et al., 2016) includes the length of the pipe, pipe diameter, the gap 
between the pipe and battery, and the amount of pipe by adjusting the 
speed, flow rate and air volume that feed into the system (Mousavi et al., 
2011, Lu et al., 2016;2018; Kitagawa et al., 2014; Saw et al., 2017). 
Bolsinger et al., (2019) studied on the electrical impact test determines 
the electrical voltage, the current used for the C-Rate test, and the 
observation of the battery module for the SOC energy content. This also 
includes the study for achieving low cost and use for air cooling in 
electric vehicles (Erb et al., 2017). Most researchers focus on thermal 
management efficiency in an air-cooling system to determine the highest 
operating temperature, the uniform temperature of the battery, and the 
average temperature. The maximum temperature is controlled not to 
exceed 40oC, the energy used is reduced, and the costs are reduced. U-
type flow allows for up to a 70% temperature difference and optimized 
formulation. 

Liquid cooling allows fluid to flow through the pipe or the flow 
channel for a cooling system. The equipment used may be an auxiliary 
material or a device made as a model with both a battery and a fluid flow 
channel. For the materials, researchers have tried using aluminum blocks 
(Rao et al., 2017), aluminum foams (Saw et al., 2017), aluminum tubing 
in combination with flexible graphite (Zhang et al., 2017), or carbon fiber 
composites (Pety et al., 2017). Electrical testing was performed with the 
C-Rate current at various rates (Zhao et al., 2018; Li et al., 2018; Malik 
et al., 2018) in conjunction with the adjustment of the mechanical 
parameters, which are flow rate or mass flow rate (Zhao et al., 2015), 
pipe contact surface area, or pipe heat exchanger area along the pipe 
length (Jiaqiang et al., 2018). Additionally, the number of pipes (Jarrett 
et al., 2014), size of pipes (Tan et al., 2018), including the use of 
nanofluids (Wiriyasart et al., 2020) were implemented to increase 
thermal cooling efficiency.  

Aside from air and liquid cooling independently, both systems are 
also brought to work together by researchers who have designed a device 
for cooling the battery by relying on forced-flowing cool gas and cold 
liquid and analyzed from numerical method computational flow 
dynamics to find forced-flowing cool gas. The turbulence of the cold gas 
will affect the cooling efficiency. Compared to the vacuum cooling 
method (Wang et al., 2017), the battery generates an overall heat of 576 
watts. The type of cooling system has significantly increased the cooling 
performance. Energy consumption for an air-cooling system is 2-3 times 
more than liquid cooling. The cooling fins will improve the system 
weight by more than 40%. The indirect liquid is the best for decreasing 
the operating temperature. Although the cooling efficiency of an indirect 
approach is less than that of a direct liquid system, it is only marginally 
less while proving to be more practical (Chen et al., 2016). In liquid 
cooling, fluid efficiency can be improved by adding nanoparticles to 
increase heat exchange efficiency (Wang et al., 2017). Recently, the work 
on lithium-ion battery thermal behavior has been reviewed (Galatro et 
al., 2020; Singh et al., 2021). Next, Ghiji et al., (2021) experimentally 
studied the thermal behavior of the electrolyte using a calorimeter and a 
Bunsen burner as a precursor to examining the effectiveness of a water 
mist suppression system in extinguishing a lithium-ion battery pack. 
Budiman et al., (2022) experimentally visualized the streamwise 
development of counter-rotating vortices from the electric vehicle battery 
module. Zhang et al., (2022) studied the self-forming air-cooled battery 
rack. 

As reviewed above, there are many cooling methods to reduce 
thermal accumulation. The heat transfer ability depends on the properties 
and fluid flow characteristics of the working fluid, air, and liquid 
systems. Besides, the physical properties improvement of working fluid 
flowing through the cooling system has received much attention, with 
higher heat transferability. Sirikasemsuk et al., (2020;2021;2022) 
investigated the thermal cooling characteristic of the battery module with 

the thermoelectric cooling module with nanofluid as an in-direct coolant 
(Hot side flow channel). The present study has been done continuously 
by using ferrofluid and water as direct coolants flowing into the 
cylindrical battery pack with different flow directions. The ferrofluid and 
water have been used as the direct coolant for the battery module (Flow 
in the cold side flow channel of the thermoelectric cooling module). They 
are widely used in many applications. Therefore, the sixty 18650 
cylindrical Li-ion cells are tested with charge and discharge processes 
which are directly chilled by ferrofluid flowing through a newly designed 
cooling system with the different flow directions of coolants.  

 

Fig. 1 Schematic diagram of the experimental apparatus 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Details of (A) the battery connection and (B) temperature 
measurement positions 
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Table 1. Uncertainty and accuracy of the instruments. 

Instruments Accuracy Uncertainty 

Voltage supplied by power source, 
voltage 
Current supplied by power source, 
ampere 
Digital weight scale, gram 
Thermocouple type T, Data logger, oC 

0.20% 
 

0.20% 
 

0.01% 
0.10% 

±0.50 
 

±0.50 
 

±0.01 
±0.10 

 

 
Fig. 3 Details of the coolant flow direction for different battery cooling 

modules 

2. TEST APPARATUS AND PROCEDURE 

2.1. Test apparatus  
The test systems, R134a refrigeration cooling system, cold side coolant 
system, hot side cooling system, and electrical control system, are 
demonstrated in Figure 1. The generated heat is chilled by the ferrofluid 
coolant entering the jacket flow channel of the battery module. It enters 
the cooling heat exchanger (radiator) to decrease temperature and flows 
into the cold-side flow channel of the thermoelectric cooling module to 
keep constant inlet ferrofluid coolant temperature before entering the 
pack. However, the hot-side flow channel of the thermoelectric cooling 
module (TCM) is chilled by water, which is chilled by the refrigeration 
system for the next cooling loop, as shown in Figure 1. The details of the 
thermoelectric cooling module can be read from Sirikasemsuk et al., 
(2020;2021;2022). The ferrofluid coolant flow rate monitoring can be 
adjusted by a floating flowmeter, while the digital weight scale-with-
stopwatch method measures an actual mass flow. The flow rate variation 
is recorded three times to repeat the measured data. In addition, the 
accuracy and uncertainty of the instruments are listed in Table 1. 

2.2. The liquid cooling system of the battery pack 
The 18650 types with the cylindrical shape of the pack and with the liquid 
system are tested. For the cylindrical battery module of the tesla, EV 
consists of 16 modules, 444 cylindrical battery cells, and eight-row for 
each module. For this study, only a row of the battery is used in the 
experiment, which consists of 60 batteries and the liquid cooling 
package. The cylindrical Li-ion batteries arrangement consists of six 
rows, and each row consists of ten cells. Ten cells in each row are a series 

connection, and each battery row is a parallel connection, as shown in 
Fig. 2(A). The total voltage and ampere of the pack are 25.2V and 30A. 

More details of the two-pole connection can be seen in 
Sirikasemsuk et al., 2020). The digital control circuit controls the 
supplied voltage and current for the charged and discharged processes, 
which changes the connection or disconnection time through the 
LabVIEW. The power supply connected to the electrical battery pack can 
be controlled through the battery management system (BMS). The 
relevant instruments for measuring the various parameters are pre-
calibrated with the standard calibrator. As shown in Fig. 1, the electrical 
circuit designed for this experiment can adjust the current as needed 
within the device operating range. In addition, there is a device in the 
electric control cabinet to read the battery capacity, battery voltage, and 
current.  

The details of the cooling system are found in Sirikasemsuk et al., 
(2020). In the present study, two different flow directions are tested, as 
in Fig. 3. For model I, the working fluid enters the cooling jacket at the 
front lower flow channel, rear lower flow channel, and front upper flow 
channel and then into the rear upper flow channel. For model II, the 
coolant enters the cooling jacket at the front lower flow channel, rear 
lower flow channel, and back upper flow channel and then into the front 
upper flow channel. 

All thermocouples are connected to the Datataker DT85, which is 
linked to the personal computer. All type-T thermocouples are pre-
calibrated with a dry block type calibrator and are installed for measuring 
the cell temperature of the pack for the inlet zone (T1-T3), the middle 
zone (T4-T5), and the outlet zone (T6-T7). The coolant temperatures are 
measured at the central zone of each flow channel; the front below 
channel (T8), the back below channel (T9), the front top channel (T10), 
and the back top channel (T11), as shown in Fig. 2. 

2.3. Ferrofluid preparation 
Iron-oxide nanoparticles (Fe3O4) with properties as shown in Table 2 are 
applied as the nanoparticles suspending the water (Ferrofluid) with a 
concentration of 0.015% by volume. The uniform suspending of 
nanoparticles is performed continuously by an ultrasonic bath (DELTA) 
until the obtained stable solution. The ultrasonic bath is held on On-mode 
for 20 minutes each hour to keep the solution stable during the 
experiment. The %transmittance spectrum for the first and after two days 
of the ferrofluid is measured using the Spectrophotometer UV-1800 
(Shimadzu, Kyoto, Japan). It is found that the %transmittance spectrum 
at first and the two days are similar and give an error of 0.92%, which 
means that the ferrofluids still maintain good stability (Sirikasemsuk et 
al., 2020). The proposed correlations (Pak et al., 1998, Xuan et al., 2000, 
Drew et al., 1999, Maxwell, 1881) for calculating the ferrofluid 
properties are as follows.  

  𝜌!" = 𝜑𝜌# + (1 − 𝜑)𝜌$ (1) 

𝜇!" = (1 + 2.5𝜑)𝜇$ (2) 

  -𝜌𝐶%/!" = 𝜙-𝜌𝐶%/% + (1 − 𝜙)-𝜌𝐶%/$ (3) 

𝑘!" = 2&!'(&")(*(&")&!)&!'(&"'*(&")&!)
3 𝑘$ (4) 

Table 2. Thermo-physical properties of Fe3O4 (Shan et al., 2013). 

Properties Values at 25±1 

Density, (kg/m3) 5180 
Thermal conductivity, (W/m.K) 80.4 
Viscosity, (mPa S) - 
Specific heat, (J/kg.K) 670 
Purity, % >99.9 
Average diameter, nm 23 

 

 

 

 

Model I 

Model II 
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Fig. 4 Variations of battery cells temperature at various positions for charged and 

discharged processes without cooling  
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Fig. 5 Variations of average battery temperature 

2.4 Experimental test method 
First of all, the electrical system and the relevant systems must be safety 
tested. The surrounding temperature significantly affects the cooling 
efficiency. Therefore, the whole experiment setup and testing are 
performed in the air conditioning room (25oC). For the experimental 
process, the experimental approaches have been made by operating the 
battery module without coolant circulation to consider the generated heat 
of the pack with operating time. The operating conditions are the trickle 
method (A battery charger that delivers a very low voltage) for the 
charged process and 4A for the discharged process.  

In the experiment, multiply charged, and discharged processes are 
required to consider the generated heat of the battery module. Therefore, 
for the stability of the battery cells, controlling the battery module must 
control the charged and discharged time. The initial current is set to 4A, 
and the maximum voltage of 100 SOC is 25.2V, while a minimum 
voltage of 0 SOC is 18V. For a given hot and cold side coolant fluids 
flow rate and voltage provided into the TCM, the pack has been operated 
for the multiple charged and discharged processes. The variation of the 
relevant parameters with the operating time is recorded three times to 
repeat the measured data.  
 

3. RESULTS AND DISCUSSION 

The experiment is performed in the air conditioning room with a constant 
temperature of 25oC to decrease the outside air temperature variation 
effect. For the operating conditions of the battery pack, the charging 
process has been done under the trickle method (A battery charger that 
delivers a very low voltage) and the 4A current rate for the discharged 
process. In real-life conditions, the battery pack must be operating with 
multiply charged and discharged processes. Due to the internal 
resistance, the charged process takes longer than the discharged process. 
The charging time of the battery pack is 9 minutes for 100% battery 
capacity and 5 minutes for discharging time. The transition between the 
charged and discharged processes will delay 0.5 seconds, controlled with 
LabVIEW. Experiments have been performed with two different coolant 
flow directions, as shown in Fig. 3. First, the pack is controlled with 
multiple charged and discharged processes without coolant circulation. 
Without coolant circulation, the generated heat moves from the cells to 

the cooling battery cooling jacket by conduction mode and accumulates 
in the jacket. It is found that the cell battery temperature in the middle 
zone is the highest value and tends to decrease for other positions. In 
higher operating loops (Charged and discharged processes), the battery 
pack temperatures at various positions continuously increase with 
operating time. For the battery pack, the typical reaction between two 
poles reaction significantly affects the cell reaction during operation. The 
reaction is endothermic for the charged process and exothermic for the 
discharged process. Therefore, the temperature tends to decrease for the 
charged process and increase for the discharged process, as shown in Fig. 
4. The total battery cell temperature increases with increasing operating 
time but is still less than 40oC. Generally, the pack stability and safety 
are obtained as the pack is operated at a temperature of less than 40oC 
(Heubner et al., 2015). During the operation, the two heat modes are 
generated (Bernardi et al., 1985). The reaction heat is caused by lithium-
ion embedding on/off between two poles. For the charged and discharged 
processes, the reactions are endothermic reactions and exothermic 
reactions, respectively. Generally, the generated heat from the battery is 
divided into two modes: reversible and irreversible. Reversible heat 
mode is produced from entropy change inside the battery, and 
overpotential resistance and electrical resistance cause the irreversible 
mode (Bernardi et al., 1985) as follows; 

𝑄 = ±𝐼(𝑈!" −𝑈"# −𝑈) − 𝐼 )𝑇
$(&!"'&"#)

$)
+ (5) 

 I(Uca-Uan-U) is the heat mode due to entropy change, and the 
second term is the irreversible heat mode due to electrical resistance, and 
the details can be seen in Heubner et al., (2015), Bernardi et al., (1985), 
and Nazari et al., (2017). The liquid cooling system is chilled directly 
using a ferrofluid. Therefore, there are no previously published data to 
validate the measured data. However, the changing temperature trends 
during the operation are similar to the previously published results 
(Pesaran, 2002). The cell temperature significantly increases with 
operating time. However, as the operating time is > 10 hrs, the battery 
cell temperature slightly rises. Based on the present results, the 
relationship between the increasing battery temperature and the operating 
time, in the operating time of 15 hrs (Fig. 5), is proposed as in the 
following; 

 (6) 

The application range is 0 < t < 15 hr and gives R2 = 0.9961. 
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Fig. 6 Variations of average battery temperature for charged and discharged processes with cooling for different battery cooling models 
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Fig. 7 Variations of the temperature difference between the upper and lower zone of cell battery for different battery cooling models 
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Fig. 8 Variations of the inlet and outlet temperature difference for different coolant types of battery cooling model I 
 
 

 

Fig. 9 Variations of average battery temperature for battery cooling model I 
 
 
Figure 6 shows the average battery temperature with the circulation 

of the coolant. The Battery pack is operated (multiply charged and 
discharged processes), and the temperature increases and nearly reaches 
38oC, and then the coolant circulation is operated. The liquid circulation 
significantly affects the heat removal ability, reducing the temperature 
and giving values less than 30oC. However, although the pack 
temperature decreases with operating time for the coolant circulation, the 
changing battery cell temperature during the multiple charged and 
discharged processes is still similar without coolant circulation. The 
temperature increase for the discharged process is less than the 
temperature decrease for the charged process, as shown in Fig. 6. In the 
cooling system model I and model II, the cell temperatures reduce and 
decrease to less than 30oC for 2.5 hours after flowing coolant circulation 
and, after that, nearly constant at about 28.5oC for the model I and 
29.46oC for the model II.  

In this work, the test procedure has been done with two different 
flow directions, as shown in Fig. 3. The coolant flow direction 
significantly affects the cell battery temperature gradient. The 
temperature gradient across a cell (Both front and back sides) from two 
cooling models is shown in Fig. 7. At the inlet port zone of the coolant 
entering the pack (Left-hand side), the minimum temperature is obtained 
and tends to increase on the other side. This is because of the higher 
temperature difference for this zone, which results in more cooling 
capability than different zones. For model I, the maximum temperature 
gradient across the cell is about 0.17oC for the front side and 0.37oC for 
the backside, while the model II, the maximum temperature gradient 
across the cell is about 1.07oC, 0.37oC for the front side and the back 
side, respectively. This means that the temperature distribution of the cell 
battery for the cooling model I is better than model II. The decreased 
temperature gradient across the cell results in a reduced adverse effect. 

Commercial lithium-ion batteries are subject to temperature fluctuations 
due to their local environment and operating conditions, and these 
transient temperatures are well known to impact long-term stability. The 
adverse effects of temperature shifts show that transitioning from low to 
higher temperatures can lead to catastrophic failure. In addition, the 
temperature distribution characteristics for water as coolant are similar 
to those for ferrofluid as coolant, as shown in Figs. 8, 9. As shown in Fig. 
8, the temperature difference between the inlet and outlet for ferrofluid 
as coolant is higher than those for water as coolant. However, they are 
less than 1oC. This means that the cooling ability of ferrofluid is higher 
than water, which results in lower battery pack temperature, as shown in 
Fig. 9. The suspending nanoparticles promote the Brownian motion, 
which has a significant effect on the heat transfer enhancement and 
turbulent intensity. This means that ferrofluids heat removal capability is 
more effective than their base fluids. 

4. CONCLUSION 
The battery module must be operated at the designed temperature for 
higher thermal performance and a longer life cycle. Therefore, the BTMS 
is significant for chilling. There are many cooling battery direct and 
indirect methods. In the present study, the battery module with sixty 
cylindrical cells is chilled using the direct liquid cooling method with two 
different coolant flow directions. The results showed that the average 
battery pack temperature increases with increasing operating time 
without the coolant circulation process. The temperature difference 
between the upper and lower zones across a cell is 0.27oC, and 0.72oC, 
for model I and model II, respectively. The decreased temperature 
gradient across the cell reduces the adverse effect of temperature, which 
can reduce the failure of the cells. The average battery temperature 
obtained from model I is 1oC lower than that from model II. This means 
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that cooling model I is better than cooling model II. In addition, the 
thermal cooling enhancement for ferrofluid as coolant is 4.2% more than 
for de-ionized water as coolant. However, the optimized condition with 
the coolant circulation, a larger scale of the battery pack, and different 
operating conditions have been performed for more extensive thermal 
performance and a more significant long lifecycle. 

NOMENCLATURES 

Cp  specific heat capacity, (kJ kg-1 oC) 
I   current, [ampere] 
k  thermal conductivity, (W m-1 oC-1) 
T  temperature, (oC) 
t  time, (hr) 
U  open circuit potential, (voltage) 
Greek symbols 
𝜑  volume fraction, (%)  
r  density, (kg m-3) 

µ  viscosity, (Pa s) 
Subscripts 
nf  nanofluid 
p  particle 
w  water 
ca  cathode 
an  anode   
Acronyms 
BMS  battery management system 
C-rate   discharge/charge rate relative to  

maximum capacity 
EV  electrical vehicle    
PCM  phase change material 
SOC  state of charge  
TCM  thermoelectric cooling module 
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