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ABSTRACT 

In this study, the performance of a liquid cooling plate for lithium-ion battery modules 
was investigated. 

The major factors tested in steady-state conditions were inlet temperature, water velocity, 
number of cooling channels, and cooling barrier length. The number of cooling channels 
and the inlet velocity of cooling water were found to have a significant impact on water 
flow distribution inside the cooling channel. Changing the cooling barrier length had less 
influence on water flow. The average velocity of the fluid flowing over the bounding 
surfaces can be affected by the channel count, and the inlet temperature of the liquid 
also affects the maximum temperature of the battery pack. 

The maximum temperature at the outlet section was typically shown in the 3-channel 
arrangement when the lowest water velocity was used. The heat removal rate from the 
battery pack was consistent, conforming to the basic theory of the steady flow energy 
equation, and it needed to be equal to the heat generation rate inside the battery. The 
study achieved velocity consistency and water dispersion. The average velocity of the 
fluid flowing over bounding surfaces was affected by the channel count, and the inlet 
temperature of the liquid also influenced the maximum temperature of the battery pack. 
If the inlet velocity increased, the water distribution in the channel would become worse 
and the channel velocity would become more different in each block. The four-channel 
design produces the best velocity uniformity since the standard deviation was observed 
to be the lowest.  

The maximum amount of pressure drop appeared to be in the 2-channel configuration 
compared to the 3-channel and 4-channel designs. The standard deviation was also 
greater in 2 channel design, reflecting uneven flow velocity. 
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In addition, the 6-channel had the least flow cross-sectional area  due to the space 
limitation and causing the gap width of only 12 mm whereas the 2, 3 and 4-channels had 
41, 32.5, and 20.5 mm. 

In general, the 6 channel had more friction resistance among other configurations when 
flow passes through the channel. With the highest SD , It had the least uniformity among 
all configurations which brings the pressure drop to be the highest. 

The second accomplishment was a three-dimensional thermal model to simulate a 
battery cooling system. Under typical working circumstances, the temperature distribution 
of the entire battery pack was exhibited. The results showed that deploying a 30 °C water 
inlet temperature helped keep the battery cell temperature within permissible limits. At 
a charging rate of 0.75 C and a maximum heating value of 0.307 W, the highest average 
temperature of the 9th cell was within acceptable limits, resulting in the highest 
percentage of battery performance (120%). Transient simulation results indicated that the 
highest average temperature at the 9th cell occurred within a specific time range, 
demonstrating the importance of considering transient conditions in the cooling system 
design. The simulation results were expected to aid in the design of a battery cooling 
system based on a mini-channel in a liquid-cooling configuration. 

The statement also emphasizes that the inlet temperature of the cooling liquid has an 
impact on the maximum temperature of the battery pack. This implies that the 
temperature of the cooling fluid entering the system plays a crucial role in determining 
how effectively heat is transferred away from the battery pack. Maintaining a specific inlet 
temperature may be a critical factor in ensuring optimal cooling performance and 
preventing the battery from reaching excessively high temperatures. 

Overall, the study provides insights into the factors influencing the performance of the 
liquid cooling system for lithium-ion battery modules and offers valuable information for 
the design of efficient cooling systems. The results of the simulation would help to design 
a battery cooling system based on a mini-channel in a liquid-cooling configuration. The 
average velocity of the fluid flowing over bounding surfaces is influenced by the channel 
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count. This suggests that the number of cooling channels in the system has a notable 
effect on the flow dynamics and how efficiently the cooling fluid moves through the 
system. The design with a specific channel count may contribute to achieving a more 
consistent and controlled flow. 

Keywords: cooling efficiency, channel count, lithium-ion battery, flow dynamics 
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CHAPTER 1 
INTRODUCTION 

1.1 Research Background 
At the present, Electric vehicles (EVs) tend the solution for modern vehicles. EVs 
require less number necessary parts compared to Internal combustion engine vehicles 
(ICEVs) and can use electricity from alternative energy resources such as wind turbines, 
photovoltaic, water dam powers, etc. However, battery pack cost, driving range, and 
thermal management system are the challenge of EVs. To reduce the battery cost, the 
number of battery cells must be decreased; consequently, the driving range is 
shortened, and the battery temperature is raised. Therefore, the thermal management 
system needs to be developed to prolong the life of the battery pack 

 

1.1.1The effect of heat on Battery performance 
The battery is one of the most important parts of electric vehicles (EVs). The modern 
development of EVs requires higher capacity and power densities from battery packs. 
It is always expected that the number of battery cells can be packed as much as 
possible to maximize the output capacity and power density. However, high power 
load usage leads to a serious thermal issue due to heat generation. The temperature 
is sensitive to the battery performance and lifetime of battery cells. If the battery 
temperature is higher, the battery performance is higher because the higher 
temperature can accelerate the chemical reaction over the rated limit as shown in 
Fig.1.1 and Fig1.21.1.2Battery cooling system 

           There are different forms of thermal management for battery packs. They are 
primarily divided into three categories: liquid cooling [8–10], cooling using phase 
change materials (PCMs), and cooling using air [2-4]. These techniques have benefits 
and drawbacks. According to D. Chen et al. [11], air cooling is simple to build but has 
poor cooling effectiveness and is insufficient to sustain temperature under adverse 
circumstances. The PCM cooling system based can efficiently lower temperatures and 
eliminate temperature differences, but its use is limited by phase changes in volume 
and encapsulation. It is a strong system to use liquid cooling. Its ability to remove heat 
is, however, limited. Due to the addition of several techniques, it is now better suited 
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for battery heat management systems and some techniques added such as channel 
design, flow rate, and coolant inlet temperature control are applied to enhance the 
performance of the cooling system. 

 
Fig. 1.1  The power as a function of the lithium-ion battery temperature 

 
    Fig.1.2  The battery life as the function of lithium-ion battery temperature 

  On the other hand, battery life is lower when the battery temperature is higher. 
Therefore, a suitable battery temperature needs to be considered. A. Greco, X. et al. 
[1] have reported that the battery temperature should be maintained in the range of 
20–40°C  and that the maximum temperature difference for entire packs should be 
less than 5°C. The battery life will reduce at higher temperatures, which is the most 
important factor that influences battery aging and causes premature battery failure. 
Higher temperatures mean a faster chemical reaction inside the battery, which 
increases water loss and corrosion as well, so the Temperature of the battery should 
be no more than 33 °C, as A. Greco, X. et al. [1] explained, to maintain the battery life 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



 

3 
 

to be more than 10 years, as the current prediction is that an electric car battery will 
last from 10 to 20 years before they need to be replaced 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

Fig. 1.3   10S36P Battery Module Model 
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1.1.3The 10S36P Battery Module 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1st Remove the upper case and positive plate because they 
are not considered for cooling in the positive terminal. 

 

 

4th Remove the plastic base 
because it is an insulation part 

and has lower thermal 
conductivity. 

5th Cutting the xz plane to 
show half the cooling module 
because the cooling system is 

symmetric 

2nd Neglect the ohmic heating on the 
busbar that conducts the heat to the 
positive terminal. So, the busbar will 

be removed. 

3rd Remove all of the insulation parts [the 
bushes and all connectors] that can fasten the 

battery module. 
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Fig 1.4 18650 Li-ion Battery Module with cooling channel configuration 

           Fig.1.4 displays the Battery module, which has one hundred and eighty 18650 
Li-ion battery cells in the battery pack. Each battery module contains 36 cells and is 
enclosed within aluminum cooling plates. This module is made up of several parts. 
The first is Busbar, which is a copper strip with connectors for connecting to the 
battery's negative terminal and is intended to restrict potential negative differences 
and reduce multiple connections to specific terminals. Then there's the plastic base, 
which acts as insulation between the battery pack on both sides. When only each 
battery module is considered, it has three parts: the nickel coating, which contributes 
to higher energy density; a larger storage capacity and enhanced electrical conductivity. 
Anodized aluminum plate can create a stable aluminum oxide layer that is completely 
integrated. This one is used as a cooling liquid plate because it can protect the 
dielectric substrates from being damaged during heat transfer through the battery 
module. 

 

Negative Terminal 
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Fig.1.5 Previous design of liquid cooling plates with two flow channel per base 
for the water-cooling system 

1.2Research Objectives 

This study will look into two aspects to determine how much heat is removed from a 
battery and find the cooling performance, as explained below in the three main 
sections. 

Firstly, consider the external factors that significantly influence heat conduction on the 
battery surface. The design idea is to vary the number of cooling channels on the 
aluminum cooling plate with barriers at the inlet and outlet sections, then adjust the 
cooling channel configuration by making the cooling channel space equal, which is 
different from the previous design and can affect the cooling performance. 

Secondly, the key elements influencing the display of a velocity plot are the flow 
parameters, which are the main variables in the cooling module, such as the mass flow 
rate and the intake temperature of the water. The domain and working fluid are 
specified by geometry, followed by a steady-state simulation to determine the amount 
of pressure drop at the inlet-outlet section. the temperature differences and maximum 
temperature of the water at the output slots in every configuration, and the last one 
is to compare the results to find the cooling performance at each type. 

Outlet part 

Inlet part 

Cooling water inside 

Flowing barrier  

Thickness[7.8mm] 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



 

7 
 

 Finally, the heat-removed value from the battery module to the aluminum cooling 
liquid plate will be calculated, and the plot data will be compared later with numerous 
designs. 

1.3Scopes of Work 

Focusing only on the NSTDA patent design of the liquid cooling plate and use the 
steady-state model to simulate the heat generation of the battery and the outlet 
temperature of water when the number of channels inside the cooling plate is 
designed and investigated. The fully developed model was applied to this asymmetric 
model. 

The simplified battery module in simulation [9 cells in one row] will be used to reduce 
the time consumption of parametric studies by considering only flow simulation and 
the distribution of temperature inside the battery from the 1st cell to the 9th cell. 
Therefore, the commercial 18650 lithium-ion battery cells from the Toriyama brand 
with a Li-Ni-Mn-Co (NMC) cathode were used in this investigation. At C-rate 0.75 C, the 
proposed current, the maximum heat generation rate to be used in the simplified 
battery is at 80% charged, or SOC = 0.8, and gains the maximum charging current [2A], 
so the simulation is set at 0.75 C during the charging event [a nearly ideal value at the 
charging process]. 

1.4Expected Results 

1. Difference Temperature of cooling water (∆T) plot with Inlet velocity of cooling 
water [m/s] in steady state condition 
2. Maximum Temperature of water through the cooling path from the inlet to outlet 
sections for each configuration [2, 3, 4, 6 channels] and heat removal value from the 
battery module that  compared with a different design with the cooling plate 
3. Velocity map of the flow visualization running at a constant heat source and 
displaying a three-dimensional transient issue on one roll of battery pack 

4. The temperature distribution of the 9th cell will be shown, and the average velocity 
within the water channel at the center flow will be compared to various cooling 
channel designs [2, 3, 4, 6 channels per base]. 
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CHAPTER 2 
LITERATURE REVIEW 

 

2.1 Li-ion Batteries 
Lithium batteries are available in three different shapes and sizes: cylindrical, 
prismatic, and pouch cell. The layers in cylindrical cells are rolled and placed in a 
cylinder, as shown in Fig. 2.1. The mechanical stability and simplicity of manufacture 
of this cell structure are advantages. For thinner design criteria, the prismatic cell 
shown in Fig. 2.2 was wrapped in packages. Pouch cells offer the most efficient packing 
since they do not have a metal container and may be stacked. 

  

 
 

Fig.2.1 Lithium-ion cylindrical cell composition [2] Fig.2.2 Lithium-ion 
prismatic cell composition [3] Fig.2.3Lithium-ion pouch cell composition [3] 
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To investigate the challenges of lithium battery heat management, several previous 
scholarly publications have been reported, and this review focuses on recent 
publications to provide better knowledge of lithium-ion thermal management. 

 

2.1.1Heat generated inside the batteries 
Since the battery's cooling is inversely proportional to the heat generated within it, it 
is critical to understand where the heat comes  from Bernardi et al[13]. The heat 
generated within a battery was calculated using a thermodynamic energy balance. He 
analyzes four factors that influence this equilibrium. The first is the electrical energy 
generated within the battery. Secondly, reversible reactions and entropic heating 
inside. The third process is the heat produced when the concentration of the battery 
temperature changes while the reaction progresses. 

The heat dissipated by the material phase transitions is the final process in the energy 
balance. 
The heat of mixing and phase shift are disregarded in the preceding phrase. The first 
term represents the overpotentials during charge transfer at the interface and ohmic 
losses. The second term is the reversible entropic heat from the reaction [24]. 

2.1.2Thermal management impact on battery performance 
The operational efficiency of lithium-ion batteries is highly reliant on cell temperature. 
The optimal operating temperature for lithium batteries is 15-35 oC [20]. Operating 
outside of this range will have an negative impact on the battery's performance 
and long lifespan. 

2.1.3Degrading performance 
High cell temperatures raise the internal resistance of the cell, reducing output power. 
Furthermore, higher temperatures will result in a greater loss of cycle performance. 
Lifecycle decline is the reduction of the cell's capacity whenever it is charged and 
then discharged. Cells that operate at greater temperatures acquire a greater amount 
of capacity after each cycle than cells that operate at lower temperatures [25]. 
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2.1.4Temperature distribution 

More heat will be created in battery packs as their size and charge/discharge rates 
rise. If this heat is not effectively dispersed, it will build up inside the battery packs. 
Furthermore, convective heat transmission is greater on the pack's exterior surfaces. 
As a result, the temperature distribution inside the battery packs will be uneven. As 
previously established, the performance of a cell is greatly dependent on its 
temperature. This indicates that temperature inequity will result in capacity variability 
between cells. This results in an impermeable cycle in which the cells with the right 
temperature must give more power to compensate for the low-performing cells, 
which leads to a rise in cell temperature [26]. 

In addition, lithium cells have a low tolerance to overcharging, so the overall charging 
capacity of a battery pack is limited to its lowest-performing cell [27]2.1.5Thermal 
Runaway 

When the temperature of the cell reaches a particular threshold, a sequence of 
undesirable exothermic reactions will occur that can raise the temperature. This chain 
reaction will continue and result in an event known as a thermal runaway. Feng et al. 
[28] conducted an experiment using prismatic 25 Ah Li-ion batteries and measured 
interior cell temperatures of up to 870 oC. If a thermal runaway is not adequately 
handled, the outstanding amount of heat and gas produced might result in a fire or 
explosion. Thermal runaway can occur for a variety of reasons, including excessive 
temperature, overload, and short-circuiting. 

When the SEI (solid electrolyte interface) decomposes, thermal runaway occurs. The 
SEI was utilized as the barrier between the negative electrode and the liquid 
electrolyte. When the SEI is destroyed, the electrolyte and electrode begin to react 
at roughly 100 oC. The reaction in this stage has become more exothermic, and the 
temperature of the battery will be raised. The separator between the anode and 
cathode melts around 130 oC, resulting in an internal short circuit. A chain reaction 
may begin at 200 oC that occurs in the lithium metal oxide, and then the electrolyte 
reacts with oxygen and disintegrates [20]. 
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2.2 Thermal management system for batteries (BTMS) 

When the cell's temperature exceeds a certain point, a series of unwanted exothermic 
processes occur. As previously stated, inappropriate battery temperature has a 
negative impact on battery performance, durability, and safety. As a result, each 
battery system requires a BTMS. The primary task of a BTMS is to retain the batteries 
at the proper temperature range while also ensuring uniform temperature distribution 
across the battery pack. Following that, depending on the use of the battery packs, 
several characteristics such as weight, size, reliability, and cost must be evaluated. 

2.2.1 Air cooling 
Air is the most common method of cooling and has been widely employed in a 
variety of sectors. Air may appear to be a poor cooling medium due to its low heat 
capacity and thermal conductivity. 

 
 

Fig.2.4 Toyota Prius Battery Pack with air cooling [33] 

However, because of its simplicity and low cost, it remains an appealing cooling option 
[20]. The Toyota Prius and Nissan Leaf are two well-known examples. Natural 
convection (Passive cooling) and forced convection (Active cooling) can be used to 
cool. Natural convection is only appropriate for low-density batteries. Furthermore, 
blowers and fans are often employed to increase the convection coefficient [26]. Due 
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to its poor heat capacity, when air is utilized to cool a sequence of batteries, the 
temperature rises rapidly. As a result, cell temperatures at the pack outlet rise, resulting 
in an uneven temperature distribution. As a result, further precautions must be taken 
to ensure homogeneity, such as increasing the coolant medium speed, introducing 
turbulence in the flow, and modifying the positioning of each cell. 

Wang et al. [30] investigated several cylindrical cell arrangements and fan locations. 
The optimum cooling performance was discovered when the fan was positioned on 
top of the module, and the most desirable layout in terms of cooling effect and cost 
was discovered when the cells were organized side by side in a square pattern. In a 
CFD simulation, Mahamoud et al. [31] have shown that employing reciprocating air 
flow may considerably enhance thermal performance of a battery module. Changing 
the direction of the airflow every 120 seconds can minimize the temperature 
differential between cells by 72% and the maximum temperature by 27%. 

2.2.2Liquid cooling 
When compared to air, liquid coolants offer various advantages. Liquid coolants have 
a higher convective heat removal rate than air due to their larger density and heat 
capacity without negatively impacting cooling capacity. Because of their larger density 
and heat capacity, liquid coolants can be 3500 times more effective in removing heat 
from battery packs than air cooling. When compared to air cooling, they can save up 
to 40% of battery power. Furthermore, liquid cooling can minimize noise levels. 
However, there are drawbacks to liquids as well, such as expense, complexity, and the 
possibility of leakage [26]. 

 
 

Fig.2.5 Liquid cooling system for  Battery 
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 Fig.2.6 Liquid cooling of Batteries and heat transfer takes place from the cells 

to cooling channels 
2.2.3Indirect liquid cooling 

Water is employed as one of the most efficient coolants in a variety of industrial 
applications. The biggest issue with directly cooling batteries with water is the 
possibility of short-circuiting. In order to prevent electrical conduction with the cells 
while retaining high thermal conductivities, 

indirect approaches are utilized. In their vehicles, EV manufacturers such as GM and 
Tesla use indirect cooling. Between each prismatic cell, GM employs cold plates. The 
cold plates are narrow and have several microchannels running through them. Tesla 
uses wavy tubes that pass between cylindrical cells. To fill the gap between the cells 
and cooling channels, a thermally conducting yet electrically isolating substance was 
employed. 

Although the wavy tubes appear less efficient due to the tiny heat transfer contact 
surfaces, they are mechanically and electrically safer. All coolant connections are 
made outside of the battery shell, removing potential leak zones. 
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Fig.2.7 Tesla cooling system schematic [32] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2.8 Tesla cooling system configuration [33] 
 

 
 
 

Fig.2.9 Chevrolet Volt Cooling system [33] 
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2.2.4Direct liquid cooling (Immersion) 
Direct cooling, also known as immersion cooling, cools the cell equally across its whole 
surface. This reduces hot and cold areas in the cell and boosts its performance. A 
dielectric coolant with low viscosity and high thermal conductivity and thermal 
capacity should be used for direct cooling. 

 
Immersion cooling is becoming more common in data center servers and power 
electronics. Immersion for BTMS is currently uncommon in the mass-produced EV 
market. This is most likely due to financial and safety concerns. As of today, immersion 
cooling for batteries has only been employed for prototype high-performance EVs and 
EV racing, according to the authors. 3M (Minnesota Mining and Manufacturing Company) 
manufactures dielectric liquids for cooling applications. 

The 3M Novec 7200 Engineered Fluid [34] was utilized by Xing Mobility for electric 
racing [35]. The fluid has a boiling point of 76 °C, which keeps the cells from overheating 
and causing thermal runaway. For the cells, we utilize simple containers for computing, 
which will be submerged in liquid [36]. 

 

 

 
 

 
 
 
 
 
 
 

 
                Fig.2.10 Xing battery module with immersion cooling [35] 
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2.2.5Phase change material (PCM) 

Hallaj and Selman [39] were the first to employ PCMs for BTMS. Because of its high 
latent heat, the phase change material works as a heat sink during battery discharge. 
When the cells are in standby mode, the PCM emits heat into the cells and the 
surrounding environment. The melting point of the PCMs utilized for thermal control 
is within the optimum performance range of lithium batteries. 

 
To improve heat conductivity, they combine paraffin (as PCM, with a melting range of 
32–38 °C) with graphite flakes. The graphite flakes will also form a semi-matrix block 
containing paraffin. As a result, even when the paraffin is melted, it remains within the 
matrix, and the entire composition retains its solid structure. Another advantage of 
solid PCM is that it functions as a shield in the event that one cell experiences a 
thermal runaway  

  
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2.11 Battery module with PCM  
However, there is a disadvantage to PCM. If the batteries are run for an extended 
period of time and the ambient temperature is too high, the PCM may fully 
melt and even behave as a thermal barrier due to its limited thermal 
conductivity. If the temperature was lower, the PCM would add thermal mass 
to the modules, making it more difficult for the cells to attain the proper 
temperature[20]. 
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Overall, PCM might be the optimum passive option for low-operating-rate 
modules, or it can be supplemented with active cooling (e.g., indirect liquid 
cooling) for greater operating rates and harsh ambient temperatures. 

2.2.6Heating 

When comparing the battery's thermal control, it includes both cooling and 
heating. However, there have been few studies on heating. This might be due 
to the exothermic nature of battery operation, in which there is continual 
heating from cell activity. Furthermore, cooling techniques to prevent thermal 
runaway, which happens at high temperatures, have risen. Thermal runaway has 
devastating implications, but low operating temperatures only degrade battery 
performance. 

Nonetheless, with the growth of the EV industry and the importance of their range in 
recent years, many BTMS technologies have been researched to enhance the 
performance of EVs in cold settings. The heating method's criteria are identical to those 
for cooling, and the time it takes to heat up the batteries is within the optimal range. 

2.3 Characteristics of  Geometry Model  

CAD software makes the model for setting boundary conditions, meshing parts, and 
solver settings. After that, the steady-state model of the cooling channel will be used 
to find the temperature, pressure drop, and Reynolds number at the outlet section 
using various parameters such as inlet temperature and inlet velocity 

2.3.1 Geometry and Materials 

This work's 3D-model CAD file has both solid and fluid components. The solid 
components of the work are the 36 battery cells in the battery module, 1 nickel plate, 
1 insulation layer, and 1 anodized aluminum plate. Some solid components, such as 
the battery module housing, the positive common plate, and the aluminum wire, are 
not considered in the model because of their poor heat transfer. 
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2.3.2 The calculation of heat generation 
 
The cooling system assumed that the temperature of the entire battery was constant, 
so the term for the battery's internal conductivity was left out, as was the heat transfer 
from the battery cell to an electrical wire and the surrounding environment.  The 
equation below can be used to estimate heat generation [12, 13] where the heat 
generated inside the battery was denoted by the symbol 𝑄௕(𝑡), which is composed 
of two sources: Joule heating , 𝑄௃(𝑡)and entropy change-related heat generation, 
𝑄ா(𝑡)  
 
 𝑄௃(𝑡) + 𝑄ா(𝑡) = 𝑄௕(𝑡)                                                                                                                             (1)                                                                     
The two sources of heat generation are specified in Equations (2) and (3) as 

     

𝑄௃(𝑡) = 𝐼ଶ𝑅௜௡௧                                                                                                                                                                                (2)                                                                                                     
                                                                                                                                                                                    

Where  𝑄௃(𝑡) stands for the heat of Ohmic losses, often known as Joule heating (W), I 
for battery current (A), and 𝑅௜௡௧  for internal resistance, which is made up of three 
terms: diffusion resistance, Ion transport resistance, and Ohmic resistance [14]  
  𝑄ா(𝑡) = −𝑇∆𝑆 ூ

௡ி
                                                                                                        (3) 

Where 𝑄ா(𝑡) is the heat generation due to entropy change (W), T is the absolute 
temperature of the battery (°C), ∆𝑆 is the entropy change (J/K), n is the number of 
electrons (mol) and F is Faraday’s constant (9.65·105 s·A/mol).and 𝑄𝐸(𝑡) from (3) also 
equal to −𝐼 ቀ𝑇 ௗ௏ೀ಴

ௗ்
ቁ when the current I is negative for charging. The state-of-charge 

(soc) and temperature of the cell affect the open circuit potential (𝑉ை஼) and total 
internal resistance (𝑅௜௡௧) of the battery. 

−𝑇∆𝑆 ூ
௡ி

= −𝐼 ቀ𝑇 ௗ௏ೀ಴
ௗ்

ቁ                                                                                                                       (4) 

 While setting heat generation rate, This equation below explained how to calculate 
the internal heat generation 
𝑄௕(𝑡) = 𝐼(𝑉ை஼ − 𝑉) − 𝐼 ቀ𝑇 ௗ௏ೀ಴

ௗ்
ቁ = 𝐼ଶ𝑅௜௡௧ − 𝐼 ቀ𝑇 ௗ௏ೀ಴

ௗ்
ቁ                                      (5) 
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The heating resulting from the Joule effect (irreversible heat generation) is represented 
by 𝐼(𝑉ை஼ − 𝑉) and ௗ௏ೀ಴

ௗ்
 is represented the differential of open circuit voltage with 

respect to change in temperature of battery cells.  

Finally , the battery state of charge (SOC)was estimated by ampere-hour integration 
𝑆𝑂𝐶 = 𝑆𝑂𝐶௧ୀ଴ − ଵ

஼ಿ
∫ 𝐼(𝑡)𝑑𝑡                                                                                          (6) 

Where 𝑆𝑂𝐶௧ୀ଴=1 (when the battery is 100% charged)and 𝐶ே is the nominal capacity 
of the cell 
2.3.3 Numerical of heat generation model 

The heat generation model was performed using Finite Elements Analysis (FEA) with 
The Conjugate heat transfer equation in laminar flow will be shown as below 

 𝜌(𝑢 ∗ ∇) ∗ 𝑢 =  ∇ ∗ ቈ
−𝑝𝐼 + 𝜇(∇𝑢 + (∇𝑢)𝜇(∇𝑢 + (∇𝑢)்)

− ଶ
ଷ

𝜇(∇ ∗ 𝑢)𝐼 ቉ + 𝐹                                               (7) 

∇ ∗ (𝜌𝑢) = 0                                                                                                  (8) 
𝜌𝐶𝑝 ∗ u trans∇T =  ∇ ∗ (𝑘∇𝑇) +  𝑄௕(𝑡)                                                            (9) 
 

Those equations [7-9] will be used in the mode based on the heat conjugate heat 
module. Moreover, the heat generation model was analyzed using a time-dependent 
study to analyze the temperature distribution within the battery cell. It is important to 
note that the heat source of the model in this work is the heat calculation from 
Kulranut J al [17] 

2.3.4Numerical modeling of battery cell based on the proposed cooling strategy 

The geometry of the battery module was simplified based on the chosen cooling 
method. This simplification involved omitting certain components that were 
considered less influential on heat transfer. Parts such as the insulator between battery 
cells, small aluminum conducting wires (fuses), positive and negative bus bars, and the 
plastic housing plate were excluded from the model. This decision assumed that these 
components contribute minimally to heat transfer. 
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The battery model was implemented using a transient model to study real-time 
surface temperature. Transient modeling allows for the analysis of temperature 
variations over time, providing insights into dynamic thermal behaviors during different 
operating conditions. The fluid flow within the system was modeled as laminar flow 
under non-isothermal conditions. Laminar flow refers to smooth, orderly fluid motion, 
and non-isothermal flow indicates that the fluid temperatures are not constant. This 
modeling choice considers both fluid flow characteristics and heat transfer dynamics. 
 
The simplified geometry of the battery cell with a fluid domain was employed to 
investigate the thermal characteristics of the battery cell. This likely involved examining 
how heat was distributed and dissipated within the battery cell during different 
operational scenarios. To manage computational time due to the large number of 
mesh elements in the simulation, efforts were made to streamline the model. While 
simplifying the geometry can reduce computation time, it was acknowledged that 
running the simulation still requires a significant amount of time. 
2.3.5 Governing Equation for Modeling of Battery 

To solve the 2D steady flow in the cooling channels of battery Pack, the continuity 
equation, momentum equation, and energy equations are written as follows: 

Continuity equation 
𝛻(𝑣⃑) = 0                                                                                                (10)               
Momentum conservation equation   
𝛻(ρ𝑣𝑣⃗) = − ఇ௉

ఘ
+ ఓ

ఘ
𝛻ଶ𝑣⃗                                                                           (11) 

Energy conservation equation 

𝜌𝑐௣ ቀ𝑣௫
డா
డ௫

+ 𝑣௬
డா
డ௬

+ 𝑣௭
డா
డ௭

ቁ = 𝑘் ቀడమா
డ௫మ + డమா

డ௬మ + డమா
డ௭మቁ                                                      (12)                        

The steady flow energy equation 
𝑚̇௪𝐶௉(𝑇௜ − 𝑇௢) = −𝑄௕̇(𝑡) = 𝑞௕̇∀                                                                           (13)                                     
 𝑚̇𝒘 = 𝜌ఠ𝑣̇௪                                                                                                                              (14)                        
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  𝑣̇௪=V*A                                                                                                                                                 (15)                        
  A= π(ୈ

ଶ
)ଶ                                                                                                                                  (16)                                                                                                                                                                                                                      

 𝑄̇ = 𝑞̇௕∀                                                                                                                                                    (17) 
 
When        𝑄௕̇(𝑡) = The heat removed rate of the liquid inside cooling channel [KW]    

                  𝑞̇௕=  The volumetric heat generation rate inside battery [W/m3] 

                𝑣̇௪ = The volumetric flowrate of Inlet water  [m3 /s] 

                  𝜌ఠ = Density of cooling water [998 Kg/m3] 

                𝐶௉ = Heat capacity of cooling water[4.187 KJ/kg·K] 

                 𝑇௜ = Inlet temperature [°C]                                                                    

                 𝑇௢= Outlet temperature [°C] 

                 ∀ = The entire volume of 18650 Li-ion Battery[m3]                                                              

                   𝑚 = Fluid mass within the cooling channel [Kg] 
                  𝑚̇௪=the mass flowrate of Inlet water  [kg/s] 

                 𝑉 =  water velocity Inlet [m/s] 

                   𝐴=   cross-sectional area[m2] 

                   𝐷=  Diameter of Inlet cooling Tap(m) 

 

2.3.6 The standard deviation of the uniform flow 

 

Standard deviation = 

 

Where 

𝑣௜   = the channel velocity in  each channel (m/s) 

 𝑣̅  = the average channel velocity at mid point (m/s) 

 n   = the amount of channel 

 

ඨ∑(𝑣௜ − 𝑣̅)ଶ 
𝑛  
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Uniform flow in a channel refers to a flow where the velocity is consistent across the 
cross-sectional area. The standard deviation is a measure of how much the velocity 
varies from the mean velocity. When the standard deviation is low, it indicates that 
the flow is more uniform. Conversely, a high standard deviation suggests more 
variability and thus less uniform flow [called non-uniform]. 

Furthermore, unequal speed between the middle of the pipe and the pipe surface 
causes shear force in the fluid. If the maximum speed of flow was close to the average 
speed, it would cause the low shear force compared to the case with deviating from 
an average speed. So, the SD value will be calculated to make sure that the uniform 
flow has the least amount by comparing the average velocity with the velocity at the 
midpoint of the cooling channel. 

The pressure drop in a channel refers to the reduction in pressure as the fluid flows 
from the upstream to the downstream end. 

This drop was influenced by the flow velocity and friction forces within the channel.  
When the flow velocity increases, the frictional forces (which are related to the shear 
force) also increase. This can lead to a greater pressure drop. If the flow is perfectly 
uniform, the pressure drop might be least under ideal conditions, meaning the channel 
velocity was evenly distributed across the channel. This implies that the flow velocity 
at the inlet and outlet would be nearly the same. 

2.3.7 Heat generation inside Battery 
For setting battery simulation, the generated heat of the battery cell can be estimated 
by 𝑄௃(𝑡) + 𝑄ா(𝑡) = 𝑄௕(𝑡) and the function for 𝑄ா(𝑡) can be approximated using this 
equation function f(t) = 0.0002t + 0.3817 as shown in Fig.2.13. 
The reversible one is calculated by the change in entropy 𝑄ா(𝑡) = 𝑄௥௘௩ = −𝑇∆𝑆 ூ

௡ி
   

and the irreversible part may be calculated by the Ohmic heat 𝑄௃(𝑡) = 𝐼ଶ𝑅௜௡௧  or  
𝑄௜௥௥௘௩ = I(𝐸௥௘௩ − 𝑉௖).  The graph below shows the relationship between Internal 
resistance function change with time      
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Fig.2.12 Internal resistance change as a function of time[0-3600s] and its linear 

fit function, func_re(t) when charging rate 0.75C 

When using 𝑄௃(𝑡) as heat source rate = 20*(2.6^2)*func_re(t) W and I = 2.75 A while 
independent time = 3600 s and The maximum internal resistance of the battery was 
0.056 Ω when the current rate was in the discharge process, then insert func_re(t) 
from Fig. 2.12 and the entropy change equation at the heat source rate 𝑄ா(𝑡) = 
20*func_ent(t) W from Fig. 2.13. 

Setting up a model using steady state simulation with maximum heat generation at 
3600 s 𝑄௕(𝑡 = 3600𝑠)when charging rate of 0.75 C [0.307 W]  from Kulranut et al. [17], 
and the result will display the maximum temperature of the battery in the steady and 
transient cases in Topics 4.2 and 4.3, respectively [simulated only 9 cells in 1 row]. 
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Fig.2.13 Entropy change as a function of time[0-3600s] and its linear fit function, 
f(t) when charging rate 0.75C 

 
The conjugate heat transfer model for the laminar flow pattern was used in this work. 
Heat source as a function of time was used for each of the thirty-six battery cells 
calculated by ohmic heat loss function and Entropy change; it is transferred through 
the copper plate and the aluminum plate in the form of heat conduction before it is 
transferred from the aluminum plate by the coolant by heat conduction. 
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CHAPTER 3 
RESEARCH METHODOLOGY 

 
3.1   Design Strategy of cooling plate by varying the numbers of cooling channels 
configurations 

The design concept involves varying the number of cooling channels on an aluminum 
cooling plate with barriers at the inlet and outlet sections, while also adjusting the 
cooling channel gap. The goal is to determine the primary factor affecting the cooling 
performance by examining different designs of the liquid cold plate and analyzing 
various flow parameters in the cooling channel section, such as mass flow rate and 
temperature differences. 

 The primary design variation involves changing the number of cooling channels on the 
aluminum cooling plate. This adjustment is made to understand how the cooling 
performance is influenced by the number of channels. Barriers are included at the 
inlet and outlet sections of the cooling channels. These barriers can impact the flow 
dynamics and the distribution of cooling within the channels. The cooling channel gap 
is adjusted to be equal to the previous design. This parameter variation is likely to be 
explored to assess its impact on cooling performance. 

3.2 Cooling Channel Specifications  

The liquid channel's outflow is located on the bottom plate's output side, connecting 
the cooling plate to the bottom plate. The cooling channel has dimensions of 167 mm 
in width, 410 mm in span, 7.8 mm in length, and 7.8 mm in thickness.The cooling 
barrier has a dimension of 260 mm in length and 2.5 mm in thickness.Inside the cooling 
channel, water flows through a channel that is 6 mm wide and 112 mm long.The liquid 
channel features circular inlets and outlets with sizes of 4 mm. 

Several factors are identified as influencing the cooling performance: 

Pressure in Cooling Channel: The pressure passing through the cooling channel 
influences velocity dispersion on the aluminum cooling block and the removal of heat 
from the battery module. 
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Water Velocity and Temperature: The velocity and temperature of the water flowing 
through the channel play a crucial role in determining how effectively heat is removed 
from the system. 

Inlet-Outlet Location and Path: The location of the inlet and outlet, as well as the 
path taken by the cooling water, also affect how temperature is distributed on the 
aluminum cooling block. 

In summary, the design concept focuses on systematically varying design parameters 
to understand their impact on cooling performance. The specifications provided for 
the cooling channel and associated components give insight into the physical 
dimensions and characteristics of the system being studied. 

 

 

Fig.3.1 The Specification of the Previous Design Version of the Cooling Plate 

The channel geometry impacts the average velocity (Vavg)which later affects the 
boundary layers generated by the fluid flowing along the bounding surfaces. The inlet 
temperature of the liquid cooling plate also has a great impact on the temperature of 
the battery cells. Moreover, the heat removed from the 18650 Li-ion battery by the 
aluminum cooling plate is similarly influenced by all of these factors. The maximum 
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acceptable battery temperature is 33°C, even though the desirable differential 
temperature between battery packs should be less than 5°C, which can enhance the 
battery cell's cooling efficiency [16]. To keep the operating temperature of the battery 
pack within the appropriate range, an aluminum cooling plate with efficient cooling 
must be created. 

The temperature, velocity, and fully developed flow all varied with the conditions. 
The main variables used in this model were inlet temperature, water velocity, and the 
number of channels. The number of cooling channels can affect the system's total 
cooling capacity. 

 
Separate the half axisymmetric model to be 2.5 block of channel per base [ length 
96.25 mm ].Then divide the one block of channel per base to be 2,3,4 and 6 parts 
respectively while fixing cooling channel gap at 6 mm 

 

 
        Fig 3.2  First Design of 2 cooling channel per base  

  
      Fig.3.3   First Design of 3 cooling channel per base  
 

3.3First Design of Cooling channel per base 

2  Cooling channel base 

design [length 48.125 mm] 

3 Cooling channel base 

design [length 32.08mm] 
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    Fig.3.4   First Design of 4 cooling channel per base  

 
 
  

 
  Fig.3.5   First Design of 6 cooling channel per base  
 
3.4 Cooling channel design modification 
3.4.1)Decreasing the cooling barrier length from 260 mm to 160 mm to ensure more 
water flow distribution in the cooling channel configuration while the cooling gap 
length is fixed. 

** 1 channel per base = 96.5 mm** 

3.4.2)Modifying the water-cooling gap length to have equal space [41, 32.5, 20.5, and 
12 mm from center to center] Firstly , separate the cooling channel length to  have 
10 number of channels for 2 channel base, 13 number of channels for 3 channel base 
and 20 number of channels for 4 channel base; to make the water velocity to be more 
uniformed distributed inside  the liquid  aluminum cooling plate design that can 
determine what was the factor affecting the  water cooling dispersion by examining 

4 Cooling channel base 

design [length 24.0625 

mm] 

6Cooling channel base design 

[length  16.042mm] 
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various designs of the liquid cold plate .then finding which channel design can produce 
the best velocity uniformity by calculating the standard deviation value in the next 
chapter and making flow turbulence increase. If the maximum value of velocity inside 
appears on a cooling channel design with a low SD value. Then it can be predicted 
that this channel design has the best cooling performance among all types. but it's 
also necessary to find the amount of heat removed to make a comparison between 
numerous designs. 

 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.3.6 Number of Cooling channels = 2*5=10 
 

 

 

Fig.3.7  Number of Cooling channels = 2*6=12 

L=41m

m Inlet Hole 

Outlet Hole 

3   channel per base  

Fluid domain 

Blocking barrier  

Aluminum cooling plate 

L=32.5mm 

1 block of 

2channel per base 

1 block of 

3channel per base 
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 Fig.3.8  Number of Cooling channels = 2*10=20 

 

Fig.3.9  Number of Cooling channels = 2*17=34 

Fig[3.6-3.9]Design the different numbers of the cooling channel in the Battery 
Module 

3.5   Simulation set up on Cooling system 

One of the limitations of assembling battery packs in an electric car is space. 

Consequently, the liquid cooling system has been chosen because it is more effective 
than the air-cooling system in terms of space [4]. There are one hundred eighty Li-ion 
battery cells in the battery pack. Five battery modules are packed within  aluminum  
cooling plates and each battery module has thirty-six cells 

 
 
 
 
 
 
 

4   channel per base 

6  channel per base  

L=20.5mm 

L=12mm 

1 block of 4channel per base 

1 block of 6channel 

per base 
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Table 3.1 Properties of Material 
 

Material Phase Thermal 
Conductivity 
[W/(m.K)] 

Heat 
Capacity 
[J/(kg.K)] 

Density 
[Kg/m3] 

Heat 
Ratio 

Viscosity 
[Pa.s] 

Battery 
Cell 

Solid {1.01,1.01,30.22} 750 2690 - - 

Aluminum Solid 155 893 2730 - - 

Coolant Liquid 0.405 3300 1078 1 0.00429 

       
 
 

 
 

 
 

 
 
 

 
 
 
 
Fig. 3.10 The geometry of the cooling channel  design with coolant liquid inside 

 
In the mesh independence test, mesh settling has been used for the fluid area 

to provide estimation quality. The standard size was 0.20-0.25 mm. Simulation results 
of the battery module's highest temperature under 0.75 C charging rate using different 
grid numbers and when the number of grids reaches 100,000, the calculating results 
become more consistent. 

 

Symmetry plane 

Inlet 

Setting heat source 
rate(W/m3)on  
Battery cell 

Outlet 
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3.6The Parametric Study for Cooling Channel 
In this case, the flow rate and coolant inlet temperature are considered under 

the steady-state model. The flow rate is the first parameter to be adjusted while 
controlling the inlet temperature to equal the ambient temperature. This is because 
it is simpler to adjust the flow. However, when the flow rate cannot be further 
increased due to the limitations of the circulating pump, the inlet temperature will be 
adjusted as the second parameter. 
3.6.1 Consideration of Flow Rate and Coolant Inlet Temperature: 
Flow Rate Adjustment: The flow rate is considered as the first parameter to be 
adjusted. This adjustment is made while controlling the inlet temperature to be equal 
to the ambient temperature. This initial adjustment likely aims to understand the 
system's response and performance variations with different flow rates. 
Inlet Temperature Control: The inlet temperature was maintained equal to the 
ambient temperature during the initial adjustment of the flow rate. This provides a 
controlled baseline condition for assessing the impact of varying flow rates on cooling 
performance. 
Adjustment Sequence: Flow Rate Adjustment Priority: Adjusting the flow rate is 
chosen as the first parameter due to its simplicity and ease of control. It allows for a 
systematic variation of the flow conditions to analyze their effects on the cooling 
system. 
Inlet temperature Selection: When the flow rate reaches its limit due to the capacity 
constraints of the circulating pump, the inlet temperature becomes the second 
parameter to be adjusted. This suggests a sequential and systematic approach to 
parameter adjustments. 
3.6.2 Analysis Divisions: 

This division suggests that each parameter was systematically studied, likely 
varying one parameter while keeping the others constant to understand their individual 
effects. The simulation cases for inlet velocity, inlet temperature, and inlet pressure 
are conducted under the same set of boundary conditions. This approach ensures 
consistency in the analysis and allows for a more accurate comparison of results. 
In summary, the study adopts a systematic approach to analyze the cooling system 
under different conditions, focusing on variations in flow rate and coolant inlet 
temperature. The sequential adjustment of parameters and the division of analysis 
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into distinct parts demonstrate a structured methodology for understanding the 
system's behavior and performance characteristics. 

3.7The cooling strategy in cooling channel simulation 

3.7.1Inlet velocity of water selection 

Investigating the effect of the flow rate on cooling performance was carried out based 
on steady-state simulation. The flow speeds were simulated in the sequence of 50 L/h 
(0.5 m/s), 100 L/h (1.0 m/s), 200 L/h (2.0 m/s), and 300 L/h (3.0 m/s).Moreover, it can 
be expected that as the flow speed increases, the maximum temperature of the 
battery module will decline. 

3.7.2Inlet temperature of water selection 

In this simulation, the battery was assumed to be fully charged under constant current 
mode [SOC > 0.8] with a constant C-rate [0.75 C]. The coolant temperature also has a 
significant impact on the amount of heat generated by lithium-ion batteries. The 
simulation first used low water velocity at 0.5 m/s, and water temperatures started at 
25 °C, followed by 30 °C, 35 °C, and 40°C, respectively. After adjusting the coolant 
temperature and running for a time, the result will show the battery module 
temperature trend, and it’s expected to gradually rise at the same inlet velocity. 

However, the maximum temperature of the battery module needs to be below 33 °C. 
(see Fig.1.2). 

Table3.2  Boundary conditions properties use for the flow channel  Simulation 

18650 3350mAh 6.5A 
Battery 

Properties 

 

Operating voltage 2.6V - 4.2V 

Capacity 2.75 Ah 3.3 Ah 

Water Coolant 
Thermal 
conductivity (kw) 

0.6 W/m·K 

This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



 

35 
 

Density (ρw) 998 kg/m3 

Heat capacity (Cp) 4128 J/kg·K 
Viscosity (µ) 0.00089 Pa·s 

Anodized Aluminum 

Thermal 
conductivity(kan) 

205 W/m·K 

Density(ρal) 2700 kg/m3 

Heat capacity (Cp) 910 J/kg·K 
 
3.8Setting Heat generation under various Discharging Conditions  

       From  Kulranut et al. [17], The battery cell's thermal properties while charging and 
discharging, the battery cell was evaluated in the constant current (CC) and constant 
voltage (CV) modes.  The current stays constant during the initial stages of charging in 
CC mode at around 80–90% of SOC when the battery is almost fully charged. 

Table 3.3 Summary of the result at various discharge rate retrieved for 
Toriyama brand from Kulranut J al [17] 

 
*For the current propose of investigation , The maximum Temperature is select at 
0.75C during Charging event* 
3.9The behavior of the volumetric for heat generation rate 

Table3.5 uses Bernardi's equation (eq.4) to show average Heat generation value and 
Percentage of Variation when use different current discharge rates[0.5C, 1C, and 1.5C]. 

Event Charge Discharge 

Current rate 0.25C 0.5C 0.75C 1st1C 2nd1C  3rd1C   

Maximum heat 
transferred(W) 

0.073 0.145 0.307 0.953 1.022 1.041 

Maximum 
temperature (°C) 

36.36 41.70 45.813 51.813 52.462 53.012 
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Table 3.4 Average Heat calculation retrieved from Paccha  et al[18] 
C-rate at 
charging 
Process 

Average Heat 
generation(W/𝑚ଷ) 

Percentage of 
Variation(%) 

0.5C 5761 30.9 

1C 23588 5.8 

1.5C 52715 0.5 

 
The commercial 18650 lithium-ion cells from the Toriyama brand with NMC (Li-

Ni-Mn-Co) cathode are used in this investigation. At a charging rate of 0.75C, the battery 
was 80% charged and gained the maximum charging current at 2A. After this point, the 
voltage of the battery will be continuous to decrease in CV mode, as received from 
Kulranut et al. [17]. 

Based on experiment results [Table 3.3] that show the maximum temperature 
at the battery surface under 0.25C, 0.5C, and 0.75C during the charging cycle. The 
battery surface could reach its highest temperature at 0.75 C, so the heat source value 
at 0.75 C [0.307 W] will be adopted to find the maximum temperature of the battery. 

From Table 3.4,it was necessary to interpolate between 0.5C and 1C to find 
the average heat generation (w/m3) at 0.75C, and the heat generation rate was 14674.5 
w/m3/15000 w/m3. The maximum percentage of variation is 30.9% at 0.5°C and 0.5% 
at 1.5°C, but the optimum range is between 7 and 14%. 

Table3.5 The Steady-state input - Output parameters 
Parameter1 

Inlet velocity(m/s) 

Parameter2 

Inlet temperature(°C) 

Parameter3 

Number of Channels 

0.5 25 2 

1.0 30 3 

2.0 35 4 

3.0 40 6 
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From Table 3.5, all cases of simulation  are 43  [64 cases]. However, a total of 32 cases 
were selected using an inlet velocity of 0.5, 1, 2, and 3 m/s with an inlet temperature 
of 25 and 40 °C [min and max value] for 2,3,4 and 6 channel configurations. Then 
compared the results to achieve better cooling performance by considering the flow 
parameters and removal heat rate from the battery module among all designs of 
cooling channels, such as the maximum temperature at the outlet (𝑇௢௨௧,௠௔௫) and the 
amount of pressure drop (∆𝑃). 

3.10 Setting heat generation in steady state model 

From Maximum Heat transfer at 0.75C [0.307W] and the entire volume of 18650 Li-ion 
battery cell is 1.6 ∗ 10ିହ mଷ then the maximum heat generation rate is ଴.ଷ଴଻

ଵ.଺∗ଵ଴షఱ =

19187.5 W/mଷ at 0.75C charging rate. 

3.11Heat generation in 1 row of battery cell 
 
 

 
 
   
 
 
                                  
 
   
                     Fig.3.11  The simplified battery module 

The simplified battery module see Fig.3.11, was used to reduce the time consumption 
of parametric studies by considering only flow simulation and the distribution of 
temperature inside the battery from the 1st cell to 9th cell [imitated only for the 4-
channel because the alignment of the flow and the position of the battery’s negative 

side]. In this case, the flow rate and coolant inlet temperature were already considered 
under this simplified model. 

9th cell   

1st cell 

water flows along this channel 

Inlet  

outlet 
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CHAPTER 4 
RESULTS AND DISCUSSIONS 

4.1Result and Discussions of Steady State Simulation 

This chapter show the result of velocity distribution and Temperature distribution of 
different inlet velocity , temperature. The details of the geometry and the 
computational set up had already been given in 3.4 and 3.5 

4.1.1Flow Visualization in the cooling channel when changing only inlet flowrate  
Considering an inlet velocity of 0.5 m/s of 2 channel design, the maximum channel 
velocity inside the channel was 0.053 m/s, the minimum was 0.046 m/s, and the 
average velocity was 0.042 m/s. Then the inlet velocity was increased to 3 m/s and 
at the same temperature inlet. The maximum velocity was found to be 0.234 m/s, 
and the minimum was 0.165 m/s.  

 
Fig.4.1Contour plot[V_inlet =0.5m/s]         Fig.4.2 Contour plot [V_inlet =1.0m/s] 

 
 
 
 
 
 
 
 

Fig.4.3 Contour plot[V_inlet =2.0m/s]       Fig.4.4 Contour plot[V_inlet =3.0m/s] 
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-Low Inlet Velocities (0.5,1 m/s): Achieve optimal velocity uniformity and water 
distribution. The flow remains consistent across the channel, minimizing 
recirculation and ensuring an even distribution of cooling water. This results in a 
well-distributed temperature profile within the cooling channel, as depicted in 
Figures 4.1-4.2. 
-Higher Inlet Velocities (2,3 m/s): Lead to less uniform velocity distribution and 
poorer water distribution. Increased velocities cause more pronounced inertia 
effect, resulting in uneven flow across the channel. For instance, at 2 m/s, the 
velocity difference within the channel was around 0.25 m/s, indicating poorer 
distribution compared to lower velocities as depicted in Fig.4.3-4.4 
-Setting the manual color range : 0-0.45 to show the velocity magnitude inside 
the channel, see Figs. 4.1-4.4.  

From the above comparison, it was found that the contour plot of the velocity 
magnitude can merely distinguish the difference in channel flow velocity. For the inlet 
velocity of 0.5 m/s, the difference in velocity magnitudes among flow channels was 
not observable. When increasing velocity to 1.0, 2.0, and 3.0 m/s, the difference in 
channel flow magnitude becomes observable. At 0.5 m/s of inlet velocity, the 
distribution of water velocity was better than others. It was selected for analyzing 
battery module temperature distribution. 

In summary, increasing the inlet water velocity causes the speed of the water 
flowing through the cooling channel to increase and a greater difference in channel 
velocity magnitude regardless of the inlet temperature at the inlet condition. 
4.1.2 Result of Velocity contour[Number of channel=2,3,4,6] [Inlet 
velocity=0.5m/s ,Inlet temperature=40C]                           

 
 
 
 
 
       
 
Fig.4.5 Velocity contour plot [Number of channel=2] 
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            Fig.4.6  Velocity contour plot [Number of channel=3] 
   
 
 
 
 
 
 
 
            Fig.4.7 Velocity contour plot [Number of channel=4] 
 
 
 
 
 
 
 
 
           Fig.4.8   Velocity contour plot [Number of channel=6] 
 

Setting the manual color range from 0-0.20 m/s with 10 subclass ranges to 

show the velocity contour inside the channel, see Figs. 4.5-4.8. 
When increasing the number of cooling channels, the 2-channel configuration 

provides the maximum channel velocity at 0.062 m/s when using an inlet velocity of 
This material is reserved for educational use only, not allowed for commercial use. 

Forbidden to modify the content, and cite the document when use. 



 

41 
 

0.5 m/s; however, the 6-channel design has the most uniform velocity profile, see Fig. 

4.8. 
For better comparison,  the standard deviation is introduced to quantify flow 

uniformity, not only the channel velocity that was already mentioned above. The 

result will be discussed in section 4.1.6 

4.1.3 The temperature difference between inlet and outlet with different inlet 
velocity and different channel design [ Inlet Temperature= 40 °C] 

 

 

           

 

 

 

 

 

 

When considering among the inlet velocity of 1, 2, and 3 m/s, the temperature 
difference was minimum at 2 channels per base with a maximum velocity inlet of 3 
m/s. However, the maximum temperature difference was found at 3 channels per base 
when using an inlet velocity of 1 m/s; moreover, the exception point of 3 channel flow 
was less than that of 6 channel flow when using a small water inlet velocity [0.5 m/s]. 

Increasing inlet water velocity caused the water temperature difference between the 
inlet and outlet sides to be lower. Furthermore, the deviation of the theoretical value 
of the removal heat rate was found among the different channel designs. A detailed 
discussion of this error will be given in section 4.1.5. The temperature difference at 0.5 

Fig.4.9   Result of Temp difference (Δ𝑇) with inlet velocity 

using various number of cooling channels[2,3,4,6] 
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m/s was found to be maximum at nearly 3 °C that had been shown on the 2-channel 
design. 

The cooling water temperatures on the inlet and outlet sides would differ more if the 
inflow velocity dropped, and the detailed investigation of the temperature distribution 
inside the channel will be reported in sections 4.2 and 4.3. 

4.1.4 The pressure drop between inlet and outlet with different inlet velocity 
and different channel design 

 

 
 

Fig.4.10 Result of Pressure drop(Δ𝑃) with inlet velocity of water using various 

number of cooling channels[2,3,4,6] 

A high amount of water in the inlet caused a significant increase in pressure drop; 
however, when using a small amount of inlet velocity at 0.5 m/s, The pressure of water 
inside the cooling channel was observed to be the lowest, with small effect due to 
change in the Inlet temperatures of cooling water. 

At a specified inlet velocity, the maximum amount of pressure drop appeared on the 
2-channel designs, followed by 6, 4, and 3 channels per base design, respectively. As 
appear on the trend, a high amount of water in the velocity inlet caused a large 
amount of pressure drop to nearly 12000 Pa for 2 channels per base, and the minimum 
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was 9000 Pa for 3 channels per base when using the maximum inlet water velocity of 
3 m/s. When increasing the number of cooling channels, the change in pressure drop 
do not have an obvious trend. But a large effect appeared when increasing the inlet 
water velocity from 0.5 to 3 m/s in all cooling channel designs as seen in Fig. 4.10 
Finally, the estimation of the removal heat rate will be discussed in 4.1.5 

4.1.5  Steady State simulation of heat removal rate(kW) with an Inlet velocity 
(m/s) compared at different numbers of the channel [2,3,4and6] 

Inlet Temperature  25C 
 

 
Inlet Temperature  30C 

 
 
Inlet Temperature  35C 

Theoretical value 0.059kW 

Theoretical value 0.059kW 
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 Inlet Temperature  40C 

 
 

Fig(4.11)-(4.14)show the heat removal rate(kW) with different Inlet velocity 
compared using different number of cooling channels[2,3,4and6 channel] 

The heat removal rate of the battery cooling module (kW) was shown in Figures 
4.11-4.14 for different channel counts (2, 3, 4, and 6 channels per base), inlet water 
velocity (0.5, 1, 2, and 3 m/s), and inlet temperatures (25, 30, 35, and 40 °C). According 
to Figs. 4.11, 4.12, and 4.14, 

According to the energy conservation law , The heat removal rate of the 
battery module should be at 0.059 kW, as calculated by 𝑚̇௪𝐶௉(𝑇௜ − 𝑇௢) =
−𝑄௕̇(𝑡) = 𝑞௕̇∀                                                              

When applying an inlet temperature with an inlet velocity of 0.5 m/s, the heat removal 
rate was 0.0605 kW, which is nearly the same and has only 5.8% error. But the error 
was much more over to maximum around 65.8% when using an inlet velocity of 3 m/s 
with an inlet temperature of 35 °C. 

Theoretical value 0.059kW 

Theoretical value 0.059kW 
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In this investigation, we selected to use the inlet velocity of cooling water of 0.5 m/s 
and select the value of heat generation of the battery at a charging rate of 0.75 C 
[19187.5 W/mଷ]. to find the maximum temperature at the 9th battery cell, and the 
result will be explored in sections 4.2 and 4.3. 

4.1.6  Standard deviation of the channel velocity [2,3,4and 6 channel 
configuration] 
 
 

  
 
 
 
 
 
 

Fig.4.15 The standard deviation with inlet velocity 
of water (m/s) using different numbers of cooling channels  

From Fig. 4.15, The trend line of standard deviation decreased with increasing 
number of cooling channel for 2, 3, and 4 channels per base. However, due to the 
limitation of the 6-channel configuration that cannot adjust the channel gap width to 
be equal, therefore the standard deviation was higher than 2 ,3 and 4 channels at 
0.014 when using an inlet velocity of 0.5 m/s and nearly 0.016 when using an inlet 
velocity of 3 m/s in this case. 

This figure  demonstrates that a 4-channel design yielded the best uniformity 
of water velocity since the standard deviation will be more closely observed with the 
least amount. 

For the 6-channel design, the difference between the average channel velocity 
and the maximum channel velocity was found to be greater when increasing the inlet 
velocity from a range between 0.016 m/s [inlet velocity 0.5 m/s]-0.10 m/s [inlet velocity 
3 m/s]. However, for the 2, 3, and 4 channel designs, the range of the channel velocity 
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between the average and the maximum value was found to be maximum at around 
0.038 m/s when using an inlet velocity of 3 m/s among other conditions. 

The 6-channel configuration was also made from anodized aluminum and had 
a smaller cross-sectional area compared to the 2, 3, and 4 channel designs which 
brings the standard deviation to be greater than other configurations. 

For the 3-channel design, the maximum value of velocity inside was compared 
to all cases of various channel configurations with less SD value than 2 and 6 channels 
With an inlet velocity of 0.5 m/s and an inlet temperature of 30 °C, the 2-channel and 
6-channel designs have the greatest amount of pressure drop 

In summary, the study emphasizes the importance of considering both velocity 
and the number of cooling channels in optimizing heat transfer within the cooling 
system for the battery pack. The findings suggest that adjusting these parameters can 
have effects on the system's performance, highlighting the need for a balanced design 
that considers both heat dissipation efficiency and flow uniformity. 

4.1.7  The comparison between the midpoint velocity in cooling channel [3and 6 
number of channels] 

 
Fig.4.16   The bar chart of velocity at midpoint in cooling channel with number 

of simulation cases[3and 6 number of channels] 
Number of simulation studies: started from inlet velocity = 0.5, 1,2 and 3 m/s with 
inlet temperature = 25°C, 30°C, 35°C, and 40°C 
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Case 1: Vin = 0.5 m/s, T =25°C, Case 2: Vin = 0.5 m/s, T = 30°C; 

Case 3: Vin = 0.5 m/s, T = 35°C.,Case 4*: Vin = 0.5 m/s, T =40°C; 

Case 5: Vin = 1.0 m/s, T =25°C,Case 6: Vin = 1.0 m/s, T =30°C; 

Case 7: Vin = 1.0 m/s, T =35°C,Case 8: Vin = 1.0 m/s, T =40 °C; Case 9*: Vin = 2.0 m/s, 
T =25 °C; and after this case, flows seem to have more turbulence. [Re>4000] 

 According to Figure 4.16, it was observed that increasing the velocity in the cooling 
channels had a greater impact on the heat transfer rate compared to the inlet 
temperature. This implies that manipulating the flow velocity of the cooling medium 
has a more pronounced effect on the system's heat dissipation capabilities. The 
average velocity at the midpoint of a 3-channel per base configuration was noted to 
be greater than 6-channel configuration for all cases used in the simulation. This 
suggests that the design with fewer channels per base had a higher average velocity at 
the specified midpoint. 

When the inlet water velocity was enhanced to around 2.0 m/s, starting with an inlet 
water temperature of 25 °C, the flow exhibited more turbulence. This was indicated 
by a Reynolds number of approximately 6728.72. The study found that when increasing 
the number of cooling channels, the water velocity inside the channels tended to be 
lower than in configurations with a smaller number of channels. However, due to the 
space limit of the 6-channel design , the greater pressure drop and non-uniformity flow 
was observed. 

4.1.8  The Result of channel velocity, Maximum Temperature at outlet  and 
pressure drop 

1.) At 6 channel-base at 𝑽𝒊𝒏𝒍𝒆𝒕 =0.5 m/s and 𝑻𝒊𝒏𝒍𝒆𝒕=40 C 

The maximum channel velocity was 0.052 m/s and the minimum channel velocity was 
0.019 m/s ,the average channel velocity was 0.016 m/s, and the pressure drop was 
342.91 Pa. This design yielded 𝑇௢௨௧  at  43.81°C (temperature difference = 3.81°C) at 
the outlet temperature 
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 2.)At 4 channel-base at 𝑽𝒊𝒏𝒍𝒆𝒕 =0.5 m/s and 𝑻𝒊𝒏𝒍𝒆𝒕=40 C 

The maximum channel velocity was 0.059 m/s and the minimum channel velocity was 
only 0.025 m/s, the average channel velocity was 0.042 m/s, and the pressure drop 
was 335.05 Pa. Finally, this design yielded 𝑇௢௨௧ at 42.78°C (temperature difference = 
2.78°C) at the outlet temperature 

3.)  At 3 channel-base at 𝑽𝒊𝒏𝒍𝒆𝒕 =0.5 m/s and 𝑻𝒊𝒏𝒍𝒆𝒕=40 C 

The maximum channel velocity was 0.065 m/s and the minimum channel velocity was 
only 0.04 m/s, the average channel velocity was 0.054 m/s, and the pressure drop was 
283.36 Pa. Finally, this design yielded 𝑇௢௨௧ at 43.92°C (temperature difference = 3.92°C) 
at the outlet temperature, which was the maximum among all cooling designs. 

4.)  At 2 channel-base at 𝑽𝒊𝒏𝒍𝒆𝒕 =0.5 m/s and 𝑻𝒊𝒏𝒍𝒆𝒕=40 C 

The maximum channel velocity was 0.062 m/s and the minimum channel velocity was 
only 0.046 m/s, the average channel velocity was 0.058 m/s, and the pressure drop 
was 362.74 Pa that was highest among all designs Finally, this design yielded 𝑇௢௨௧ at 
43.82°C (temperature difference = 3.82°C) at the outlet temperature. 

To sum up, the average channel velocity was maximum at 2 channels at 0.058 m/s, 
followed by 3, 4, and 6 channels, respectively. However, the pressure drop was 
maximum in this configuration, which brings this case to be not considered. 

By comparing 3, 4, and 6 channel designs, the standard deviation in 4 channel was the 
lowest among all designs. For the 6 channel, it had the least cross-sectional area and 
the highest surface resistance inside the channel that’s flowing along, bringing the flow 
distribution to be worse than the 4-channel design, and the pressure drop was also 
highest. Finally, the 4-channel design was selected as the highest uniformity among all 
cases to find the maximum temperature of the battery in steady and transient, as the 
result will be explored in sections 4.2 and 4.3. 
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4.2 Maximum temperature of battery in steady-state model 
The heat generation rate was approximately under a charging rate of 0.75 C. Then we 
used this value as a constant heat source in the single-channel flow simulation. The 
results of channel velocity for 4 channels design were revealed at Vavg [0.037 m/s], 
Vmax [0.042 m/s], and Vmin [0.031 m/s]. Finally, the minimum channel velocity and the 
inlet temperature of the water at 30°C were selected as inlet conditions 
 

 
   

Fig.4.17 The temperature contour of 9 battery cells with 
Heat source rate 0.307W under 0.75C [steady-state simulation] 

 
The water temperature at the outlet seemed to be higher than at the inlet section 
when adding a constant heat source, and this figure can be imitated for a four-channel 
design to see the temperature distribution and water velocity streamline that affected 
the battery performance during steady-state simulation. 
Fig.4.17 shows the simulation of the battery from the 1st cell to the 9th cell: when using 
the maximum heat generation rate [0.307 W] as a constant heat source term under a 
0.75 C discharge rate, the greatest temperature of the battery is almost 30.706 °C, 
yielding the highest percentage of battery performance [120%] using the inlet 
temperature at 30 °C, and the maximum average temperature difference was around 
0.4°C [less than 5 °C]. That means the temperature difference between the battery 
modules was  quite small. 
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4.3   Maximum Temperature of battery in transient model 

 
 

Fig.4.18 The temperature contour of 9 battery cells with 
heat source rate 0.307W under 0.75C [Transient simulation] 

When using heat source Q (t) at a heat source rate of 0.307 W. Then set up a 
transient model simulation using a time-dependent study from t = 0 to 3600 sec, 
where the greatest temperature of the battery was 30.14 °C and the maximum average 
temperature difference was 0.14 °C. 

At a charging rate of 0.75C with a maximum heating value of 0.307 W. The 
highest average temperature at the 9th cell was 30.706°C received from Fig.4.18 which 
was lower than the maximum allowable battery temperature of 33 °C and yielded the 
highest percentage of battery performance [120%] when using an inlet temperature of 
30 °C for steady state but the highest average temperature at the 9th cell for transient 
simulation was only 30.14 °C, running from t = 0 to 3600 s. That makes the battery cell 
temperature in each submodule as close as possible. 

4.4   Heat transient Result in half module of battery cooling model 

 
Fig.4.19 The  temperature plot of the transient model inside Half Module of  

Battery using heat source Q =0.307W under 0.75C 
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All simulation results indicate that adding a heat source to the battery increases 
the temperature of the battery pack. This is a fundamental observation aligned with 
the basic principles of thermodynamics and heat transfer. The study developed a 
three-dimensional thermal model for battery cooling simulations. This model was then 
used to demonstrate the detailed temperature distribution of the entire battery pack 
under 0.75C charging rate. 

From Fig. 4.19, The temperature of the battery cell near the coolant inlet 
channel was lower than that of other cells, indicating that the cooling process had 
been initiated. As the coolant flowed through the inlet channel, it absorbed heat, 
leading to a rise in temperature along the flow path inside the cooling channel. The 
temperature of the coolant near the outlet became higher due to heat absorption 
along the flow path. This resulted in reduced heat exchange capability between the 
battery and the coolant, contributing to higher coolant temperatures at the outlet 
zone. The fluid domain used a basic mesh size of 0.2-0.25 mm to ensure computation 
accuracy in simulating the thermal behavior of the battery module. Proper meshing 
was crucial for obtaining reliable and accurate simulation results. The greatest 
temperature observed for the battery module under 0.75C charging rate was 
56.85°C.This indicates the maximum temperature reached during the charging process 
under the specified conditions. 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATION 

5.1 Conclusion 

Firstly, boundary conditions of the water inlet at 0.5, 1.0, 2.0, and 3.0 m/s with inlet 
temperatures at 25, 30, 35, or 40°C were applied to establish boundary conditions 
inside the battery and steady states for flows along the channel. The detailed 
temperature distribution of the whole battery pack was demonstrated under normal 
operating conditions [0.75 C charging rate]. 

5.1.1. The summary of the steady-state simulation 

 The ability to remove heat from the battery when the inlet velocity increased 
from 0.5 m/s to 3 m/s was consistent at 0.0585 kW. When applying an inlet 
temperature with an inlet velocity of 0.5 m/s, the heat removal rate was 0.0605 
kW, which is nearly the same and has only 5.8% error. But the error was much 
more over to maximum around 65.8% when using an inlet velocity of 3 m/s 
with an inlet temperature of 35 °C. 

 Under steady-state conditions, the cooling water temperatures on the inlet and 
outlet sides would differ more if the inflow velocity dropped, and the pressure 
drop would be greater if the inlet coolant velocity rose. And finally, no matter 
how much change in the inlet velocity and the inlet temperature, the heat 
conservation rate [kW] remains constant. 

 From a variety of channel configuration ideas, the two-channel design yielded 
the highest channel velocity magnitude inside the channel. However, the 4-
channel, which had the least amount of standard deviation [the cooling type 
that had the best velocity uniformity and most water could disperse in this 
design more than others]. 

 All cooling designs had very good flow distribution when using low inlet 
velocities. However, when increasing the inlet velocity, the distribution of water 
in the channel got worse. 
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5.1.2. The summary of the heat generation analysis in 1 row of the battery pack 
[9 cells] [steady-state simulation] 

 This result involved developing a three-dimensional thermal model by 
simulating a battery cooling system. The detailed temperature distribution of 
the whole battery pack is demonstrated under normal operating conditions at 
under 0.75 C with a maximum heating value of 0.307 W. The highest average 
temperature at the 9th cell was 30.706 °C, which is lower than the maximum 
allowable battery temperature of 33 °C. 

 When the inlet water velocity was greater than 0.5 m/s, the flow became fully 
turbulent [Re = 6728.72]. Moreover, discussing the same inlet velocity 
condition, the minimum channel velocity in a 4-channel [most uniform design] 
was 0.078 m/s [Re = 292.32], which was in the laminar zone. 

 The inlet temperature should be less than or equal to 30°C to keep the 
maximum temperature below 33 °C. 

5.1.3.The summary of heat generation analysis in one row of the battery pack [9 
cells][transient simulation] 

The highest average temperature at the 9th cell for transient simulation was 30.14 °C, 
running from t = 0 to 3600s. That brought the battery cell temperature in each 
submodule as close as possible (0.14°C from the result of the transient simulation). 

5.2 Recommendation for Future Work 

 When applying a steady-state scenario for modeling the total amount of water 
flows, the difference temperatures increase with inlet velocity, with barriers, 
and without barriers, suggesting that a more adaptable structure type could 
increase the difference temperature anywhere with inlet velocity. Next, vary 
the number of cooling channel depths to separate the design . Finally, choosing 
a design that minimizes the cooling barrier length in the cooling channel 
configuration can be considered for future investigation. 
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 For a three-dimensional model, the temperature maximum of the whole pack 
of battery modules should be evaluated with a heat conjugate equation to find 
the amount of heat removed from the battery 
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