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ABSTRACT

The current study aims to optimize the thermal management system of the composite battery
case, which is planned to protect and improve the battery's safety and life cycle. The
relatively heavier and more complex structure of liquid-cooled thermal management systems
will be compensated by a composite battery case produced with a new patent-protected
technigue. The thermal management system will be studied first numerically to obtain an
optimized geometry for the highest heat transfer and minimum pressure loss. Then,
measurements will be performed on the manufactured battery case. Maximum surface
temperature and pressure losses were compared according to the results of two different

analyses with laminar and turbulent flow regimes.

Keywords: Liquid cooling battery thermal management system, Battery casing technology,

Response surface methodology
OZET

Mevcut calisma, batarya guvenligini ve yasam doéngusini korumak ve iyilestirmek igin
planlanan kompozit batarya paketinin termal yoOnetim sistemini optimize etmeyi
amaglamaktadir. Sivi sogutmali termal ydnetim sistemlerinin nispeten daha agir ve karmagsik
yapisi, yeni patent korumali teknikle Uretilen kompozit pil paketiyle telafi edilecek. Minimum
basing kaybi ile en yuksek isi transferi igin optimize edilmis bir geometri elde etmek amaciyla
termal yonetim sistemi ilk olarak sayisal olarak incelenecektir. Daha sonra Uretilen batarya
paketi Uzerinde olgimler yapilacaktir. Laminer ve turbulansli akis rejimine sahip iki farkli
analiz sonuglarina gére maksimum yuzey sicakligi ve basing kayiplari karsilastirimistir.
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Anahtar Kelime: Sivi sogutmali batarya termal yonetim sistemi, Batarya muhafaza

teknolojisi, Yanit ylzeyi yontemi

1. INTRODUCTION

In recent years, the use of electric vehicles (EVs) and hybrid vehicles (HVS) is increasing
rapidly [Yang et al. 2022]. The main reason for this uptrend is the environmental concerns
such as; global warming and reducing air quality [Zhu et al. 2019]. EVs and HVs most
commonly use lithium-ion (Li-ion) batteries because of their high energy density, long service
life, reliability, and relatively wide operating temperature range [Senyshyn et al. 2015]. For
the best performance, the Li-ion batteries should operate within the suggested operated
temperature that has a range of 15 °C—35 °C [Pesaran et al. 2013]. Should the temperature
of the batteries surpass this range, it could lead to safety hazards like fire or explosion.
Additionally, beyond this temperature range, the efficiency, lifespan, and performance of the
batteries decrease [Spitthoff et al. 2021]. Therefore, thermal management of the battery
package of an EV/HV becomes an issue. The required thermal management is provided via
thermal management systems that are attached to the battery packs. According to their
heating/cooling mechanisms, thermal management systems have their advantages and
disadvantages in battery packs, and they can be categorized into three distinct groups
presented in Table 1 [Ali, 2023].

Various techniques aimed at dissipating heat from the battery pack or pre-heating/heating
the batteries have been experimented with and tested by different research groups in recent
years. The research that is performed by Mahamud et al. (2013) can be an example of the
group of air cooling. Nevertheless, despite the simplicity of structure and lightweight, this
approach is not as effective as liquid systems, as heat transfer is generally faster in liquids
than in gases [Cengel, et al. 2015]. Thus, it is advisable to utilize liquid-based thermal
management systems for more efficient heating/cooling of battery packs. The weight of the
existing battery cooling systems is too heavy. A typical battery active cooling system consists
of pipes, a water pump, a compressor, an evaporator, a condenser, and an expansion valve
that creates additional weight [Kalaf et al. 2021].

The high efficiency of liquid-based thermal management systems has led to an increase in
research activity in this area. As an example; A new direct liquid cooling strategy was
suggested for large-scale lithium-ion pouch-type cells, aiming to maintain the cells' operating
temperature within the optimal range for both performance and safety by Larranaga-Ezeiza
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et al. (2022). As another example under this topic; He et al. (2023) designed a double-
layered I-shaped liquid cooling plate to optimize the working temperature of a Li-ion battery.

Amongst studies on liquid-based thermal management systems, some focus specifically on
the utilization of heating pipes to manage the temperature of the battery pack [Jaguemont
and Van Mierlo, 2020]. Because of the benefits of liquid-based thermal management
systems, leading companies such as Tesla and General Motors have incorporated these
systems into their EVs [Kannan et al. 2021]. A typical liquid-to-liquid cooled active battery
thermal management system schematic is shown in Figure 1 [Kalaf et al., 2021]. Although
the advantages of liquid-based thermal management systems mentioned above are
significant, it's important not to overlook some of their disadvantages. The existence of the
piping system creates not only additional weight but also, manufacturing and maintenance
costs [Khateeb et al., 2004]. Also, the failure possibility is increased due to the number of
additional parts. To address the existing challenges of conventional thermal management
systems, we propose a composite battery case with thermal management and self-healing
capabilities, utilizing liquid thermal management as its foundation. The problem of the high
weight can be overcome with a novel approach provided in this work. Because this battery
casing does not contain any additional piping system, it is lighter. The liquid flow is facilitated
through channels integrated within the composite layers, eliminating the need for additional
piping materials. The thermal management channels are created within the Carbon Fiber
Reinforced Polymer (CFRP) laminate by using a novel microvascular channel-creating
method based on the patent-protected technique [Geren et al. 2024]. The required patent
applications were made in 2022 and 2023 for this novel channel-creating method, for the
name of Cukurova University. This approach makes the creation of the thermal management

system cheaper, safer, and easier to apply.

Table 1. Comparison between different types of thermal management systems [Ali, 2023]

System | Additional Thermal Type of Thermal System Required Cost
Type Thermal Conductivity Management Space
Power Source

Air Exist Low Heating/Cooling Basic Large Low
Cooling

PCM Non-exist Low Cooling Basic Small Low
Liquid Exist High Heating/Cooling Complicated | Large High
Cooling
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Figure 1. Schematic Representation of Liquid to Liquid Cooled Active Battery Thermal
Management System

2. MATERIAL AND METHOD

In the current ongoing work of this project, the novel channel-creating method will be utilized
to create the integrated channels with circular cross-section on the surface of the battery
case (see in Figure 2). The channels will be located on the top and bottom surfaces of the
battery case since the majority of the heat generated due to the internal resistance of battery
cells originates from the top edges where connectors are located [Kim et al., 2009]. Four
different independent parameters were determined to reduce the maximum surface
temperature at the top of the battery pack. Hence the battery case and pack will be kept at
an optimum operating temperature of the lithium-ion battery cells. In addition, the aim is also
to minimize pressure losses through the piping system. Current work includes both
experimental and numerical studies. First, the most suitable configuration for the thermal
management system will be determined through numerical studies, and then the optimized
configuration will be implemented based on the patent-protected technigue [Geren et al.
2024] for experimental measurements.

An optimization study will be carried out to achieve this goal. The response surface
methodology is selected for designing experiment runs and optimizing the parameters. Four
independent and two dependent parameters are selected by taking into account the relevant
studies, see Table 2 for the parameter details.
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Table 2. Independent and Dependent Process Parameters

INDEPENDENT PARAMETERS DEPENDENT PARAMETERS

Number Of Channels, nc

Surface Temperature of Case, T
Temperature Of Inlet Flow, Tin

Mass Flow Rate, m

Pressure Loss Between Inlet and Outlet, AP

Heat Transfer Coefficient of The Case Material, k

Response Surface Methodology (RSM) is a collection of statistical and mathematical
technigues designed to optimize responses by analysing the independent and interactive
effects of variables. RSM provides crucial information for experiments to determine model
characteristics. The data generated from RSM are then used to develop a second-order
predictive model that links input process parameters to response variables. In this study, the
Box-Behnken Design (BBD) will be utilized, enabling the investigation of three input process
parameters that influence responses with less time and fewer experimental runs compared to

other experimental designs [Ozonoh et al. 2020].

The Bernardi equation (Equation 2.1) given below will be used to calculate the heat
production in battery cells [Bernardi et al. 1985].

Q= (V = Vapy)I +IT 22 (2.1)

Where V is the cell voltage, Vaov is the open circuit voltage, | is the current, and T is the cell
temperature. The first term on the right side of the equation represents irreversible heat,

while the second term is the reversible heat resulting from the change in entropy.

Microvascular Self-Healing Integrated Cooling/Heating
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;‘:.‘" o o QO [} o o o o] o] Q o o
O O O

157




The 20 International Conference on Machine Design and Production
August 14-17, 2024, Ankara, Turkey

Figure 2. Schematic representation of microvascular self-healing and cooling/heating
channels on top surface of battery package

The reversible heat in battery cells is much smaller compared to the irreversible heat, so it

can be neglected [Qian et al., 2019]. In this case, equation 2.1 can be simplified as follows:
Q' = I2R (22)

Where R indicates the internal resistance of the relevant battery cell. The cells to be included
in the battery pack were chosen as "LG Chem E78" with an internal resistance of 1.48mQ.
With the 96S2P battery configuration obtained by connecting two of ninety-six serially
connected battery cells in parallel, the total internal resistance was calculated as 71.04mQ.
The current passing through the battery pack was calculated as 72.3 Q by dividing the power
of the battery, which consumes 25 kW average power, by the nominal voltage value of
345.6V. According to Equation 2, the heat generated from the battery pack was calculated as
371W. When these obtained values are substituted in Equation 2.2, the battery heat released
from the package can be calculated as Q=371W.

Heat transfer is divided into three groups: conduction, convection, and radiation. Radiative
heat transfer in battery packs can be neglected because it is relatively low and difficult to
simulate [Qian et al 2019; Zhao et al 2023]. Moreover, these assumptions must be made in
order to perform the simulation [Chen et al 2006]: The thermal properties of the material do
not change on the surfaces where heat transfer will take place, the specific heat capacity and
thermal conductivity of the battery remain constant during charging and with temperature.
Furthermore, these assumptions still need to be made: the thermal conductivity of the battery
is anisotropic and the internal current is the average value, thus heat production is equal

everywhere.

According to Fourier's law, conduction heat transfer occurs due to the internal temperature
gradient and can be expressed as follows:

Q= —kAZ—Z; (2.3)

Where k, A and T are the heat conduction coefficient, surface area and temperature,
respectively. The minus sign indicates that the direction of heat transfer is opposite to the
temperature gradient. Convective heat transfer occurs between the battery cell at high
temperature and the battery pack case at low temperature, thanks to natural convection, and

can be expressed by the following equation:

Q = hAAT (2.4)
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The h in the equation represents the convective heat transfer coefficient of the air inside the
battery pack. The heat transfer equations in cartesian and cylindrical coordinates are given
below with Equation 2.5 and 2.6, respectively:

%(k%)+%(kg—;)+%(kg—:)+q=pccpg—: (2.5)
rorlr5) + g (kgg) + 55 (k55) + d = pen; 26)

Where pc, cp and § express body density, specific heat at constant pressure and volumetric
heat flow, respectively.

ANSYS FLUENT 20.0, a computational fluid dynamics commercial package program, will be
used to simulate the flow characteristics and thermal behavior. Differences in thermal
behavior with laminar and turbulent flow structures with different Reynolds numbers (Re) will
be examined. Moreover, the effect of the channel geometry and configuration through which
the refrigerant passes on heat transfer will be revealed. The governing equations given
below, continuity, momentum, energy, k, and € respectively, will be discretized by the finite
volume method.

LrV-(ow) =0 @20

where p is density, u is mean velocity, t is the time.

a(pw)

— TV (puu) = —=Vp+V- (Wru)+ f (2.8)

where p is the pressure, u is viscosity, f is the body forces.

d(pE)

?+|7-(puE) =—V-(up)+V-&VT)+® (2.9)

where E is the total energy (internal and kinetic), T is the temperature, k is thermal

conductivity, @ is the work done by viscosity.

9(pk) = B _

17 (ouk) =7 - [ (u+ Uk) Vk| + P — pe (2.10)
2(pe)

L7 (pue) =7 - [(u +§) Ve| + Ce1=Pi— Ceze (2.11)

Where k is turbulent kinetic energy, € is dissipation rate, Py is the turbulent kinetic energy
production, p; is turbulent viscosity, g, and o, are Prandtl numbers, and C.,and C., are

model constants.

Details about the CFD analysis setup settings are given in Table 3.
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Table 3. CFD Analysis Setup Settings in Ansys Fluent

Solver Type e Pressure-based

Time Stepping e Steady

Pressure-Velocity Coupling e Coupled

Viscous Model e Laminar and Standard k-epsilon with Standard Wall
Function

Energy Equation e On

Fluid Properties e Water

e Density 1000 kg/m?

e Dynamic viscosity 0.001 kg/ms
e Thermal conductivity 0.6 w/mK
e Specific Heat 4182 J/kgK

Solid Properties e Carbon Fiber Reinforced Polymer
e Density 1750 kg/m?

e Specific Heat 750 J/kgK

e Thermal Conductivity 0.7w/mK

Boundary Condition e Inlet and Outlet mass flow rates are 0.0059 and
0.0196 kg/s.
e Reynolds Numbers are 1500 and 5000

e Inlet flow temperature 10°C

Residual Monitors e Residuals were set to be 1e-06

Initialization e Standard Initialization

The grid structure utilized in the numerical analysis for our ongoing project is illustrated in
Figure 3. The average orthogonal quality and skewness values of the grid structure, which
consists of a total of 36.4 million elements, are 0.76 and 0.23, respectively.
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Figure 3. Grid Structure of Battery Case Surface

Flow domain and boundary conditions are defined in Figure 6.

Mass Flow Outlet

Outlet Collector
Upper Surface of Battery Case

Inlet Collector

Mass Flow Inlet
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Figure 6. Solid model of the cooling/heating surface of the battery case

3. Preliminary Numerical Analyses

In the CFD model, the Coupled solver scheme was utilized which involves simultaneous
solution of momentum continuity and energy equations, ensuring tighter coupling between
velocity and pressure fields compared to the other schemes. The standard k-¢ model was
employed to simulate turbulent fluid flow. In order to obtain more accurate results, the
convergence criteria of residuals have been set to 10°. Initially, the upper cover of the
battery case with 11 cooling/heating channels with a heat transfer coefficient of 0.7W/mK
was considered, and laminar and turbulent flow regimes were solved. The inlet water
temperature was selected as 10 °C and the mass flow rate was determined as 0.0059 and
0.0196 kg/s for laminar and turbulent flow, respectively.

Grid independence analysis was performed to ensure that the analyses performed and to be
performed are independent of the grid structure. In Figure 4, the pressure loss differences

between the inlet and outlet with five different element numbers are examined.
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Figure 4. Graph of Grid Dependency Analysis
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The residual graph of the numerical analyses performed in Ansys Fluent is presented in
Figure 5 to show that the results converge.
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Figure 5. Graph of Residual Monitor

Figure 7 shows the temperature and pressure contours for the laminar flow regime at
Re=1500. According to the results, the maximum temperature is found to be 105 °C near the
exit of channels around the center of plate. Such a temperature is at a level that may
degrade the structure of the composite material's resin. Furthermore, the temperature
distribution across the plate is highly non-uniform which can damage the battery cell at the
down region of the outlet side. Therefore, a laminar flow regime is found to be unsafe for
battery life.

The effects of turbulent flow at a Reynolds Number on both heat transfer and pressure loss
are illustrated in Figure 8. This figure demonstrates how the presence of turbulence
enhances the convective heat transfer as a result of intensified mixing and fluid movement.
Additionally, it highlights the corresponding increase in pressure drop, which is a
consequence of the higher frictional forces encountered within the turbulent regime. Firstly,
much more uniform temperature distribution is obtained on the plate compared to the laminar
flow case (Figure 7). Moreover, the maximum surface temperature is decreased to 92 °C at
the side regions of the plate, indicating high heat transfer around the channels. However,
pressure loss between the inlet and outlet is increased from AP=455 Pa to AP=3517 Pa
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when compared to the laminar flow case. In conclusion, the preliminary numerical analysis
showed the favorable and unfavorable characteristics of laminar and turbulent flows i.e.
laminar flow provides lower pressure loss but non-uniform temperature distribution through
the plate whereas the reverse situation is true for the turbulent flow conditions. The
preliminary study results of the cooling and heating system that we will use in our ongoing
project coincide with the results of studies with similar configurations in the literature [Fan et
al., 2023]. Therefore, more analyses are planned to obtain an optimized case giving the best
configuration of channels on the plate. Hence, the upcoming numerical analysis will involve
the prescribed independent parameters which are the number of channels (nc), mass flow
rate (m), inlet water temperature (Tin), and heat conduction coefficient (k) to obtain the lowest

surface temperature distribution by minimizing the pressure loss.
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Figure 6. Temperature and Pressure Contours at Re=1500
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Figure 7. Temperature and Pressure Contour at Re=5000
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4. CONCLUSION

In this paper, the thermal optimization characteristics of a novel battery case that has a
thermal management system integrated within the CFRP. The required thermal analysis for
this patent-protected project [Geren et al., 2024] is performed and proposed in this paper.
Initially, the thermal management system will undergo numerical investigation to derive an
optimized geometry that maximizes heat transfer while ensuring uniform temperature
distribution and minimal pressure loss. After this numerical approach, measurements will be
performed on the manufactured battery case.

To sum up, the initial numerical analysis revealed both advantageous and disadvantageous
aspects of laminar and turbulent flows. For instance, laminar flow exhibits reduced pressure
loss but results in non-uniform temperature distribution across the plate, whereas turbulent
flow conditions present the opposite scenario. Consequently, further analyses are scheduled
to achieve an optimized scenario determining the ideal configuration of pipes on the plate.
Subsequently, the forthcoming numerical analysis will incorporate predetermined
independent parameters: the number of pipes (np), mass flow rate (m), inlet water
temperature (Tin), and heat conduction coefficient (k), aiming to minimize pressure loss and
achieve the most uniform surface temperature distribution. The preliminary numerical
analysis of the thermal management system of this ongoing work is presented in this study.
According to the analyses shown in the results section, independence from the number of
grids and convergence of iterations, low pressure loss was achieved in the laminar flow
regime, while low surface temperature was obtained in the turbulent flow regime.
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