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Abstract: In this study, a module consisting of 30 pouch-type lithium-ion batteries with Lithium Iron
Phosphate (LFP) chemistry, known for its lower flammability, was modeled along with its cooling system
in a one-dimensional framework. The modeling was conducted using MATLAB Simulink and Simscape
Battery. The temperature variations and heat generation rates of the battery system were analyzed at
different discharge rates. A liquid cooling system, designed to cool the battery module from below, was
developed. The cooling performance was examined by selectinga laminar flow regime at lower Reynolds
numbers, which was assumed to result in lower pumping losses. In the analyses performed at different
Reynolds numbers and with varying numbers of cooling plate channels, it was observedthat as the Reynolds
number increased, both the heat transfer rate and coolant flowwelocity increased, leading to a reductionin
battery temperature values but an increase in pressure values.
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Farkl Tasarim ve Akis Parametrelerinin Batarya Sogutma Sistemi Performansina Etkisinin
Incelenmesi

Oz Bu calismada elektrikli araglarda kullamlan, yanicilig1 daha az olan Lityum Demir Fosfat kimyasina
sahip, 30 adet kese (pouch) tipi ad1 verilen Lityum iyon bataryadan olusan bir modiil ve sogutma sistemi
bir boyutlu olarak modellenmis ve sogutma performansi incelenmistir. Modelleme MATLAB Simulink ve
Simscape Battery ortaminda gerceklestirilmistir. Farkli desarj oranlarinda batarya sisteminin sicaklik
degisimleri ve 1s1 iiretim miktarlar1 incelenmistir. Batarya modiiliinii sogutabilmek i¢in, alttan olacak
sekilde stvi sogutma sistemi tasarlanmistir. Stvi sogutma sisteminde pompalama kayiplarimin daha az
oldugu diisiiniilen daha diisiik Reynolds sayilarinda laminer akis tipi secgilerek sogutma perfomansi
incelenmistir. Farkli Reynolds sayilarinda ve farkli sogutma plakasi kanal sayilarinda yapilan analizlerde,
Reynolds sayist arttikga 151 transfer hizi ve sogutma sivis1 hiz1 arttigi i¢in batarya sicaklik degerlerinde
diisiis ve basing degerlerinde artis goriillmiistiir.

Anahtar Kelimeler: Batarya sogutma sistemi, Bir boyutlu modelleme, lityum iyon batarya
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1. INTRODUCTION

Given the significant advantages of Li-ion batteries, their application has become increasingly
widespread with ongoing advancements. These batteries are utilized in various sectors, including
electric vehicles, consumer electronics such as mobile devices, household appliances, and energy
storage systems in military equipment. Based on their physical characteristics, Li-ion batteries
can be categorized into pouch, cylindrical, and prismatic types. However, if a battery is charged
or discharged at a high C rate without an adequate cooling system, overheating and thermal
runaway may occur. It is crucial to minimize excessive temperature variations within the battery.
Ideally, the maximum temperature difference should not exceed 5 °C (Fu etal., 2023).

If we look at the historical development of lithium-ion batteries, in 1987, Akira Yoshino
reported a lithium-ion battery design based on a LiCoO: cathode and carbonate ester electrolyte.
He was the first to commercialize a battery that used a soft carbon anode (a coal-like material)
and electrolyte, and he patented this lithium-ion battery. The design featured a hollow structure,
which enhanced production safety and reduced costs. In 1991, Sony utilized Yoshino's design to
produce and sell the world's first rechargeable lithium-ion batteries. The following year, a joint
venture between Toshiba and Asahi Kasei launched further developments in lithium-ion battery
technology (Li et al., 2018). In the 1990s, the soft carbon anode was first replaced with hard
carbon and later with graphite, leading to significant improvements in energy density (Fong,
Sacken et al., 1990). In April 2023, CATL announced a breakthrough in solid-state battery
technology, achieving a record energy density of 500 Wh/kg. This development marks a
significant increase in the production capacity of solid condensed batteries. The new design
employs electrodes without binders and features a gelled accumulator, resulting in reduced
production downtime (Hanley, 2023).

Ghiji et al.,, (2020) determined that thermal runaway poses a significant fire hazard,
particularly in enclosed spaces. Over the past 20 years, there have been more than 300 fires
associated with Li-ion batteries, highlighting the serious safety risks these batteries can present.
The causes of these incidents include battery overheating, internal short circuits, short circuits
during charging, sudden battery ignition, loose connections leading to overheating, short circuits
due to water exposure, short circuits in battery modules during collisions, and gas release followed
by ignition. These issues often arise from short circuits between the positive and negative
terminals. Graphite is the most used anode material in lithium-ion batteries and is expected to
remain so for the next few decades (Zhang et al., 2021). Yu et al. (2024) investigated thermal
runaway mechanisms of a NCA-graphite lithium-ion battery and reported that graphite anode +
electrolyte reactions contribute 53.8% of the total heat.

Since thermal runaway is one of the most critical issues in battery modules, researchers
worldwide had been investigating various battery cooling systems. Monika etal. (2022) compared
different channel structures in their study, focusing on enhancing cooling efficiency. They found
that parallel and serpentine channels, commonly used in traditional designs, were gradually
replaced by alternative channels with improved cooling performance. The researchers designed
six cold plates with identical channel volumes: straight channels, serpentine channels, U-shaped
channels, gourd-shaped channels, spiral channels, and hexagonal channels. In their numerical
analysis, despite higher pressure drops, the serpentine and hexagonal channels demonstrated
superior cooling properties. The temperature distribution in the battery system was significantly
improved with these designs.

Batteries can reach high temperatures when operating at high performance, and if not
adequately cooled, this can cause structural damage and render the battery unusable. To prevent
this, a battery thermal management system (BTMS) is essential. BTMS can utilize either passive
cooling—relying solely on ambient temperature—or active cooling, where devices are integrated
into the cooling medium. Most cooling systems employ external cooling technigues, where heat
is removed from the battery surface. Therefore, it is crucial to maintain an effective cooling

820



Uludag University Journal of The Faculty of Engineering, Vol. 29, No. 3, 2024

system to keep the batteries within a specific temperature range, ensuring optimal performance
and longevity.

Simulating and predicting the heat generation and heat dissipation is important for designing
BTMSs. Although lots of researchers are present in the literature, most of the simulations are
benefiting the 3D- (Computational Fluid Dynamic) CFD Tools. There are few studies employes
1D electrical and thermal models and cooling systems (Kim et al., 2023; Kumar et al., 2023). In
this study, a 1D battery model was developed using MATLAB Simulink Simscape software, and
the temperature values obtained from the model at different discharge rates (2C, 3C, 4C) were
compared with data from the literature. Since pressure drop increases the parasitic power absorbed
from the battery system, laminar flow within the cooling channels is preferred. The cooling
performance of the system is analyzed under 4C discharge conditions, focusing on cooling
scenarios with different Reynolds numbers within the cooling channels, aiming to provide
valuable contributions to other researchers.

2. MATERIAL AND METHOD

2.1. One Dimensional Battery Cooling System with Parallel Channels

In this section, MATLAB Simscape Battery and Simulink are used for one-dimensional
modeling software. At different discharge rates (2C, 3C, 4C) the battery heat generation and the
temperature values are validated with the results in the literature. Different liquid cooling systems
with parallel channels are designed to cool the battery module from bottom of the module.

2.1.1. Li-lon Battery Technical Specifications

In this study, a battery with Lithium Iron Phosphate (LFP-LiFePO4) chemistry, AMP20M1
HD from the A123 brand, is selected. The specifications of the battery used are given in Table 1.

Table 1. Technical specifications of the selected battery (A123, AMP20M1HD-A, 2011)

Brand Al123 system
Model AMP20M1HD
Chemistry LFP-LiFePO4
Voltage 3.3V (hominal)
Capacity 19.6 mAh
Dimension 7.25 x 160 x 227
Weight 496 g
'(I?Sr?wrsgrna%ure 30°C=55°C
??&agsrature H0°C-60°C

The modeling is performed in the MATLAB Simulink and Simscape Battery environment.
This platform allows for the development and evaluation of various battery pack architectures,
enabling the assessment of their performance under different conditions.
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2.1.2.Battery Model Equations

The discharge rate must be considered in the calculations. The capacity of the cell is 20 Ah,
meaning that if a current of 20A is drawn, the cell will be fully discharged in one hour. If the C-
rate is taken as 2, which corresponds to the nominal value of the battery, the discharge current
would be 40A, as the capacity is 20 Ah. The C-rate equation is provided in Equation 3.1, and the
equation for calculating the expected usable time of the battery is presented in Equation 3.2.

Charge or discharge current
C rate = , : D)
Battery nominal capacity

Here, C rate is the charging or discharging rate against the charging or discharging current (A). It
is obtained by dividing it by its capacity (Ah).

Discharge capacity
Hour = —; 2
Discharge current

The modeling is conducted without a cooling system for validation with the addition of key
components such as the MATLAB battery cell, discharge, step function, Simulink-PS converter,
and grounding blocks. The Simulink model is illustrated in Figure 1. The model consists of a
discharger block for discharge the battery with constant current, PS Step signal for triggering the
discharger block, temperature source block for ambient temperature input, battery, electric
reference and solver configuration blocks.

T

= ‘

Figure 1:
One dimensional battery model without cooling system

The model is established and run without a cooling system at different discharge rates.

The battery equivalent block calculates the total battery heat generation rate by adding the
following expression is shown in Equation 3 (Bernardi et al., 1985).

Qgen = Pdiss + Qrev + Qflow,exr (3)

P, is the power loss term of all resistors in the equivalent circuit topology. The irreversible heat
generation due to battery polarization can be neglected be calculated with Equation 4.
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Puiss = I°R, 4)
Here, | is the current [A] and R, is the instantaneous resistance of the battery cell.

Q.. is the reversible heat generation from entropy and can be calculated with Equation 5.

docv )

Qrev = IxTx

Where OCV is the Open Circuit Voltage and T is the temperature.

Qflow,exr comes from faulty cell behaviour such as short circuit, open circuit resistance and
thermal runaway heat of reaction concepts.

The temperature variations at different discharge rates are validated using experimental data
from a study in the literature that employed the same battery (Panchal et.al, 2014). The
temperature changes from both the simulation and experimental data are presented in Figure 2.

60 4C Sim.
4C Exp.
3C Sim.
_50 i 3C Exp.
& 2C Sim.
540 i —e—2C Exp.
=
N
=
Z 30
=9
8
=20 f
10 1 1 1 ]
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Figure 2:

Experimental and simulated temperature values at different C rates

2.1.3. Modelling of The Battery Module

For the model with a cooling system, components such as a reservoir, flow source, and a
parallel-channel cooling plate are added. The cooling plate is used to regulate the temperature of
the battery module. Thermophysical properties of water, battery and aluminum sheet are given
Table 2. The flow source ensures fluid flows at specific mass flow rates, while the reservoir
supplies the necessary fluid to the system. The design and the model of the battery cooling system
is illustrated in Figure 3.

The conductive heat transfer between cooling plate and battery module is calculated by using
Equation 6 (Cengel, 1998).
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-
Q= kAoy (6)

dX

Where T is the temperature, k is the thermal conductivity of the plate, and A and x depend on the
plate thickness and on the number of partitions and directions, x ory.

The heat flow rate between the thermal liquid and the cooling channels walls is shown in Equation
7.

kS,

Qu = Qcony +—— (Th -T) (7)

Qn is the net heat flow rate, Qconv is the heat flow rate from convection. k is the thermal
conductivity of the thermal liquid in the cooling channel. Sy is the surface area of the cooling
channel wall, the product of the cooling channel perimeter and length. T is the temperature at the
cooling channel wall.

For an exponential temperature distribution along the cooling channel, the convective heat
transfer can be calculated with Equation 8.

_ hcoeffSH >
|mavg | Cp,avg

Qconv = |mavglcp,avg (TH - Tin) 1- exp( (8)

Mgyg IS the average mass flow rate. ¢, q,, is the specific heat evaluated at the average
temperature. T;, is the inlet temperature depending on flow direction.

The heat transfer coefficient, h.,.rr, depends on the Nusselt number shown in Equation 9.

kavg
heoers =N ©

D is the hydraulic diameter of the pipe.
In Equation 10 is shown pressure calculation (White and Xue, 2003).

Lpv?
D

p=f2 (10)

p is the pressure in Pascal. f is the Darcy factor in laminar flow. L in meters is the length. p is the
density [kg/m3], v is the velocity and expressed m/s. D is the diameter expression in meters.

Table 2. Thermophysical properties of the battery, aluminium and water (Bulut et al.,
2021; Lin et al., 2022)

Material p [kg/m?] | cp [W(kgK)] | K[WIMK)] | 41 [Pa.s]

Battery 2092 900 18.2 -
Aluminum 2719 871 202.4 -
Water 998.2 4182 0.6 0.001
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Figure 3:

a) Design of the battery module b) Simulink model of the battery module with cooling system

3. RESULTS AND DISCUSSION

The pressure drop characteristics of the cooling system are evaluated for varying Reynolds
numbers (200, 300, 400, 1000, 1500, and 2000) and different numbers of cooling channels. Figure
4 illustrates the pressure drop at Reynolds numbers 200, 300, and 400 for various channel
configurations. It can be seen that, as the number of channels increases, the pressure drop rises
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steadily. At lower Reynolds numbers (200, 300, 400), the pressure drop values increase from
approximately 150 Pato around 450 Paas the number of channels grows from 4 to 8. This can be
attributed to the increased number of bends in the cooling channel distributor and collector, as
well as the increasing mass flow rate, which leads to increasing pressure drop due to friction and
local losses.

500 -

'
=
=

(7%}
=
=

200

Pressure Drop [Pa]

100

0 1 1 1 J
4 5 6 7 8

Number of Channels

Figure 4:
Pressure drop values for Reynolds 200,300 and 400 at different number of channels

The analyses for Reynolds numbers 200, 300, and 400 are conducted by maintaining the flow
regime in the laminar zone, where the flow remains steady and predictable. As the number of
channels increases, the system's overall flow rate increases as well, which leads to a corresponding
increase in pressure drop. However, this pressure drop remains relatively moderate within the
laminar flow regime, which does not yet exhibit the turbulence-induced escalations seen at higher
Reynolds numbers.

In contrast, Figure 5 presents pressure drop results for Reynolds numbers 1000, 1500, and
2000 across different channel numbers. For higher Reynolds numbers, the pressure drop increases
significantly, especially when the number of channels is raised, due to increase in the mass flow
rate of the system. As the Reynolds number increases, the flow transitions from laminar to
turbulent. At Reynolds numbers 1000, 1500, and 2000, the pressure drop increases sharply,
reaching values between 6000 Pa and 24000 Pa as the number of channels increases. This
phenomenon is due to the onset of turbulence, where turbulent flow results in higher frictional
losses, demanding more energy to pump the coolant through the system.
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Figure 5:
Pressure drop values for Reynolds 1000, 1500 and 2000 at different number of channels

This shift from laminar to turbulent flow highlights a key challenge in cooling system design:
while additional channels can increase the available heat transfer surface area, they also introduce
significant pressure drop in turbulent flow conditions.

The cooling performance of the system is also evaluated by analyzing the maximum
temperature at various Reynolds numbers and channel configurations. In the absence of cooling,
the maximum temperature of the battery module reached 334 K. The maximum temperature
values for Reynolds numbers 200, 300, 400, 1000, 1500, and 2000, under different channel
configurations are shown in Figure 6.
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Figure 6:
Temperature values at different number of channels for different Reynolds Number
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Figure 6. demonstrates that the cooling performance improves with an increase in both the
Reynolds number and the number of cooling channels, although the effect of adding more
channels diminishes as the Reynolds number increases. At low Reynolds numbers (200, 300 and
400), the cooling effect from increasing channels is moderate, while at higher Reynolds numbers
(1000, 1500 and 2000), the cooling system stabilizes at lower temperatures, and further increasing
the number of channels has a limited impact. This suggests that for optimal thermal management
in the battery cooling system, both the flow rate (Reynolds number) and the channel configuration
should be considered to balance cooling efficiency and design complexity.

Furthermore, while increasing the number of channels can enhance cooling performance in
the laminar flow regime, the effect diminishes at higher Reynolds numbers. Qian et al. (2016)
reported that increase in the number of channels can decrease the maximum temperature values
and, they found a 5-channel cooling plate is enough. The further decrease in temperature, they
suggested increasing the mass flow rate. They also reported that, for constant mass flow rate,
increasing the number of channels reduces the pressure drop. A fewer number of channels will
both increase the pressure drop and deteriorate the cooling performance. Therefore, the design of
cooling systems should aim for a balance: optimizing the number of channels and flow parameters
to improve heat dissipation while accounting for the pressure losses introduced by additional
channels, particularly in turbulent flow conditions.

4. CONCLUSION

In this study, a one-dimensional model of a Li-ion battery module and cooling system,
consisting of 30 pouch-type LFP cells (AMP20M1 HD), was developed, and its liquid cooling
performance was investigated.

e First, aone-dimensional model of the battery was created without a cooling system.
The analysis revealed that the temperature reached around 334 K. It was seen that as
the discharge rate increased, the temperature values increased.

e The effect of the number of channels on the pressure drop was investigated,
revealing that as the number of channels increased, pressure drop values varied
between 150 and 450 Pa, especially for Reynolds numbers of 200, 300, and 400.
This was attributed to the increased number of bends in the system, coupled with the
rise in mass flow rate. Additionally, as Reynolds numbers increased, the system
transitioned from laminar to turbulent flow, leading to a sharp rise in pressure drop,
particularly for Reynolds numbers of 1000, 1500, and 2000.

e Inthe cooling system analysis performed at Reynolds 200, 300, 400, 1000, 1500 and
2000 values, the system temperature of 332 K at Reynolds 200 decreased to 327 K
at Reynolds 2000 value. The cooling capacity for the laminar flow zone has reached
a sufficient level.

o While the number of channels has been increased, the channel width was constant
and the effect of the channel width on cooling system performance will be further
investigated in future studies, particularly under high discharge rates in the laminar
flow regime. An optimization study with the channel width, the number of channels
and the mass flow rate parameters will contribute to the literature even more
comprehensively.

e In the cooling system analysis conducted at Reynolds numbers of 200, 300, 400,
1000, 1500, and 2000, the system temperature decreased from 332 K at Reynolds
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200 to 327 K at Reynolds 2000. The cooling capacity in the laminar flow regime can
be insufficient for safe operation.

e This study examines the performance of the cooling system under laminar flow
conditions, where pressure losses are lower, since the higher pressure losses can
increase the power consumption of the battery cooling systems in electric or hybrid
vehicles. Design engineers should consider this carefully that increasing the number
of channels raises the mass flow rate of system, which may lead to turbulent flow in
the distributor and collector sections.
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