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Abstract. The performance of Li-ion batteries is highly dependent on the conditions and temperature
distribution inside the battery units. Most of the batteries suffer from high heat dissipation and
temperature which influence the battery unit life and efficiency. Therefore, a thermal cooling system
is important to regulate the battery unit temperature and reduce the high heat dissipation effect. This
study aims to examine the thermal cooling efficiency of a single Li-ion battery unit with a modified
heat sink. The study was performed in a laminar flow regime with Reynolds numbers ranging from
20 to 120. The operating fluid is air and the heat sink is aluminum. The Li-ion battery units' heat sink
was adjusted with elliptic holes as perforation located inside the walls of each fin. The elliptic holes
are spaced evenly along with the fins with constant size and gap between them. The thermal
performance in the battery unit is calculated using the MSMD function which is solved using the
Ansys 18.1 software. The results indicate that the maximum battery unit temperature measured in
the case is 343.1 K without a cooling system. The battery unit temperature decreased by 13% when
only air cooling was applied. The use of a heat sink with elliptic perforation plays an important role
in lowering the battery unit temperature. The temperature decreased by 21% compared to the case
of without cooling. Furtheremore, analysis of velocity, pressure drop and firiction losses losses were
optimized of the heat sink.
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Nomenclature

L The battery unit length (mm) Greek
symbols
W The battery unit width (mm) A Difference
Lt  The two tabs Length (mm) p Air density (kg/m?3)
Wi The two tabs width (mm) v Air dynamic viscosity (Pa s)
S The distance between two tabs (mm)
L+  The fin’s hiegtht (mm) Subscripts
Ws  The fin’s width (mm) f fluid
v Air velocity (m/s) in inlet
Cp s Air specific heat (KJ/kg.K) S solid
ky  Fluid thermal conductivity of the (W/m.K) (BC) Battery unit
Nu  Nusselt number (BC-A) Battery unit with air cooling
Tr  Fluid temperature (K) (BC-AH) Battery unit with air heat sink
ks Solid thermal conductivity (W/m.K) (BC-AHP)  Battery unit with air heat sink
and perforation
T,  Solid surface temperature (K) The distance between elliptic
g perforation
P Air pressure (pa) a Major length of an ellipse
Re  Reynold number b Minor length of an ellipse
D,  Hydraulic diameter PCM Phase change material
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U  Total velocity (m/s)
q.ss Effective heat transfer rate (W)

1 Introduction

Li-ion battery units provide clean energy used in electrical generation, transportations, and our life needs
due to high energy density. High cell temperature reduces cell performance and is long-lasting.
Therefore, a cooling system is important to regulate the cell temperature and prevent the high-
temperature effects. The cooling performance of electronic devices, thermal energy, and battery units
that generate high heat removal are investigated using air forced convection [1]-[3]. The spacing among
the cell is considered to increase the convection heat transfer. The temperature of the cell is decreased
by 8 C with an increase in the air velocity. The cooling system using mini-channel and nanofluid is
modeled to regulate the battery unit temperature in electric vehicles [4]. The cell temperature with the
use of the nanofluid was reduced by 28.65 % in comparison with the battery unit without a cooling
system. Cooling of electric battery unit system using PCM with metal foam to obtain acceptable
temperature ranges is investigated [5]. Phase change material delay reaching the critical temperature and
the metal foam helps distributes the thermal energy in PCM which increase the long life of battery unit.
Thermal management cooling using heat pipe in 8-battery unit as a pack delivered 400 watts as energy
is investigated [6]. The cooling system can dissipate 50W as heat in each cell with maintaining the pack
at safe temperature limits. Mini-channel like tree heat sink designs applied to cool Li-ion battery unit at
4 C discharge rate in electric vehicles is investigated [7]. The like tree mini channel better cooling thermal
management system than the straight mini channel. The battery unit temperature reduces significantly
with an increase in the pressure drop penalty. A comparison of different cooling methods to maintain the
temperature at 15°C to 35°C for a lithium-ion battery unit is achieved [8]. The findings demonstrate that
a system of air-cooling requires between 2 and 3 times more energy than other systems, in order to
maintain the same temperature in the range of time; an indirect liquid cooling has the highest peak
increase of the temperature. The thermal behaviors of Li-ion cells and modules were studied under a
range of electrical charges and cooling conditions [9]. Results from the simulation show that the 3D
electro-thermal model used for this analysis adequately characterizes the electro-thermal comparability
of Li-ion battery units. Heat transfer with phase change materials (PCMs) where the PCM is combined
with a Li-ion cell was proposed [10]. The findings show that when PCM can be used, the maximum
temperature and temperature escapade in the cell is decreased. The temperature is reduced by 3.0 K that
used a PCM with a thickness of 12 mm. A computational fluid dynamic (CFD) study is proposed to
analyze the air cooling mechanism for a 38,120 cell battery unit pack [11]. When the battery unit pack is
wide and complete transient simulation is not feasible, the CFD offers a convenient way to measure the
battery unit's thermal efficiency. Three-dimensional thermal simulation of a single Li-ion battery unit
was discussed [12]. The cell temperature rapidly approaches 40 °C with low cooling system velocity,
and temperature non-uniformity approaches the maximum value of 5 °C during the 5C self-discharge
condition; but under external short-selling status, temperature increases significantly and reaching nearly
the 80 °C levels, which can cause a temperature increase. The heat sink with diffrernt diffrernt designs
has a significant influent on Li-ion battery unit temperature [13]. The heat sink reduced the battery unit
temperature while the dimples cause a slightl influence on battery unit temperature. A liquid-cooled
rectangular battery unit module concept and experimental constructions are analyzed [14]. At a coolant
flow rate of 0.001 Kg/s, the system's thermal resistance was calculated to be less than 0.2 K/W. The
experimental liquid-cooled unit proved to be a feasible alternative for keeping cylindrical Li-ion cells
close to their ideal operating temperature. Direct cooling efficiency specifications of Li-ion batteries
using dielectric fluid submerged cooling were studied. [15]. The results indicate that a Li-ion pouch cell
submerged in the liquid coolant with tab cooling performed better than normal convection at a 3C
discharge rate, with a 46.8% decrease in the maximum temperature at the critical point.

In this work, an analysis of thermal performance and heat transfer in a single battery unit with a heat
sink is investigated. The heat sink was modified using ellipse perforation located in the sidewall of each



channel. The ellipse perforation has the same size and the gap between them is constant. The study was
conducted at different ranges of Reynolds from (20-120) of laminar flow regime. Air is used as a working
fluid and heat sink made from aluminum. The determinations of the influence of the heat sink in battery
unit temperature, Nusselt number, and friction losses are conducted.

2 Methodology

2.1 Physical Model
The battery unit schematic design is illustrated in Figure 1. The unit of 60 mm length and 40 mm width

was considered. The positive and negative tab lengths and widths (L*W:) are (12.5*10) mm and the gap
length between them is 10 mm. The cell and tabs have the same thickness of 2 mm. The cell is made
from Lithium and the battery unit tabs are made from Nickel. The battery unit generates heat to the
atmosphere as heat flux of 100 W through all battery unit directions during its operation. The heat transfer
through the cell is conduction while the heat transfer by convection in the case of the cooling system.
The heat sink size is H x W =100 mm x 100 mm. The fins' height and width are (3*2) mm which are
located along with the battery unit. The heat sink is made from pure aluminum that is assumed to have
constant thermal properties. The working fluid is air, which the thermal properties of air are calculated
at an average temperature. The heat sink is placed at the two large sides of the battery unit to dissipate
more heat through discharging. The heat sink with perforation is conducted using elliptic holes through
the sidewalls of the heat sink. The elliptic holes are distributed horizontally along with the fins with a
constant gap among them. The case of the only battery unit is named BC, the case of battery unit with
cooling called BC-A, the case of using battery unit with heat sink is (BC-AH), and the last case of using
battery unit with heat sink with perforation which called BC-AHP. For more details, the modified heat
sink with perforation of battery unit with cooling case (BC-AHP) is shown in Figure 2.
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Fig. 1 (a) The the battery unit schematic design (b) The 3-D view of battery unit.
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Fig. 2 The modified heat sink with perforation of (a) Cooling system of battery unit in case of (BC-
AHP) (b) perforated elliptic heat sink design.

2.2 Governing Equations and Boundary Conditions
To evaluate the heat transfer and fluid flow in heat sink bounded the battery unit, solution of the

governing equations of continuity, momentum, and energy equations should be performed as:
Continuity equation:

ou  Ov ow

a + 5 + Z =0 (1)
Momentum equation:

p;(U.VU) = —VP + V.(u;VU) )

Energy equation:

Where U, P, Ty, p, Cp, p and k are velocity, pressure, temperature, specific heat, viscosity, and thermal
conductivity. The subscripts f and s refer to fluid and solid respectively. The calculations of thermal load
in battery unit heat sink were found numerically but the parameters like Reynold and Nusselt number

were obtained from the below correlations. The hydraulic diameter of the channel is defined as:
_ 4(WxHp)

h = 2(W1+Hf) (4)
The Reynolds number can be defined as:
R, = —”f;‘i”’l ©)
£
The overall heat transfer coefficient is [16] as:
Qef
= 6
h (Tw_Tf) ( )

The Nusselt number is:



hD
Ny = k_h (7)
f

The friction loss is:

f= 2APDy, ®)
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Uniform boundary conditions are asumed in the battery unit and heat sink and constant temperature. The
boundary conditions in the battery unit heat sink are explained in Table 1. Air was used as working fluid
while the heat sink was made from aluminum. The flow was laminar and variable air velocity ranging
(10.-0.5) mm were applied. The constant thermal conductivity and dynamic viscosity are considered.
Table 2 shows the of properties of Li-ion battery unit.

Table 1 The boundary conditions.

Zone Boundary conditions Expression
Inlet Velocity-inlet y =0, U = Uin, Uin = (0.1-0.5) m/s, Tin =300 K
Outlet Pressure outlet y=L, Pt =Pout = 0 (gauge pressure)
Top and Bottom Constant heat flux x=0, -k, ZE=q= 100W
walls ay
Left and right Symmetry dT;
walls ay 0
Inner walls No slip u=v=w=0,
Other walls Adiabatic aTs 0= JaT¢
dy — ay

Table 2 The battery unit, aluminum, and air properties.

Material P [ k n
Aluminum 2719 871 202.4 -

Air 1.242 4181 0.0242 0.00000176
Positive tab 2100 800 1 -

Negative tab 1400 800 1.48 -

cell 1299 1978 18.1 -

2.3 Numerical Solution

The generated heat in the battery unit is obtained using the MSMD function which is solved using finite
volume method Ansys software. The physical properties of the battery unit and tabs are assumed to be
constant. The governing equations of continuity, momentum, and energy were solved. The battery unit
geometry and heat sink were modeled using Solidwork 2013. In this work, the SIMPLEC algorithm was
used for calculations of velocity, temperature, and pressure drop, and a second upwind scheme was
applied. The residual results for continuity, momentum, and energy equations are set to be less than 10
6,108, 10°° respectively to get a suitable converging for Navier-stokes equations.

2.4 Mesh Independence Study

The importance of obtaining reliable solution results depends mainly on the study of mesh independence.
To perform a mesh independence study, the finer mesh was applied to all systems with considering the
mesh of elliptic perforation in this study. The perforation is modeled using finer mesh than fined heat
sink and battery unit. The battery unit temperature with finned heat sink case (Li-AH) for various mesh
sizes at a constant air velocity of 0.1 m/s is considered. The mesh sizes of (1104531, 1150345, 1240387,
1289301and1357123) are tested to optimize the best mesh size that does not affect the solution results.
The mesh size of 1357123 provides fair temperature results which can be carried out in the present study.
Figure 3 shows the mesh of the battery unit with the cooling system of the heat sink and elliptic
perforation case (BC-AH).



Fig. 3 Mesh of cooling system in the battery unit including the heat sink and elliptic perforation case
(BC-AH).

3 Model Validation

To validate the model results, geometry, boundary conditions, and different discharge rate of single
battery units are similar to the study in [17]. The influence of discharge rates on battery unit temperature
is shown in Figure 4. Increase the discharge rate increases the heat dissipation which increases the battery
unit temperature. A good agreement between the model results and the results of [17] with a 2% error.
Therefore, the numerical model is accurate and can perform investigations of the effect of cooling
systems on battery unit temperature distributions.
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Fig. 4 The influence of discharge rates on battery unit temperature.

4 Results and Discussions

The heat sink and elliptic perforated design cooling performance were evaluated with regards to battery
unit heat generation, temperature, and thermal performance criteria. This analysis was conducted by
study the influence of the cooling system on battery unit temperature distributions and characteristics of

velocity, pressure drop, and friction losses. The optimization to find the best thermal performance criteria
is achieved.

4.1 Characteristics of Thermal Distributions

To evaluate the influence of applying heat sink and perforation for the battery unit cooling, four
configurations of the only battery unit (BC), battery unit with air cooling (BC-A), battery unit with air
heat sink (BC-AH), and battery unit with an elliptic air heat sink and perforation (BC-AHP) were
performed. The perforation was applied at the sidewalls of fins with constant areas of the ellipse. The
gap between the perforation is kept constant. The battery unit generates the same heat flux in all cases



and the same boundary conditions in the heat sink applied to other case studies. The study was considered
at ranges of Reynolds number of (200-1200) to ensure laminar flow. The temperature distributions in the
battery unit with different cooling configurations are shown in Figure 5 at Reynolds number 30. The
maximum battery unit temperature is 343.1 K in a single battery unit without a cooling case (BC). With
applying air cooling case (BC-A), the battery unit temperature reduced by 13% which shows how
significant the air cooling affects maximum battery unit temperature. The heat sink plays an important
role in reducing the battery unit temperature as in the case (BC-AH) where the battery unit temperature
decreased by 21% compared to only battery units without cooling. The perforation increases the
convection heat transfer area and causes a change in airflow behavior through the channels. The battery
unit temperature using a perforation heat sink case (BC-AHP) was reduced by 28%. The battery unit
temperature reduced with an increase in the Reynolds number values. Figure 6 shows the battery unit
temperature at different Reynolds numbers. The heat dissipation increases with increase the values of Re
which leads decrease battery unit temperatures. In the perforation heat sink, the lowest battery unit
temperature is noticed because of the flow disturbance and circulation inside the perforated areas. The
Nusselt number calculation in all cases is shown in Figure 7 at various Reynolds number values. The
Nusselt number increases with the increase in the value of the Reynolds number. The Nusselt number in
case (BC-AHP) is the best because of the highest momentum forces due to increasing air velocity. The
Nusselt number is 30% and 20% higher compared to case (BC-A) and (BC-AH) respectively. It is noticed
that how perforation enhances the heat transfer in the heat sink which reduced the battery unit
temperature.
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Fig. 5 The temperature distributions in the battery unit with different cooling configurations.
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Fig. 6 The battery unit temperature at different Reynolds numbers.
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Fig. 7 Nusselt number value in all cases.

4.2 Characteristics of Velocity, Pressure, and Friction Losses

The hydrodynamic characteristics in heat sink battery units are investigated due to the importance of
fluid flow behavior's effect on thermal performance. Therefore, the velocity distribution of the cooling
system in the battery unit is investigated in the case of (BC-A), (BC-AH), and (BC-AHP). The contour
of velocity distributions is shown in Figure 8 at Reynolds number is 20 and z = 2.5 mm. The perforations
in the case of (BC-AHP) have a significant influence on flow velocity since they cause small mixing and
disturbance compared to the flow in the case of (BC-AH). The high velocity reduces the effect of thermal
boundary layers and enhances the heat transfer performance. However, high-pressure penalty and friction
losses increase in the case of (BC-AHP) compared to other cases. Figure 9 shows the pressure penalty
in cases of (BC-A), (BC-AH), and (BC-AHP) in the x-y plane at z=2.5 mm and Reynold number of 20.
Linear reduce in pressure losses in case of battery unit with air (BC-A) along the channel. However,
further increase in pressure losses in perforation with heat sink due to the inducing flow circulation and
interruption at the locations of perforation existing. The pressure drops in the case of (BC-AHP)
increased by 3 times compared to (BC-AH). Therefore, the heat sink with perforation enhances the
thermal performance, but it increases the pressure losses.

Figure 10 shows the friction losses in the battery unit heat sink cases at ranges of Reynolds number (20-
120). The heat sink with perforation (BC-AHP) has the highest friction losses compared to other cases
at all ranges of RE. The friction losses in case (BC-AHP) are 3 times higher than in case (BC-AH) which



means the viscous forces become dominant in the heat sink with perforation. In the case of (BC-AH) and
(BC-A), the friction losses reduce slowly at different ranges of Re but the friction losses decrease

becomes faster in the case of (BC-AHP).
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Fig. 8 Contour of velocity distributions in cases of (BC-A), (BC-AH), and (BC-AHP) in the x-y plane

at z=2.5 mm and Reynold number of 20.
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Fig. 9 The pressure penalty in cases of (BC-A), (BC-AH), and (BC-AHP) in the x-y plane at z=2.5 mm

and Reynold number of 20.
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5 Conclusions

Thermal cooling analysis with use of elliptic heat sink and perforation is performed on a single Li-ion
battery unit. The key aim of using the single Li-ion battery unit for cooling with an elliptical perforated
thermal sink minimizes heat and keeps the temperature steady. The induced heat in the battery unit is
calculated with the MSMD variable, which is solved with the Ansys software using the finite volume
procedure. The battery unit's and tabs' physical properties are considered to be unchanged. In both cases,
the battery unit produces the same heat flux and the heat sink has the same boundary conditions as in the
other case studies. To ensure laminar flow, the analysis was conducted at Reynolds number ranges of
(200-1200). In the case of a power outage, the maximum battery unit temperature is 343.1 K. (BC). The
battery unit temperature dropped by 13% when the case (BC-A) was used, demonstrating how important
air cooling is for optimum battery unit temperature. The perforation enhances the diffusion distance for
convection heat transfer and alters the airflow behavior across the channels. The temperature of the
battery unit with the case (BC-AHP) was decreased by 28%. In both cases, the battery unit temperatures
decreased as the Reynolds number increased, due to increased air velocity, which improved heat removal.
Because of the highest momentum forces due to increased air velocity, the Nusselt number in case (BC-
AHP) is the best. In comparison to cases (BC-A) and (BC-AH), the Nusselt number is 30% and 20%
higher, respectively. In the case of (BC-AHP), however, the high-pressure penalty and friction losses are
greater than in other cases. In the case of (BC-AHP), the pressure reduction was three times higher than
in the case of (BC-AHP) (BC-AH). As a result, although the heat sink with perforation improves thermal
efficiency, it also increases pressure losses.
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