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ABSTRACT

Temperature uniformity and peak-temperature reduction of lithium-ion battery packs are 
critical for adequate battery performance, cycle life, and safety. In air-cooled battery packs that 
use conventional rectangular ducts for airflow, the insufficient cooling of cells near the duct 
outlet leads to temperature nonuniformity and a rise in peak temperature. This study proposes 
a simple method of using a converging, tapered airflow duct to attain temperature uniformity 
and reduce peak temperature in air-cooled lithium-ion battery packs. The conjugate forced 
convection heat transfer from the battery pack was investigated using computational fluid dy-
namics, and the computational model was validated using experimental results for a limiting 
case. The proposed converging taper provided to the airflow duct reduced the peak tempera-
ture rise and improved the temperature uniformity of the batteries. For the conventional duct, 
the boundary layer development and the increase in air temperature downstream resulted in 
hotspots on cells near the outlet. In contrast, for the proposed tapered duct, the flow velocity 
increased downstream, resulting in improved heat dissipation from the cells near the outlet. 
Furthermore, the study investigated the effects of taper angle, inlet velocity, and heat gener-
ation rate on the flow and thermal fields. Notably, with the increase in taper angle, owing to 
the increase in turbulent heat transfer near the exit, the location of peak temperature shifted 
from the exit region to the central region of the battery pack. The taper-induced improvement 
in cooling was evident over the entire range of inlet velocities and heat generation rates inves-
tigated in the study. The peak temperature rise and maximum temperature difference of the 
battery pack were reduced by up to 20% and 19%, respectively. The proposed method, being 
effective and simple, could find its application in the cooling arrangements for battery packs 
in electric vehicles.
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INTRODUCTION

Electric vehicles commonly use lithium-ion battery 
packs for energy storage due to their high energy density, 
low self-discharge rate, and long cycle life [1]. The electro-
chemical reactions during the charging and discharging of 
lithium battery cells produce a significant amount of heat, 
which could lead to temperature rise and adversely affect 
the batteries’ lifespan, safety, and power output [2]. The 
safe allowable temperature range for lithium-ion batter-
ies is 25–40 °C, and the temperatures outside of this range 
directly affect the efficiency and safety of the battery pack 
[3]. Furthermore, for every degree Celsius temperature 
increase from the ideal operating range, the life of a lithi-
um-ion battery cell is shortened by ~8 weeks. Maintaining 
the pack within a suitable temperature range and reducing 
the temperature differential between the cells are imper-
ative for appropriate battery pack performance [4]. Thus, 
thermal management of the battery pack is crucial for its 
effective and reliable operation [5].

Air cooling is a commonly used battery cooling method 
because of its simplicity, cost-effectiveness, minimal addi-
tional components, and minimal space requirements [6]. 
The conventional battery air-cooling system uses unidirec-
tional airflow from the inlet to the outlet of the pack [7]. 
The air is heated as it flows from the inlet to the outlet, and 
the resulting increase in air temperature reduces the heat 
transfer coefficient downstream. As a consequence, the 
cells located upstream (near the air inlet) are typically at 
lower temperatures compared to the cells located down-
stream (near the air outlet) [8]. This results in thermal non-
uniformity across the cells and inadequate cooling of cells 
located near the outlet.

Literature Review
Several studies attempted to improve the heat transfer 

performance in air-cooled lithium-ion battery packs. Some 
of these studies utilized variation in the flow direction to 
attain temperature uniformity within the cells. For exam-
ple, Mahamud and Park [9] used reciprocating airflow, 
where the airflow reversed its direction after regular time 
intervals, to reduce the cell temperature difference by up to 
72%. The reciprocating flow resulted in heat redistribution 
and disruption of the thermal boundary layers on the cells, 
leading to a reduction in the peak temperature of the cells. Li 
et al. [10] investigated a U-type air-cooling battery thermal 
management system with multiple airflow configurations; 
they identified a design with three inlet and outlet mani-
folds for effective heat transfer performance. Shun-Bo et al. 
[11] demonstrated that the inlet air velocity and position of 
the outlet significantly influence the cooling efficiency of 
the battery pack. Yu et al. [8] employed two independent 
air ducts to enhance thermal performance; one was a con-
ventional cooling duct, and the other used jet cooling to 
remove accumulated heat from the cells in the middle of 
the pack. Na et al. [2] explored the use of two independent 
air channels formed by dividing the original flow channel 

using a diathermanous partition. The reversed layered air-
flow in the channels significantly improved the cooling per-
formance compared to unidirectional flow.

A few studies on air-cooled battery packs used modifica-
tion in flow paths for improved airflow distribution. Wang 
et al. [12] investigated a battery thermal management sys-
tem that used spoilers to alter the direction of airflow; the 
method could lower the maximum temperature and increase 
temperature uniformity. The study discussed the impact of 
length, shape, and the number of spoilers on cooling perfor-
mance. Ibrahim et al. [13] considered a rhombic arrangement 
of battery cells and examined the impact of the size of the 
inlet and outlet ducts on cooling at various inlet air velocities. 
The peak and average temperatures reduced with an increase 
in air velocity. Park [14] proposed tapered manifolds and 
pressure relief vents to attain uniform distribution of airflow 
in the coolant passages. In another design, tilting the battery 
pack to form a wedge-shaped runner resulted in airflow dis-
tribution conducive to thermal uniformity across the cells 
[15]. A similar configuration of wedge-shaped intake and 
exit plenum was studied by Saw et al. [16]. Lu et al. [17] used 
irregular airflow paths in densely packed lithium-ion cells 
to attain thermal uniformity and eliminate hotspots. Other 
examples of flow path modification to improve the cooling 
performance includes using a “double U” type duct [18] and 
air distribution pipes [19].

Some studies explored the changes in the arrangement 
and orientation of the cells in air-cooled battery packs. Yang 
et al. [20] investigated axial airflow cooling of cylindrical 
lithium-ion batteries. They observed the effects of air flux 
and radial intervals between the cells on the temperature 
distribution in the cells. Fan et al. [21] studied aligned, 
staggered, and cross arrangements of air-cooled cells and 
concluded that cooling efficiency is superior in the aligned 
arrangement. Singh et al. [22] discussed the impact of cell 
arrangement on heat transfer using air-cooling in combina-
tion with phase change material. At higher air velocities, the 
heat transfer performance was superior with a diamond cell 
arrangement than a square arrangement. Ibrahim et al. [23] 
numerically studied the air-cooling of a unique triangular 
battery pack configuration, considering the effect of the rel-
ative positions of an inlet and the two outlets on the cooling 
of the battery pack [23]. The study observed that increasing 
the air velocity reduced the peak cell temperature. Alharbi 
et al. [24] evaluated a battery pack with three configura-
tions—lozenge, rectangular, and triangular—and found 
that the triangular arrangement resulted in the pack’s lowest 
mean and maximum temperatures [24]. Simulation-based 
studies have been extensively used [25] for investigating 
flows [26], and existing experimental data can be used to 
validate the numerical models [27]. In a simulation-based 
research, Hai et al. [28] studied the heat transfer of a battery 
pack with 16 cells and evaluated the aligned arrangement 
versus the non-aligned arrangement. The aligned arrange-
ment had a lower peak temperature, and the peak tem-
perature decreased with an increase in air velocity. In other 
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related studies, design modifications using agents like baffle 
plates [29], spoilers [30], bionic surfaces [31], and fins [32] 
exhibited enhanced heat dissipation.

Problem Definition and Objectives
The studies discussed in the literature review reiterate 

the importance of (i) reducing the peak temperature of 
the battery pack and (ii) attaining temperature uniformity 
within the cells of the battery pack. Compared to liquid 
cooling, air cooling has several benefits, including a simple 
structural design, lower costs, light weight, ease of main-
tenance, high durability, convenience in replacing a single 
cell, and reduced parasitic power consumption [33]. Hence, 
any intricate design modification that negates these advan-
tages may not be practical in real-world applications.

The present study proposes and explores the use of a 
simple tapered, converging, unidirectional airflow duct to 
enhance the cooling performance in lithium-ion battery 
packs. In the thermal management of battery packs, the 
major drawback of conventional unidirectional airflow ducts 
is that the downstream cells are not adequately cooled due 
to the increase in air temperature downstream. The down-
stream heat transfer coefficient decreases as the downstream 
air temperature increases. As a result, the cell temperature 
increases from the inlet to the exit, leading to temperature 
nonuniformity, and hotspots are observed on the cells near 
the exit. However, by replacing the conventional non-tapered 
duct with a converging duct, the flow velocity increases 
downstream, enhancing the local heat transfer from the cells 
downstream. The proposed simple method can achieve (i) a 
reduction in peak temperature in cells near the exit and (ii) 
attainment of temperature uniformity across the cells with-
out adding significant complexity to the overall design.

The study considers air cooling of a battery pack of 
18650 lithium-ion cells using non-tapered and tapered 
ducts. The objectives of the study are as follows:
(i)	 Develop and validate a computational model to inves-

tigate air cooling of lithium-ion battery packs.
(ii)	 Compare the flow and thermal fields of non-tapered 

and tapered ducts and evaluate the reduction in peak 
temperature and improvement in temperature unifor-
mity attained using the proposed tapered duct.

(iii)	 Discuss the cooling performance of the ducts consid-
ering different taper angles, inlet velocities, and heat 
generation rates.

NUMERICAL MODEL

Computational Domain
The battery module was a stack of 18650 lithium-ion 

cells, which were cylindrical with a diameter (D) of 18 mm 
and a height of 65 mm. The cells were arranged in two rows 
having twelve cells in each row (the arrangement is adopted 
from [34]). Two models were considered for the compar-
ative numerical analysis: (i) the conventional non-tapered 

duct (Figure 1) and the proposed tapered duct (Figure 2). 
The cells and the air within the duct constituted the com-
putational domain. The rectangular duct inlet had a width 
(W) equaling 62 mm and a height (H) equaling 180 mm. 
The duct had a length (L) of 247 mm along the z-direction 

Figure 2. Computational domain and coordinate system 
for the lithium-ion cells with the proposed tapered duct.

Figure 1. Computational domain and coordinate system for 
the lithium-ion cells with the conventional non-tapered duct.
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(the coordinate system is marked in Figures 1 and 2). The 
battery module was placed symmetrically inside the airflow 
duct. Within the battery module, the cells were spaced 2 
mm apart.

Method of Solution
The study considered uniform heat generation in each 

cell in the battery pack. The cooling air was treated as 
incompressible. The relevant governing equations are as 
follows.

Energy equation (cells):

	 	 (1)

Continuity equation:

	 	 (2)

Momentum equation:

	 	 (3)

Energy equation (air):

	 	 (4)

ANSYS FLUENT 19.2 solver was used for the numer-
ical solution. The finite-volume method is employed in 
the solver. For the cylindrical cell, the values of Reynolds 
number (Re = ρUD/μ) encountered in the study was above 
675, and hence the flow was deemed turbulent [35]. The 

study used the standard k-epsilon turbulence model [36]. 
The solution followed the SIMPLE algorithm. The dis-
cretization scheme was second-order for pressure and sec-
ond-order upwind for momentum and energy equations. 
The first-order implicit scheme was used for time-stepping. 
At convergence, the scaled residuals [37] were less than 10−3 
for the continuity equation, 10−4 for the momentum equa-
tion, and 10−8 for the energy equation.

The thermophysical properties of the cells were adopted 
from [34] as follows: ρcell = 2478 kg/m3, ccell = 806 J/kgK, kcell,x 
= kcell,z = 1.3 W/mK, and kcell,y = 14.15 W/mK. The velocity 
was specified at the inlet of the duct, and the air tempera-
ture at the inlet was 298 K. No-slip boundary condition was 
imposed at the walls of the duct and the cells. Equality of 
temperature and continuity of heat flux were imposed at the 
solid–fluid interface on the cell walls. The walls of the duct 
were adiabatic. The pressure was atmospheric at the outlet 
of the duct. Heat generation was applied as a source term 
within the cells. The cells were at an initial temperature of 
298 K. Considering the 3C discharge of the batteries, the 
transient simulations were carried out for 1200 s, with a 
time step of 1 s.

Figure 3 shows the meshed computational domain. 
The selected mesh had a total number of 6.8 × 105 ele-
ments. For qgen = 50000 W/m3, inlet velocity = 1 m/s, and 
taper angle = 15°, the selected mesh predicted a peak 
temperature of 306.6 K within the cells. A finer mesh 
with 9.6 × 105 elements predicted a peak temperature of 
306.5 K within the cells, with other conditions remaining 
the same. Thus, between the selected mesh and the finer 
mesh, the difference in the prediction of peak tempera-
ture is marginal (~0.1 K), thereby demonstrating grid 
independence.

Figure 3. Meshed computational domain.
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RESULTS AND DISCUSSION

The air-cooling of the pack comprising 24 lithium-ion 
batteries (18650-type cells) arranged in two rows was simu-
lated using ANSYS FLUENT 19.2 solver. This section pres-
ents the validation of the numerical model and discusses 
the effect of tapered duct design on the temperature dis-
tribution of the battery pack. Further, the effects of taper 
angle, inlet air velocity, and heat generation rate on the 
cooling of the battery pack are discussed.

Validation
A limiting case validation was performed by compar-

ing the results of the present numerical simulation with the 
experimental results of Stanescu et al. [38] for free-stream 
cross-flow forced convection from an array of heated cylin-
ders. The experiments in [38] used a bundle of cylindrical 
heaters mounted between two wooden walls. The heating 
element within each cylinder uniformly distributed the 
heat throughout the array. We carried out simulations for 
the arrangement in [38] having S/D ratios of 0.25, 0.5, and 
0.75 (23 cylinders, 16 cylinders, and 14 cylinders, respec-
tively); here, S is the cylinder-to-cylinder spacing, and D is 
the cylinder diameter, as defined in [38]. The experimen-
tal results were for a steady state. Hence, for comparison, 
the transient simulations were forwarded in time until the 
cylinder temperatures reached a steady state. The cylinder 
temperatures were steady after a flow time of 700 s in the 
numerical simulations. Figure 4 shows the comparison 
between the numerical results and the experimental results. 
The definition of S/D, Reynolds number (Re), and dimen-
sionless overall thermal conductance (q~) follow from 
[38]. The results predicted by the numerical solver closely 

matched the experimental results with a maximum varia-
tion of 6% and an average variation of 2%.

Effect of Proposed Tapered Duct Design
This section compares the thermal performance of the 

conventional non-tapered duct with the proposed tapered 
duct to understand the influence of the taper on heat trans-
fer in the air-cooled battery thermal management system. 
Figure 5(a) gives the temperature rise on the surface of the 
lithium-ion cells (i.e., the difference between cell tempera-
ture and ambient temperature) for the conventional duct. 
The temperature contours reveal that the cells downstream 
and close to the outlet are at significantly higher tempera-
tures than those upstream. This is due to a reduced local 
heat transfer coefficient owing to the increased air tem-
perature downstream. Figure 5(b) shows the temperature 
rise within the lithium-ion cells at mid-height of the duct 

Figure 5. Temperature rise on the cell surface for inlet velocity of 1 m/s, qgen = 50000 W/m3, and taper angle = 15°.

Figure 4. Comparison of present numerical results with the 
experimental results of Stanescu et al. [38].
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for the proposed tapered design with a taper angle of 15°. 
The results reveal a significant reduction in (i) the peak 
temperature on the cell surface and (ii) the temperature 
of the cells near the outlet for the proposed tapered duct. 
The peak temperature rise for the proposed tapered duct is 
11.7% lower than that for the conventional duct.

For the tapered duct, the reduction in cross-sectional 
area downstream results in increased flow velocities down-
stream. The increased flow velocities downstream improve 
the local heat transfer coefficient downstream. Thus, in the 
case of the converging tapered duct, the effect of reduction 
in local heat transfer coefficient downstream due to the 
increase in air temperature is compensated by the effect 
of an increase in local heat transfer coefficient resulting 
from the increased flow velocities. The above-mentioned 
reason explains the improved cooling performance of the 
proposed tapered duct when compared to the non-tapered 
duct. For further clarity, the velocity contours atop the cell 
surface within the duct channel are presented in Figure 6 
(a) and (b) for the conventional duct and the tapered duct, 
respectively. A substantial increase in the flow velocities 
downstream is evident for the tapered duct.

Parametric Study
The parametric study investigated the effect of taper 

angle, inlet velocity, and heat generation rate on thermal 
performance.

Taper angle
The taper angle was varied from 10° to 25° to study its 

effect on the cooling performance. Furthermore, the results 
for different taper angles were compared with those for the 
conventional duct model. The taper angle was varied by 
varying the outlet cross-section (i.e., by varying the height 
of the duct outlet) while maintaining the inlet cross-section 
and inlet velocity unchanged. Hence, the airflow rate was 
maintained the same for all the models.

The following are three major observations from the 
study:

(i)	 Figure 7 shows the velocity contours at mid-channel 
height for taper angles of 10°, 20°, and 25°. Assisted 
by the taper, the velocity increases towards the outlet 
of the duct, and the extent of the increase in velocity 
is more significant for higher taper angles. For taper 
angle = 10°, the peak velocity near the outlet is ~1.5 
m/s; this peak velocity increases to ~3 m/s for a 20° 
taper angle; a further increase in taper angle to 25° 
results in a maximum velocity of ~4 m/s near the exit.

(ii)	 Figure 8 presents the contours of temperature rise 
across the surface of the cells for taper angles of 10° and 
25°. Assisted by the increase in flow velocity and the 
associated improvement in the local heat transfer coef-
ficient downstream, the temperature of the cells located 
near the outlet drops with an increase in taper angle. 
Furthermore, the peak temperature rise of the 25° taper 
angle is 8% lower than that of the 10° taper angle.

(iii)	 Figure 8 reveals that, especially for large taper angles, 
the location of peak cell temperature shifts from the 
outlet region of the duct to the central region. For 
higher taper angles, the flow velocities are signifi-
cantly higher downstream, increasing turbulence near 
the duct outlet. Consequently, the local heat transfer in 
the downstream region enhanced considerably. This 
explains the re-location of peak temperature from 
the outlet region to the central region of the duct for 
higher taper angles.

Inlet velocity
To understand the influence of inlet velocity on the ther-

mal performance enhancement resulting from the tapered 
duct, simulations were carried out on the tapered duct and 
the conventional duct with inlet velocities ranging from 
0.6 m/s to 1.4 m/s. Introducing a tapered duct reduces the 
hotspots in cells near the outlet for the range of inlet veloci-
ties considered in the study. For an inlet velocity of 0.6 m/s, 
the temperature rise in the cells at mid-height of the battery 
pack for the conventional duct and the tapered duct (taper 

Figure 6. Velocity distribution atop the cell surface for inlet velocity of 1 m/s, qgen = 50000 W/m3, and taper angle = 15°.
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Figure 8. Temperature rise on the cell surface for inlet velocity of 0.8 m/s and qgen = 50000 W/m3.

Figure 7. Velocity distribution at mid-channel height for inlet velocity of 0.8 m/s and qgen = 50000 W/m3.
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angle = 15°) is compared in Figure 9. For an inlet velocity 
of 1.4 m/s, the temperature rise in the cells at mid-height 
of either duct is provided in Figure 10. The introduction of 
taper results in improved cooling of cells located near the 

outlet, along with a decrease in the peak temperature rise 
within the cells. The taper results in up to 20.3% reduction 
in the peak temperature rise within the lithium-ion cells for 
the inlet velocities considered in the study.

Figure 10. Temperature rise at mid-height of the battery pack for inlet velocity of 1.4 m/s, qgen = 50000 W/m3, and taper 
angle = 15°.

Figure 9. Temperature rise at mid-height of the battery pack for inlet velocity of 0.6 m/s, qgen = 50000 W/m3, and taper 
angle = 15°.

Table 1. Improvement in thermal performance of the tapered duct compared to the conventional duct for different values of heat 
generation rate for inlet velocity of 1 m/s and taper angle = 15°.

Heat generation rate, qgen (W/m3) Percentage reduction in peak 
temperature rise

Percentage reduction in temperature 
difference within the battery pack

30000 11.8 18.8
50000 11.7 18.8
70000 11.8 18.8
90000 11.8 18.8
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Heat generation rate
The heat generation rate within the cell was varied to 

verify the enhancement in thermal performance with the 
tapered design over a wide range of heat inputs. The heat 
generation rate varied from 30000 W/m3 to 90000 W/m3 
for the cell arrangements with the conventional duct and 
the tapered duct. Table 1 presents the percentage reduction 
in the peak temperature rise of the cells and the percentage 
reduction in maximum temperature difference within the 
battery pack when the tapered duct is used instead of the 
conventional duct over the range of heat generation rates 
considered in the study. The significant reduction in peak 
cell temperature due to the tapered duct is evident over 
the entire range of heat generation rates. The removal of 
hotspots in cells located near the exit of the duct results in 
improved cell-temperature uniformity in the case of the 
proposed tapered duct design. Thus, with the tapered duct, 
the percentage reduction in temperature difference within 
the battery pack is ~18.8% for all cases of heat generation 
rates considered in the study.

CONCLUSIONS

The study proposed an effective technique for enhanc-
ing the heat transfer performance in air-cooled lithium-ion 
battery packs by employing converging, tapered airflow 
ducts. The major conclusions are as follows:
•	 Compared with the conventional duct, the proposed 

tapered duct resulted in up to 20% reduction in the peak 
temperature rise and up to 19% reduction in tempera-
ture difference within the battery pack.

•	 The improvement in cooling performance of the tapered 
duct is due to the elimination of hotspots on cells near 
the exit, owing to increased airflow velocity along the 
tapered duct from the inlet to the exit.

•	 With an increase in taper angle, the location of peak cell 
temperature shifts from the outlet region to the central 
region of the battery pack. This is because, for higher 
taper angles, the larger flow velocities downstream 
increase turbulence and local heat transfer near the duct 
outlet.

•	 The improved cooling performance of the tapered duct 
was evident over the entire range of flow velocities and 
heat generation rates considered in the study.
The proposed method can be used in air-cooled bat-

tery packs of electric vehicles, where reduction in peak 
temperature and improvement in thermal uniformity are 
critical for the safe and reliable operation of the batter-
ies. However, in electric vehicle applications, constraints 
regarding weight, space, and cost must be considered 
when introducing the tapered duct. Furthermore, the 
optimum taper angle could vary with the number of cells 
and dimensions of the battery pack. These aspects could 
be investigated in future studies.

NOMENCLATURE

c	 specific heat capacity (J/kgK)
D	 diameter of the lithium-ion cell (m)
H	 height of the duct inlet (m)
k	 thermal conductivity of cell material (W/mK)
L	 length of the duct (m)
p	 pressure (Pa)
qgen	 heat generation rate within the cell (W/m3)
Re	 Reynolds number
T	 temperature (K)
U	 duct inlet velocity (m/s)

	 velocity (m/s)
W	 width of the duct inlet (m)
x, y, z	 Cartesian coordinates

Greek symbols
ρ	 density (kg/m3)
µ	 absolute viscosity of air (kg/ms)

Subscripts
cell	 cell material
air	 air
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