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A B S T R A C T

Recent studies have revealed that effective thermal management systems are necessary to maintain the
performance, lifespan, and safety of lithium battery systems. A unique and novel modeling approach is
presented in this work with the aim of estimating the thermal performance of air-based cooling systems for
large-scale lithium battery packages. The overall model consists of sub-models, including an analytical model
for battery cells and a numerical heat and flow model for the battery module, which are validated against
experimental data and empirical correlations, respectively. The chosen approach implies that the sub-models
can operate independently, allowing accurate transient simulations with reduced processing time. The model
is employed to evaluate the effect of cell spacing on the thermal performance of an air-cooled battery system
designed for a hybrid electric vehicle. The results demonstrate that the maximum temperature within the
cells positively correlates with transverse and longitudinal pitch ratios; however, the maximum temperature
difference in the module has a negative correlation with these pitch ratios. In contrast, temperature uniformity
shows non-monotonic behavior, making it an applicable criterion to balance between temperature rise and
thermal gradients. Moreover, considerable temperature non-uniformity is noted in the early rows, which
becomes less significant as pitch ratios decrease.
1. Introduction

There is no doubt that the sustainable development of societies
relies on the green energy transition [1]. Accordingly, a serious interna-
tional effort is currently in progress to accelerate the transition toward
green energy sources [2] and raise the global capacity of electrical
energy production. However, with the growing trend of electrification
and reliance on electricity, energy storage has emerged as a new
issue [3]. In comparison to other energy storage systems, lithium
batteries have gained considerable attention due to their versatility and
preferred properties, including high energy content and fast charging
capacity. Despite their superiority, lithium batteries are vulnerable
to severe operating temperatures. Low temperatures may cause poor
energy release, and high temperatures may lead to thermal runaway
and explosion [4]. Considering the global interest in mass production
and the widespread use of lithium batteries in electric vehicles [5],
it is evident that efficient thermal management systems need to be
developed for lithium batteries. Various techniques have been used to
keep the operating temperature of lithium battery packages within the
optimal range [6]. According to the cooling medium, the techniques
may generally be divided into three categories: air-based, liquid-based,
and PCM-based [7]. Each technique has strengths; however, the simple
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design, lightweight, absence of leakage risk, and most significantly low
manufacturing costs of air-based battery thermal management systems
(BTMSs) have recently boosted interest in their industrial applications,
particularly for prismatic battery packages [8].

Thermal management of cylindrical battery packages by air-based
techniques is relatively challenging due to the small surface area of
the cells for heat convection and poor thermal conductivity inside the
jellyrolls. Nonetheless, the effectiveness of air-based BTMSs for cylin-
drical battery packages has been the subject of several studies [9] due
to the high energy density and low manufacturing costs of cylindrical
lithium battery cells. Indeed, the low thermal conductivity and heat
capacity of air restrict the efficient performance of air-based BTMSs.
There are two strategies to tackle this issue: modifying the heat transfer
mechanism or enhancing the design. The typical strategy to modify
the heat transfer mechanism relies on the principle of evaporation,
and increasing the humidity of the air can trigger the evaporation
mechanism to assist in the heat removal process. Based on a similar
concept, mist cooling for BTMSs can enhance the heat transfer rate of
cells up to 45% when compared to dry air-induced convection [10].
However, at low temperatures and high relative humidity conditions,
the performance of mist-cooling BTMSs becomes unsteady [11].
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Nomenclature

List of symbols

𝐴 Circumferential heat transfer area for the battery cell
[m2]

𝐷 Battery cell diameter [m]
𝐹 Row-to-row variation ratio of heat transfer coeffi-

cient
𝐻 Height of the cell [m]
ℎ Heat transfer coefficient [Wm−2K−1]
𝐼 Electric current [A]
𝐿 Center-to-center distance between the battery cells

[m]
𝑁 Row index
𝑛 Number of battery cells per row
𝑃 Pressure [atm]
�̇� Heat generation [W]
𝑅 Electrical resistance [Ω]
𝑟 Radius of the cell [m]
𝑆𝐿 Longitudinal pitch ratio
𝑆𝑇 Transverse pitch ratio
𝑇 Temperature [K]
𝑡 Time [s]
𝑈 Velocity [m s−1]

Greek letters

𝛥 difference of the variable
𝜌 Density [kg m−3]
𝜎 Standard deviation of the variable

Subscripts

𝑐 Battery cell
𝑑𝑜𝑤𝑛 Downstream
𝑓 Cooling fluid
𝑔 Based on the shortest gap distance between the

battery cells
𝑖𝑟𝑟 Irreversible
𝐿 Longitudinal
𝑚𝑎𝑥 Maximum
𝑟𝑒𝑓 Reference
𝑟𝑒𝑣 Reversible
𝑠𝑢𝑟𝑓 Surface
𝑇 Transverse
𝑡𝑜𝑡 Total
𝑢𝑝 Upstream

Superscripts

𝑁 Row index

Acronyms

2𝐷 Two-Dimensional
3𝐷 Three-Dimensional
𝐵𝑇𝑀𝑆 battery thermal management system
𝐶𝐹𝐷 computational fluid dynamics
𝐷𝐸𝑆 Detached Eddy Simulation
𝐿𝐸𝑆 Large Eddy Simulation
𝑁𝑢 Nusselt number
𝑃𝐶𝑀 phase-change material
2

𝑅𝑒 Reynolds number
𝑈𝑅𝐴𝑁𝑆 Unsteady Reynolds-averaged Navier–Stokes

In air-based BTMSs where forced convection is the major heat transfer
mechanism, many studies have been done to enhance the design of
airflow channels for improving the heat transfer rate and providing
a homogeneous temperature condition between the battery cells [8].
It has been observed that increasing confinement within the flow
channel reduces the temperature in battery cells, regardless of the
temperature of the air being supplied [12]. Moreover, the use of
confining fins in cross-flow BTMSs has been observed to significantly
enhance the heat transfer efficiency of the system [13]. The integra-
tion of this concept with the counter-axial flow cooling approach has
resulted in the development of the reversed layer cooling method [14],
which displays improved temperature uniformity across the battery
package. However, this idea results in a more complicated design,
an increased pressure drop, and a higher energy consumption rate.
Furthermore, it has been found that the flow channel designs with
increased confinement lose their benefits at high air flow rates [15]
and even increase non-uniformity in axial flow cooling systems [16].
In general, air-based BTMSs with cross-flow over the cells provide
superior thermal performance than axial flow [17]; nevertheless, the
lack of temperature uniformity in large-scale systems makes them
inefficient for high-performance battery systems. Including an inlet
plenum in the cross-flow battery cooling systems is a new technique for
regulating temperature distribution throughout battery cells. Using an
intake plenum to supply fresh air for the inner rows can result in a 9%
decrease in temperature rise and a 39% improvement in temperature
uniformity throughout the battery cells [18]. Although the approach
may be sound, it causes a considerable pressure drop in the system
and necessitates a specific design for battery packages with varying
arrangements and spacing. In systems with pressure drop constraints,
the reciprocating air flow battery cooling system may be an alternate
design that dramatically reduces the thermal gradient in the battery
package by 72% at the cost of lower thermal efficiency [19]. The
effectiveness of all mentioned battery thermal management methods
relies significantly on the layout and spacing of the battery cells within
the flow channel. Overall, studies have revealed that a line-type layout
for battery cells outperforms square-type and ring-type layouts in terms
of thermal performance [20]. The battery cells in the line-type layout
can also be arranged in a variety of ways, including in-line, staggered,
and zigzag arrangements. The current state of the literature lacks a
clear consensus regarding the ideal arrangement for air-based BTMSs.
While earlier studies have emphasized the advantages of an in-line
arrangement [21,22], more recent research reveals that a staggered
arrangement may be more efficient [23,24].

This ambiguity means that air-based BTMSs with identical layouts
may perform differently for battery packages with varied specifications
and operating conditions, and so on. Moreover, it emphasizes the ne-
cessity of customizing the design of BTMSs for battery packages based
on their specifications, requirements, and application. This approach
demands comprehensive parametric studies, making it almost impossi-
ble to scrutinize with physical experiments. Numerical simulation based
on finite volume or finite element methods might be a proper research
tool for this purpose; however, the following considerations can make
the simulation of a large-scale battery system problematic in terms of
computational costs:

• The generation of heat in a battery cell is a time-dependent
problem requiring transient modeling over a long time period that
might range from several minutes to a few hours, depending on
the charging/discharging rate (C-rate).

• The accurate simulation of flow behavior surrounding the battery
cells necessitates a transient simulation with small time steps and

computationally expensive models.
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Table 1
Specifications of the battery cell [26].

Specification [unit] Value

Diameter [mm] 21
Height [mm] 70
Specific heat capacity [J∕kg − K] 1000
Radial thermal conductivity [W∕m − K] 1
Axial thermal conductivity [W∕m − K] 25
Tangential thermal conductivity [W∕m − K] 25
Nominal Voltage [V] 3.56
Nominal capacity [Ah] 3.2
Internal resistance [mΩ] 50

• A large-scale battery system can contain hundreds or even thou-
sands of battery cells, making the expense of running a full-size
simulation unacceptably high.

It is clear that the combination of the long simulation period, small
time steps, and a large domain size poses an extraordinary computa-
tional burden for the full-size simulation of large-scale battery systems.
Hence, a practical and efficient modeling approach is necessary to study
the thermal performance of large-scale battery thermal management
systems.

To tackle this issue, this work proposes a simplified modeling ap-
proach based on the combination of numerical and analytical models
for the thermal evaluation of an air-based battery thermal management
system. The modeling approach is built from three sub-models: an
analytical model to predict thermal behavior within the battery cells;
a computational fluid dynamics (CFD) model to predict flow behavior
over the battery cells in the inner rows; and a system of equations to
estimate thermal evolution throughout the battery cooling system. The
following illustrates the potential of the approach and its relevance to
the challenges mentioned, as well as how it reduces computational costs
for system simulation.

• The individual model for battery cells enables the exclusion of
cells from the computational domain while employing the ana-
lytical method to predict the temperature field for each cell.

• The sub-models can run independently and are coupled together
using the circumferential heat transfer coefficients. This tech-
nique implies that tiny time steps and sophisticated turbulence
models can be employed during the CFD simulations while still
predicting the thermal behavior of battery cells over long charg-
ing/discharging periods.

• The system of equations enables us to estimate thermal evolution
along large-scale battery systems by only modeling a smaller
domain in the periodic region.

Besides, the modeling approach is employed to study the thermal
performance of an air-based cross-flow cooling system with a staggered
arrangement of the battery cells designed for a hybrid electric vehicle.
The effect of transverse and longitudinal pitch ratios on the thermal
behavior of the battery cells and temperature uniformity within the
battery module is investigated to determine optimal pitch ratios for the
battery system.

2. Model development

2.1. Illustration of physical problem

According to our earlier work, 21700 lithium batteries offer better
thermal performance compared to other cylindrical battery types [25].
So, the battery package design consists of 21700 lithium batteries to
reduce the weight of the additional heat load on the BTMS. The battery
specifications are provided in Table 1.

To satisfy the battery package requirement for a hybrid electric
vehicle, 83 battery cells are connected in series to provide a nominal
3

Fig. 1. Schematic view of the battery thermal management system.

voltage of 295 V in a module. The package also consists of 166 cells
in two parallel modules, providing a nominal capacity of 1.9 kWh.
In the module, the cells are placed in a staggered arrangement with
a defined transversal pitch ratio (𝑆𝑇 = 𝐿𝑇

𝐷 ) and longitudinal pitch
ratio (𝑆𝑇 = 𝐿𝐿

𝐷 ), as illustrated in Fig. 1. Thus, the dimensions of the
module can be derived using the number of cells and given pitch ratios
in the transverse and longitudinal directions.

Thermal-related problems in a battery depend on the C-rate, which
is a unit used to determine the rate of the charging and discharging
processes. For instance, a 1 C charging/discharging rate is the current
rate at which the battery can be fully charged/discharged in one
hour. In this study, battery cells are assumed to experience significant
overheating under the extreme condition of a 3 C charging/discharging
rate (which means that it takes only 20 min to fully charge/discharge
the battery pack). It is possible to control temperature rise within the
battery cells using cold airflow; however, the airflow rate and the
configuration of the battery cells determine the effectiveness of this
approach. To regulate the temperature of the batteries without risking
the comfort of the passengers in the cabin, it should be considered that
the airflow supply is not limitless and requires a reference value. There
are several methods to provide air for the thermal management of the
battery package [27]; however, in this study, the passive approach of
air supply from the air-conditioned car cabin is chosen. According to
the airflow analysis by Zolot et al. [28], a hybrid electric vehicle’s
airflow rate at a high blower setting is 48.4 [SCFM] at the stan-
dard temperature (𝑇𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑) and pressure (𝑃𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑) of 293.15 [K] and
1 [atm], respectively. The measurements were conducted at the actual
temperature (𝑇𝑎𝑐𝑡𝑢𝑎𝑙) and actual pressure (𝑃𝑎𝑐𝑡𝑢𝑎𝑙) of 323.15 [K] and
0.81 [atm], respectively. Based on the standard and actual temperature
and pressure values, as well as the thermophysical properties of the
airflow, provided in Table 2, the following equation may be used to
calculate the air mass flow rate (�̇�):

̇ = 47.195 × 10−5
(

𝜌𝑓 �̇�
)

(

𝑃𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
𝑃𝑎𝑐𝑡𝑢𝑎𝑙

)(

𝑇𝑎𝑐𝑡𝑢𝑎𝑙
𝑇𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

)

(1)

where �̇� is the volumetric flow rate (in [SCFM]). Thus, the rate of
conditioned air supplied from the cabin of a hybrid electric vehicle,
which is equal to 0.03636 [kg/s], is employed as the reference intake
air flow rate to the battery module that is the subject of this study.

2.2. Thermal model for battery cell

To study the thermal behavior of the battery cells, we utilize an an-
alytical model proposed in our earlier research [25]. The model, which
is based on the integral transform technique, predicts the temperature
rise in a cylindrical battery in an exact and computationally efficient
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Table 2
Thermophysical properties of the airflow.

Material Density
[kg∕m3]

Specific heat capacity
[J∕kg − K]

Thermal conductivity
[W∕m − K]

Dynamic viscosity
[kg∕m − s]

Air 1.1696 1006.9 0.0231 1.7981 × 10−5
𝑚

manner and demonstrates good agreement with experimental measure-
ments. Details of the developed model and experimental validation are
published in Ref. [25] and will not be repeated here.

The model requires a set of input variables, including the ther-
mophysical properties of the battery cell (listed in Table 1), the heat
generation rate, and the heat transfer coefficients. We assume that bat-
teries charge/discharge at a constant rate of 3 C and that the majority of
the heat is due to irreversible heat (�̇�𝑖𝑟𝑟) generated by internal electrical
resistance within the battery cell, with reversible heat (�̇�𝑟𝑒𝑣) accounting
for 20% of the irreversible heat [26]. Hence, the rate of heat generation
for a cell can be derived from the following equation:

̇𝑡𝑜𝑡 = �̇�𝑖𝑟𝑟 + �̇�𝑟𝑒𝑣 (2)

here,

̇𝑖𝑟𝑟 = 𝑅𝐼2, 𝑎𝑛𝑑 �̇�𝑟𝑒𝑣 = 0.2 �̇�𝑖𝑟𝑟. (3)

The current rate in the above equation can be determined as
he multiplication of the nominal capacity of a cell and the charg-
ng/discharging rate (𝐼 = 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦×𝐶 − 𝑟𝑎𝑡𝑒). The heat transfer
oefficient on the tabs is assumed to be 5 [W∕m2 − K] to mimic the
ree natural convection. The circumferential heat transfer coefficient
s an unknown variable that varies for each cell along the battery
odule and needs to be fed into the model. Moreover, the model
redicts the temperature rise for each cell with respect to a reference
emperature. In this study, the reference temperature is defined as the
verage temperature of the flow on the upstream and downstream sides
f the cell (𝑇𝑟𝑒𝑓 = 𝑇𝑓,𝑢𝑝+𝑇𝑓,𝑑𝑜𝑤𝑛

2 ). The temperature of the flow on the
upstream and downstream sides of the cell, like the circumferential
heat transfer coefficient, is an unknown variable that changes for each
cell and is dependent on the Reynolds number and cell spacing. To
determine these unknown variables, a CFD-based model is employed
as described in the following section.

2.3. Heat and flow model for battery module

Flow through a large-scale battery module may be subject to various
sources of instabilities, particularly in the flow transition region [29].
However, a few early rows of the cell are enough to achieve periodic
flow with a constant heat transfer coefficient on the cells [30]. The
difference in heat transfer coefficient between the early and latter rows
of cells depends on the Reynolds number, arrangement of the cells, and
pitch ratios. In the staggered arrangement, it is observed that the row-
to-row variation of the heat transfer coefficient is independent of pitch
ratios and only depends on the Reynolds number [31]. The row-to-row
variation of the heat transfer coefficient for a staggered arrangement is
shown in Fig. 2, where 𝑁 and F denote the row number and the ratio
f the heat transfer coefficient on each row of the cell to the cell in the
eriodic region (𝐹 = ℎ(𝑁)∕ℎ(20), see Fig. 2), respectively. It is evident
hat beyond the fourth row, the variation of the heat transfer coefficient
ecomes insignificant, which is corroborated by other authors [30,32].

With the help of this knowledge, the heat coefficient can be esti-
ated for all rows of cells using the heat transfer coefficient for the

ell located in the periodic region. The CFD-based model is now used
o determine the heat transfer coefficient for the battery modules with
ifferent geometries. The study domain consists of a 2 × 2 periodic

domain (depicted in Fig. 3(a)) with traverse pitch ratio and longitudinal
pitch ratio changing from 1.244 to 2.074 and 0.622 to 1.452, respec-
tively, representing typical spacing in the majority of studies for BTMSs.
4

To produce a high-quality grid for the CFD study (see Fig. 3), structured
hexahedral meshes with 𝑦+ ∼ 1 are generated in ANSYS ICEM CFD
v20.1. Considering the flow periodicity in the study region, the periodic
boundary conditions are imposed in all directions with a constant
mass flow rate in the 𝑥-direction. Air with constant thermophysical
properties (listed in Table 2) is employed as the coolant flow, and a
constant heat flux corresponding to the rate of heat generation in the
battery cells is applied as a heat source.

According to the recent study by Moosavi et al. [33], the thermal
performance of a wall-bounded cross-flow heat exchanger, like the
battery cooling system utilized in this work, can be assessed using
a 2D Unsteady Reynolds-Averaged-Navier–Stokes (URANS) model if
the aspect ratio of the cells is greater than two, the average heat
transfer coefficient is of interest, and the thermal conductivity along
the height of the cells is more significant than in the radial direction.
It is so because, in a wall-bounded cross-flow heat exchanger, the
average circumferential heat transfer coefficient for a thermal cell with
an aspect ratio greater than two remains constant despite significant
variations in the local heat transfer coefficient. Furthermore, compared
to the temperature gradient in the radial direction, the result of local
heat transfer coefficient variations on the temperature gradient in the
tangential and axial directions is negligible due to considerable thermal
conductivity in those directions. Based on the assumptions that the
battery cells used in this study have an aspect ratio of 3.33, the analyt-
ical model requires the average heat transfer coefficient over the cells,
and the axial thermal conductivity is 25 times greater than the radial
thermal conductivity, it is possible to lower the computational burden
of the CFD model by reducing it from a 3D to a 2D model. Therefore, all
simulations have been carried out using the two-dimensional Unsteady
Reynolds-Averaged-Navier–Stokes (URANS) model in ANSYS FLUENT
v20.1. Moreover, the accuracy of URANS models is significantly af-
fected by the selection of the turbulence model. It has been observed
that the URANS model with the 𝑘–𝑘𝑙–𝜔 transition turbulence models
can produce findings comparable to LES and DES, and by taking com-
putational cost into account, this choice can be optimal for assessing
cross-flow over circular cylinders [33]. Hence, the 𝑘–𝑘𝑙–𝜔 transition
model is applied for the turbulence modeling to reliably reflect turbu-
lence characteristics while remaining computationally efficient. QUICK
and bounded second-order implicit schemes are used for spatial and
temporal discretization, respectively. The time step for each simulation
is determined as 𝛥𝑡 = 𝛥𝑡+𝐷

𝑈𝑔
seconds, where 𝛥𝑡+ = 0.01 and 𝑈𝑔 is the

mean streamwise velocity in the smallest gap between the cylinders.
When the initial disturbances have dissipated after 100𝐷

𝑈𝑔 seconds of
simulation time, the necessary data are collected for 50𝐷

𝑈𝑔 seconds of
sampling time.

Although the aforementioned models can now predict the tem-
perature rise in cells with respect to a reference temperature, the
reference temperature remains an unknown variable that needs to be
determined for each cell. When the flow passes through the cells, the
fluid temperature rises, raising the reference temperature for each row
of cells in the process and, as a result, decreasing the heat transfer rate
for the cells in the subsequent rows. Indeed, it might be the main reason
for the nonuniform temperature distribution among the cells in large
battery thermal management systems. To account for this aspect in the
current model, the flow temperature throughout the battery module
needs to be evaluated. Given that the coolant fluid must absorb the heat
loss from the cells, the following system of equations can be applied to
estimate the flow temperature on the upstream and downstream sides
of each cell along the battery module.

̇ 𝑐
(

𝑇 (𝑁) − 𝑇 (𝑁)
)

= ℎ(𝑁)𝑛𝐴𝛥𝑇 (𝑁) , 𝑁 = 1, 2, 3,… , 11 (4)
𝑝 𝑑𝑜𝑤𝑛,𝑓 𝑢𝑝,𝑓 𝑠𝑢𝑟𝑓 ,𝑐
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Fig. 2. Row-to-row variation of heat transfer coefficient for staggered arrangement at 𝑅𝑒 > 100 [31].
where,

𝛥𝑇 (𝑁)
𝑠𝑢𝑟𝑓 ,𝑐 = 𝑇 (𝑁)

𝑠𝑢𝑟𝑓 ,𝑐 − 𝑇 (𝑁)
𝑟𝑒𝑓 , (5)

and by assuming,

𝑇 (𝑁)
𝑟𝑒𝑓 =

𝑇 (𝑁)
𝑑𝑜𝑤𝑛,𝑓 + 𝑇 (𝑁)

𝑢𝑝,𝑓

2
, (6)

𝑇 (𝑁)
𝑑𝑜𝑤𝑛,𝑓 = 𝑇 (𝑁+1)

𝑢𝑝,𝑓 . (7)

In the equations above, 𝑁 denotes the row number. The �̇� (inlet
mass flow rate), 𝑐𝑝 (specific heat capacity), 𝑛 (number of battery cells
per row), and 𝐴 (heat transfer area for the cell) are known variables
for the problem. The heat transfer coefficient, ℎ, can be determined
for each cell using the CFD model and row-to-row variation ratio (F),
as described earlier. Moreover, 𝛥𝑇𝑠𝑢𝑟𝑓 ,𝑐 is the difference between the
average surface temperature of the cell (𝑇𝑠𝑢𝑟𝑓 ,𝑐) and the average sur-
rounding flow temperature (𝑇𝑟𝑒𝑓 ), as calculated using the analytical
model presented in Section 2.2. Thus, the only variables remaining
unknown are 𝑇𝑑𝑜𝑤𝑛,𝑓 and 𝑇𝑢𝑝,𝑓 . To determine these variables, Eqs. (4)–
(7) are solved using 𝑇 (1)

𝑢𝑝,𝑓 as the initial value. In this study, it is assumed
that 𝑇 (1)

𝑢𝑝,𝑓 = 293.15 [K] and the defined equations are solved for each
cell in order from the first row to the last row. Once 𝑇𝑑𝑜𝑤𝑛,𝑓 and 𝑇𝑢𝑝,𝑓
are determined for each row, it is straightforward to calculate 𝑇𝑟𝑒𝑓
using Eq. (6). Now, the actual thermal field for each cell along the
battery module can be derived by entering the reference value into the
analytical model.

3. Results and discussion

3.1. Mesh sensitivity analysis

As mentioned earlier, the CFD assessment of the heat transfer
coefficient in the inner region of the battery module is a prerequisite
for the proposed modeling approach in this work. Hence, a 2 × 2
cell domain has been chosen to simulate the periodic flow behavior
and, consequently, heat transfer in the fully developed flow region of
the battery module. Thus, a mesh sensitivity analysis is performed to
ensure the reliability of the findings and the computational efficiency
of the convergence in the CFD study. The chosen geometry for this
analysis has transverse and longitudinal pitch ratios of 1.244 and 1.037,
respectively, resulting in the maximum Reynolds number and turbu-
lence intensity. Five computational grids are generated, with mesh
resolutions ranging from 7392 to 102392 grid cells. The wall-adjacent
initial cell height is always specified to give 𝑦+ ∼ 1 and expand with a
1.1 growth ratio. Fig. 3 shows a view of the computational grid used
5

for the case with 67472 grid cells.
The Nusselt number predictions by the URANS models with dif-
ferent grid resolutions are used to evaluate the independence of the
computational grid. As demonstrated in Fig. 4, the variation in the
Nusselt number becomes almost negligible above the 67472 number of
grid cells. Hence, the computational grid with 67472 grid cells is chosen
as the mesh-independent case for the CFD study, and equivalent mesh
parameters are used in the models with other pitch ratios.

3.2. Model validation

The proposed model for the thermal evaluation of an air-based
battery thermal management system is a comprehensive model that
integrates different sub-models, as illustrated in Section 2. Hence, the
validity of each model is scrutinized separately to verify the reliability
of the entire model.

The analytical sub-model used for the thermal assessment of a
single cylindrical battery cell is already verified using experimental
measurements [25]. Under three distinct heating conditions with nat-
ural circumferential convection, the model estimate of the maximum
temperature rise within a 26650 lithium battery matched the actual
data well. The details of the model validation process are described in
Ref. [25], and will not be repeated here.

To check the validity of the CFD sub-model described in Section 2.3,
the empirical correlation of the average Nusselt number in tube banks
suggested by Gnielinski [34] is applied. The model with 𝑆𝑇 = 1.244
and 𝑆𝐿 = 1.037 is used as the study case, and the inlet mass flow rate is
varied to produce Reynolds numbers (𝑅𝑒𝑔 = 𝜌𝑈𝑔𝐷

𝜇 ) ranging from 1000
to 40000.

As demonstrated in Fig. 5, the CFD findings are in good agreement
with the empirical correlation, particularly at 𝑅𝑒𝑔 = 2.46 × 104, which
corresponds to the maximum mass flow rate in our under-investigation
battery module, where the model shows less than a 3% deviation from
the correlation.

3.3. Effect of transverse and longitudinal pitch ratios

The transverse and longitudinal pitch ratios play a significant role in
the performance of the BTMS and, consequently, the safe and efficient
operation of the battery cells. The trade-off between maximum tem-
perature rise, thermal gradients, compactness, weight, pressure drop,
and mass flow rate determines the optimal pitch ratio for a battery
thermal management system. Due to system complexity, experimental
constraints, and computational expenses, it is often challenging to study
the effect of pitch ratios on the performance of battery temperature
management systems. However, using the model proposed in this work,
it becomes more straightforward to investigate how various pitch ratios
affect the performance of the BTMS.
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Fig. 3. The view of the computational grid used for the CFD model with 𝑆𝑇 = 1.244, and 𝑆𝐿 = 1.037, (a) Overall view, (b) Enlarged view of the wall-adjacent grid cells.
Fig. 4. Mesh sensitivity analysis.

Fig. 5. Nusselt number versus 𝑅𝑒𝑔 comparison in CFD (URANS) and Gnielinski
correlation.

The influence of transverse and longitudinal pitch ratios on the
battery module, illustrated in Section 2.1, is investigated further below.
The longitudinal pitch ratio is fixed at 1.037, while the transverse
pitch ratio varies from 1.244 to 2.074 to investigate the effect of the
transverse pitch ratio. For the longitudinal pitch ratio investigation,
the transverse pitch ratio is set at 2.074, and the longitudinal pitch
ratio ranges from 0.622 to 1.452. In all cases, the mass flow rate is
maintained constant, and it is assumed that air with a constant inlet
temperature of 293.15 [K] blows over the battery cells. Based on the
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discussion from Section 1, a unique CFD model is developed for each
case to determine the convective heat transfer rate. Using the area-
averaged heat transfer coefficient, the CFD model is coupled to the
analytical model and the system of equations to estimate the thermal
field of battery cells in each row.

Fig. 6 shows how transverse and longitudinal pitch ratios affect the
maximum temperature and thermal gradient in the battery module. As
seen in Figs. 6(a)–6(b), the maximum temperature rise in the battery
module is positively proportional to the transverse and longitudinal
pitch ratios. It indicates that decreasing the transverse and longitudinal
gap between the battery cells enhances the thermal performance of
the battery thermal management systems and, as a result, reduces the
temperature rise within the battery cells.

In the case of transverse pitch ratio, enhanced thermal performance
is attributed to an increase in the inlet velocity magnitude caused by
a reduction of upstream flow passage area (see Figs. 7(a)–7(b)), which
intensifies turbulence and decreases the thickness of the thermal bound-
ary layer over the cells. The proportionality of maximum temperature
to transverse pitch ratio appears to be roughly linear; however, in the
case of longitudinal pitch ratio, the rate of growth slows down and
reaches a plateau (see Fig. 6(b)). It is because the inlet velocity mag-
nitude remains constant when varying the longitudinal pitch ratio, and
the intensity of circulation in the wake region, which becomes stable
after a certain pitch ratio, is the dominant factor affecting the velocity
field surrounding the cells. As shown in Figs. 7(c)–7(d), by reducing
the longitudinal distance between cells, the circulation becomes more
intense, increasing confinement for the inlet flow passage and forming
a high-velocity shear layer over the cell, which consequently enhances
the heat transfer rate. These findings might be used to reduce pressure
drop in BTMSs with longitudinal pitch ratios larger than 1.3 without
risking thermal performance. However, the results demonstrate that the
temperature rise is often smaller for compact battery packages.

The maximum surface temperature of the battery cells is a widely
used criterion in the literature to assess the effectiveness of battery
thermal management systems. It is mainly due to experimental con-
straints for internal temperature measurements of battery cells or to
reduce computational costs. However, as depicted in Fig. 8 for the cell
at row 11 in the module with 𝑆𝐿 = 1.452 and 𝑆𝑇 = 2.074, there might
be considerable thermal gradients within the cell due to poor thermal
conductivity, particularly in the radial direction. Hence, even if the
surface temperature is within the acceptable range, the internal tem-
perature at the end of the charging/discharging cycle may rise above
the allowed limit. According to the results in Figs. 6(a)–6(b), while
maximum surface temperature follows the trend of maximum internal
temperature, it underestimates the maximum temperature within the
battery cell. In the current study, this underestimation is about 2%;
nevertheless, it depends on the battery specifications and should be
considered when evaluating the effectiveness of the battery cooling
system.
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Fig. 6. Effect of transverse pitch ratio on (a) the maximum temperature within the battery module, (b) maximum thermal gradients within the battery module, and effect of
longitudinal pitch ratio on (c) the maximum temperature within the battery module, (d) maximum thermal gradients within the battery module.
Fig. 7. Velocity streamlines of the periodic flow over the cell at (a) 𝑆𝑇 = 1.244 and 𝑆𝐿 = 1.037, (b) 𝑆𝑇 = 1.4518 and 𝑆𝐿 = 1.037, (c) 𝑆𝑇 = 2.074 and 𝑆𝐿 = 0.622, (d) 𝑆𝑇 = 2.074
and 𝑆𝐿 = 0.8296.
Although the maximum temperature is a critical consideration for
the safe operation of most battery packages, it is not the only factor. It
is recommended in high-performance battery packages to control tem-
perature gradients in the battery pack, which might induce unbalanced
discharging and capacity fade [35]. Hence, the maximum temperature
difference within the battery module and temperature uniformity are
used as scales to investigate the effect of transverse and longitudinal
pitch ratios on temperature gradients. As shown in Figs. 6(c)–6(d),
7

decreasing the transverse and longitudinal gaps between the battery
cells increases the maximum temperature difference, which is undesir-
able. It implies that the optimal pitch ratio depends on the trade-off
between maximum temperature rise and maximum temperature differ-
ence, which might be determined by the requirements and operating
conditions of the battery package. However, temperature uniformity,
as another effective factor, can contribute to resolving this uncer-
tainty. The standard deviation of the maximum temperature (𝜎𝑇 )
𝑚𝑎𝑥
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Fig. 8. Temperature field temporal change for a cell at Row 11 in the module with 𝑆𝐿 = 1.452 and 𝑆𝑇 = 2.074.
Fig. 9. The row-to-row variation of maximum temperature within the cells throughout the staggered battery module (a) effect of the transverse pitch ratio, (b) effect of the
longitudinal pitch ratio.
is employed in this study to evaluate temperature uniformity in the
battery module. The effect of transverse and longitudinal pitch ratios
on the standard deviation of the maximum temperature is depicted in
Figs. 6(c)–6(d). In contrast to the maximum temperature and maxi-
mum temperature difference, the standard deviation of the maximum
temperature does not show monotonic behavior and has a minimum
extremum. It indicates that the battery module has higher temperature
uniformity at the transverse and longitudinal pitch ratios of 1.66 and
0.83, respectively.

Temperature non-uniformity in the system can be explained in
part by the maximum temperature within cells throughout the battery
module. The row-to-row variation of maximum temperature within
the cells is presented in Figs. 9(a)–9(b) for the BTMSs with varied
transverse and longitudinal pitch ratios.

The results show that in all cases, the maximum temperature
throughout the battery module decreases for the initial rows, reaching
its lowest point before gradually increasing again. This pattern aligns
with the results presented by Saechan et al. [24] and Fan et al. [22]
for the staggered arrangement.

As illustrated in Fig. 10, despite a poorer heat transfer rate in
the third row compared to the inner rows of the battery pack, the
maximum temperature of the battery cell in this row is still lower.
The current consequence may be attributed to the fact that the flow
8

temperature in the early rows has not yet risen significantly due to
the low heat transfer rate coefficient of the first two cells, resulting
in a greater thermal gradient for heat transfer in the third row. The
heat transfer coefficient reaches stability after the fourth row, resulting
in a continuous temperature rise within the cells throughout the bat-
tery module. Moreover, as the transverse and longitudinal pitch ratios
increase, the temperature non-uniformity in the early rows becomes
more noticeable. It is due to the fact that the larger transverse and
longitudinal gaps between the cells, as discussed earlier, lead to a
decrease in heat transfer rate in the first two rows, providing a larger
thermal gradient for heat transfer rate and less temperature rise for the
cells in the third row.

4. Conclusions

In this work, a unique approach is provided for studying the thermal
behavior of large-scale BTMSs. The overall model is divided into an
analytical battery model and a simplified numerical heat and flow
model, allowing for the independent operation of sub-models with
fewer computing time limitations and more accurate results. The ap-
proach is then used to study the effect of transverse and longitudinal
pitch ratios on the thermal performance of an air-based BTMS designed
for a hybrid electric vehicle. The following are the main findings of this
study:
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Fig. 10. Temperature field evolution along the module with 𝑆𝐿 = 1.452 and 𝑆𝑇 = 2.074.
• The approach suggested in this paper, which combines numer-
ical and analytical models, is a time-efficient method for es-
timating heat transfer in large-scale air-cooled battery thermal
management systems.

• The maximum temperature and maximum temperature differ-
ence within the battery module are positively and negatively
proportional to pitch ratios, respectively. Moreover, while the
maximum temperature within the module shows almost direct
proportionality with the transverse pitch ratio, it demonstrates
asymptotic growth behavior with respect to the longitudinal pitch
ratio and remains almost constant after 1.3.

• It is observed that the use of maximum surface temperature
overestimates cooling effectiveness; nonetheless, it could be used
to determine the rate of temperature rise within the battery cells.

• It is found that the temperature uniformity factor could be used as
a practical criterion in a trade-off between maximum temperature
and maximum temperature difference within the battery module.
Based on this, it is determined that the system operates at its
optimal thermal condition at transverse and longitudinal pitch
ratios of 1.66 and 0.83, respectively.

• Observations reveal that the minimum temperature rise within
the battery module consistently occurs in the third row prior to
the flow stabilization, regardless of the cell spacing. This is a re-
sult of considerable temperature non-uniformity in the early rows
of the battery module, which could be alleviated by decreasing
the transverse and longitudinal gap distances between the cells.

• Results show that in a staggered battery cooling system with large
transverse and longitudinal pitch ratios and a limited number
of rows, the maximum temperature is located in the first row.
Hence, the simulation of the first three rows could be sufficient
to estimate the maximum temperature difference in the system.

• The practical implication of the study is that flow disturbance
before the first row is beneficial. Based on the findings, an appar-
ent strategy to reduce temperature non-uniformity in early rows
might be to incorporate two dummy rows of battery-shaped cylin-
ders before the actual first row to accelerate flow stabilization.
Nevertheless, the feasibility and effectiveness of this approach
require further investigation in future studies.
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